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Abstract

The optimization of BiVOs-based structures significantly contributes to the development of a global
system towards clean, renewable, and sustainable energies. Enhanced photocatalytic performance
has been reported for numerous doped BiVOsmaterials. Bi**-based compounds can be easily doped
with rare earth (RE*) ions due to their equal valence and similar ionic radius. This means that RE?**
ions could be regarded as active co-catalysts and dopants to enhance the photocatalytic activity of
BiVOa. In this study, a simple microwave-assisted approach was used for preparing nanostructured
BiixEuxVOs (x = 0, 0.03, 0.06, 0.09, and 0.12) samples. The materials are characterized by X-ray
diffraction (XRD), transmission electron microscopy (TEM), ultraviolet-visible-near infrared diffuse
reflectance spectroscopy (UV-Vis-NIR DRS), photoluminescence spectroscopy (PL), and micro-
Raman techniques. Effects of the different Eu* ion concentrations incorporated into the BiVO4 matrix
on the formation of the monoclinic scheelite or tetragonal zircon-type BiVOs structure, on the
photoluminescent intensity, on the decay dynamics of europium emission, and photocatalytic
efficiency in degradation of Rhodamine B, were studied in detail.

Keywords: microwave-assisted synthesis; BiVOs; Eu’-doping; tetragonal structure; monoclinic
structure; degradation of Rhodamine B; luminescence; micro-Raman; decay dynamics; photocatalytic
properties

1. Introduction

Recent advances in modern technology indicate an intense acceleration in the pace of
nanomaterials’ progression. In their ongoing effort to expand the boundaries of what is now possible,
the scientists are increasingly focusing on developing valuable semiconducting nanomaterials [1,2].
One of the finest bismuth-based semiconducting materials is bismuth vanadate (BiVOs) due to its
non-toxic nature, distinct physical and chemical properties, and a good response to visible-light
excitation [3-7]. Additionally, various morphologies of BiVOs have been developed, exhibiting
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excellent visible-light photocatalytic efficiency in degrading wastewater contaminants [4-7].
However, the limited separation (higher recombination rate) and transport capabilities of
photogenerated electron-hole pairs severely restrict the commercial-scale application of BiVOa.
Overcoming these limitations through surface modification, morphology control, or doping elements
can enhance the photocatalytic performance of this valuable nanomaterial [8-10].

The rare earth ions are crucial in several applications in nanotechnology [11] and photonics, for
instance as a luminescent thermometer [12-14], or as a bioimaging contrast agent [15,16]. Doping rare
earth metals into Bi-based photocatalysts has been demonstrated to effectively enhance their
photocatalytic activity [10]. In fact, the lanthanide elements with their partially filled 4f electronic
orbits can participate in the electronic structure, effectively capturing photogenerated electrons (e) or
holes (h*), further blocking carrier recombination. Additionally, rare earth ions possess remarkable
upconversion properties, enabling the transformation of near-infrared light into visible light [17]. In
the case of BiVOy, several studies have reported substituting Bi** with Nd [13,18], Gd [19,20], or co-
doping with trivalent lanthanide ions as Yb/Tm [21], Nd/Er [22], Yb/Er [12], Er/Tm/Yb [23,24], or
Tm/Er, Yb, Y [25]. Rare earth doping, such as Eu®* ions in BiVO,, has emerged as a promising strategy
to enhance the photocatalytic performance of this material [26]. Using the hydrothermal approach,
Zhang et al. produced Eu-doped BiVO: with a maximum Eu-doping concentration of 7.30 wt%,
resulting in the maximum degradation of methyl orange (MO) [27]. Additionally, Shan et al.
confirmed that Eu-doped BiVO: showed higher photocatalytic performance in degrading Rhodamine
B (RhB) and methylene blue (MB) compared to bare BiVO4[28]. On the other hand, BiVO: co-doped
with Eu/B [29] and KCl [30] exhibited synergistic effects, attributed to an increased surface area and
enhanced separation efficiency of photo-generated charge carriers. Some tri-modified BiVOs
photocatalysts (co-doped with Ag, B, and Eu) have also shown enhanced catalytic performance in
degrading methyl orange (MO) and tetracycline (TC) [31]. Importantly, such improved
semiconducting materials exhibit noticeable phase modification, as demonstrated by Dhakal et al. In
the case of Yb*/Tm? co-doped BiVO,, studies have shown that doping promotes a high proportion
of the tetragonal phase (approximately 80%), resulting in a marked enhancement of photocatalytic
efficiency compared to undoped monoclinic scheelite (ms-) BiVO, [32].

The hydrothermal method is widely employed for synthesizing rare-earth-doped Bi-based
photocatalysts, and the microwave-assisted synthesis of these nanomaterials has been reported only
in a limited number of studies [24,32,33]. There are several advantages in the use of microwave-
assisted synthesis. Microwave irradiation plays a crucial role by accelerating reaction kinetics,
enabling rapid initial heating, and ultimately increasing reaction rates. This approach yields cleaner
products, promotes faster consumption of starting materials, and enhances overall yield [34,35].
Furthermore, uniform heating and better control over process parameters contribute to greater
reproducibility of reaction conditions and constitute another pro of this technique [36,37]. However,
in the synthesis of nanomaterials, the microwave heating method is a novel and poorly penetrating
synthesis technique, whose advancement should be pursued as the use of greener reaction media
significantly reduces chemical waste and reaction time [38,39].

In this study, we employed a simple microwave-assisted approach to prepare nanostructured
Bi1xEuxVOs (x =0, 0.03, 0.06, 0.09, and 0.12) samples. The combined effects of nanostructure and Eu3*
ions doping enhance luminescent and photocatalytic performance. This approach not only optimizes
the photocatalytic activity in degradation of RhB and deepen the understanding of the role of Eu’*
doping in improving the optical properties, but also induces the formation of both monoclinic
scheelite and/or tetragonal zircon (iz) type of BiVOustructure. Both obtained structures are of great
importance in terms of their photocatalytic performances and applications for the degradation of
organic contaminants [4,5].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Results
2.1. Structural and Morphological Properties of the BiixEuxVOa (x =0, 0.03, 0.06, 0.09 and 0.12) Samples

2.1.1. X-Ray Diffraction (XRD) Analysis

The powder samples were yellow; their crystalline structures were identified by XRD analysis.
The XRD patterns together with card references (JCPDS Card No. 01-074-4894) for ms-BiVOs and
(JCPDS Card No. 00-014-0133) for z-BiVOa are presented in Figure 1.
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Figure 1. XRD patterns for BiixEuxVOs (x = 0, 0.03, 0.06, 0.09, and 0.12) samples together with vertical bars from
card references (No. 01-074-4894) for ms-BiVOs and (No. 00-014-0133) for &z-BiVOa.

The XRD pattern of undoped BiVOs (BiixEuxVOs (x = 0)) synthesized via microwave-assisted
synthesis matches well with that of standard bulk monoclinic clinobisvanite crystalline system,
(space group: Iow; a = 5.1935, b = 5.0898, ¢ = 11.6972 A and p=90.3871°). The peaks at approximately
20=18.9°, 29.1°, 30.5°, 35.2°, and 39.7° are assigned to the (011), (112), (004), (020), and (211) crystal
planes, respectively, confirming the high crystallinity of the microwave-prepared ms-BiVOs powder.

In the case of Eu®*-doped BiVOs samples, BitxEuxVOs (x = 0.03, 0.06, 0.09, and 0.12), the XRD
patterns show the presence of a mixture of monoclinic scheelite, ms-BiVOs, (JCPDS Card No. 01-074-
4894), and tetragonal zircon £&-BiVOs (JCPDS card no. 14-00133) phases. The main peaks at
approximately 20 =29.1° and 20 = 24.3° are characteristic peaks of the ms and # phases, respectively.
In addition, the relative intensity of the of the ms-related peak at approximately 29.1° decreases with
increasing content of the Eu® ions. In contrast, the relative intensity of the fz-related peak at
approximately 24.3° increases with increases in content of the Eu® ions, so that the &z-type structure
becomes dominant in sample BiixEuxVOs (x = 0.12). This phase transition may be attributed to the
stability of lattice constant of BiVOs when Bi* ions (ionic radius = 1.17 A, coordination VIII) are
substituted with Eu3* ions (ionic radius=1.066 A, coordination VIII). Literature overview of formation
of ms- or &z- crystalline phase in the BiixEuxVOs samples in comparison with results obtained in this
work is given later in Section 3.1.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The crystallite size was determined using Scherrer’s equation (Eq. 1), applied to the most intense
peak in the XRD diffraction pattern [40]:

kA )
b= BcosO

where D is the crystallite size, k represents the shape factor constant with value of 0.9, A is the
wavelength of the X-ray radiation (0.15406 nm), {3 is the full-width half-maximum (FWHM), and 0 is
Bragg’s angle of reflection. With reference to the peak of maximum intensity at 2theta diffraction
angle of 29.1°, the average crystallite size for microwave-synthesized ms-BiVOswas found to be 16
nm according to this equation. The crystallite size increases with the Eu®* ion content, reaching up to
55 nm for BiossEuo12VO,, as determined at a 20 diffraction angle of 24.3°, corresponding to the
dominant #-BiVO, phase. The main aim was to obtain an optimized #z-BiVOs nanostructure, which
was presented in recently published papers as a structure exhibiting better photocatalytic
performance than ms-BiVOs with respect to pollutants removal [4,5].

2.1.2. Transmission Electron Microscopy (TEM)

Representative TEM images for BiVOs and BiossEuo12VOs samples are given in Figure 2a,b,
respectively. Both samples consist of well-crystallized irregular spheroidal nanoparticles with a size
of approximately 20-50 nm. The particle size assessed using TEM is similar to the crystallite size
obtained from XRD measurements, suggesting that each particle comprises a single crystallite.

Figure 2. Representative TEM images for: a) BiVOs and b) BiossEu0.12VOs samples.
2.2. Optical Properties of the BiixEuxVOs4 (x =0, 0.03, 0.06, 0.09, and 0.12) Samples

2.2.1. Fourier Transform Infrared Spectroscopy (FTIR)

To identify the functional groups in the prepared BiixEuxVOs (x = 0, 0.03, 0.06, 0.09 and 0.12)
samples, the FTIR spectra were measured and presented in Figure 3.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. FTIR spectra for the BiixEuxVOu (x =0, 0.03, 0.06, 0.09, and 0.12) samples.

The FTIR analysis of undoped BiVOs shows the characteristic peaks of BiVOsin the range of
around 500-820 cm™. A strong absorption band at 609 cm™ with a shoulder at 816 cm™ is associated
with asymmetric and symmetric stretching vibrations of the VOs*- tetrahedron, respectively.
Additionally, the peak observed at 510 cm™ can be assigned to the Bi—O bond stretching vibrations.

On the other side, the FTIR analysis of Bi1xEuxVOs (x = 0.03, 0.06, 0.09, and 0.12) samples shows
the same characteristic peaks as undoped BiVOs in the range of around 500-820 cm™, while two new
peaks appear at 471 cm™ and 720 cm™ assigned to Eu-O stretching vibrations. A small peak observed
in all samples at 1369 cm! can be assigned to nitrates from the nitric acid used during synthesis or
from Bi(NOs)s. These results are also in agreement with previously reported literature [41].

2.2.2. Diffuse Reflectance Spectroscopy (DRS)

The diffuse reflectance spectra of BiixEuxVOs samples presented in Figure 4a are used to estimate
energy band gaps through the Tauc's plot method (Figure 4b). The absorption observed below 350
nm for all studied samples is assigned to the absorption of vanadate groups. An additional weak
peak observed at approximately 424 nm in the Bi;«Eu,VO, samples is attributed to electronic
transitions of Eu®* ions. Figure 4b presents the energy dependence of (FKM(R)hv)? for BiixEuxVOs
samples.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. a) The diffuse reflectance spectra, and b) Energy dependence of (FKM(R)hv)? for BiixEuxVOs (x = 0,
0.03, 0.06, 0.09, and 0.12) samples.

The band gap, Eg, was estimated from the absorption edge wavelength of the inter-band
transition according to the following equation:

(FKM(R) x )" = A (hv — Eg) )

where FKM(R) is the Kubelka—Munk function, with FKM(R) = (1-R)?/2R, R is the observed reflectance
in the UV-vis spectra, n = 2 for a direct allowed transition, and n=1/2 for an indirect allowed
transition, A is a proportionality constant, and hv is the photon energy. BiVO: is a direct gap
semiconductor; therefore, n = 2 [42,43]. According to Eq. (2), the Eg values were determined by
extrapolating the linear portion of the (FKM(R)hv)? curve to the intersection with the X-axis. As can
be seen in Figure 4b, the optical band gap shifts to higher energy with increasing Eu** contents. The

Eg values, ranging from approximately 2.55 to 2.80 eV, are in full agreement with recently published
results [44].

2.2.3. Optical Absorption

The UV-visible absorption spectra are shown in Figure 5. The samples exhibit an absorption
band in the UV and Visible light range with the absorption edge at 470 nm. The absorption is stronger
in the ultraviolet (UV) region with an absorption tail extending up to 800 nm. The absorption curves
display a sharp decrease in absorbance at the transition region between UV and visible wavelengths,
as highlighted by the dashed line in Figure 5. Interestingly, the Eu®-doped samples exhibit a slight
reduction in absorption within the visible region (>500 nm) compared to the undoped BiVO,

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Absorption spectra of Biix EuxVOu (x =0, 0.03, 0.06, 0.09, and 0.12) powder samples.

2.2.4. Photoluminescence (PL) Emission Measurements Using Continuous-Wave Lasers

The photoluminescence (PL) emission spectra of the undoped and Eu® doped BiVOs samples
for the excitation wavelengths of 375 nm and 518 nm are presented in Figures 6a,b, respectively. For
Eu* doped BiVO: samples, peaks corresponding to typical europium emission, i.e., Do — 7Fj =14
transitions, are present, with Do — F2 transition being the dominant one for both 375 nm and 518 nm
excitation wavelengths. The emission spectrum shows a gradual increase in intensity value with the
increase of Eu® doping. These sharp spectral features of the typical Eu** emission plot indicate that
the europium ions are uniformly doped in the BiVOs matrix [45]. For Eu** doped BiVOs samples
under both 375 nm and 518 nm excitation, a peak is present at ~595.5 nm (16795 cm): it indicates Do
— P71 transition corresponding to magnetic dipole (MD) transition. Intense and clearly resolved peaks
at 620 nm (16117 cm), 616 nm (16217 cm™) indicate a Do —F72 transition corresponding to an electric
dipole (ED) transition. In addition to this, 5Do — 734 transition peaks are also present. Being the
samples excited, besides the charge transfers of orbitals O 2p, V 3d, and Bi 6s, the transfer of energy
to Eu® ions results in the PL emission [46]. The narrow peak at 690 nm (14450 cm™) for 375 nm
excitation is a spurious structure; similarly, the broad emission after 18000 cm? is due to the
background emission from the cuvette. The f-f transitions in europium involve electron jumps within
the shielded 4f subshell of the Eu®* ion, leading to sharp, characteristic UV-Vis absorption and
emission spectra. While f-f transitions are formally "forbidden" by spin and parity selection rules,
their intensities can be significantly enhanced by the ligand environment, especially through
asymmetry in the coordination sphere [25,47,48].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. PL emission spectra of Biix EuxVOs (x =0,0.03,0.06,0.09,0.12) samples at (a) 375 nm, and (b) 518 nm
excitation wavelength. For the 0.09 mol.% of Eu® in the BiVOs sample, Do — 7Fj =14 transitions are labeled for

easy identification.

2.2.5. Time-Resolved Fluorescence Spectroscopy (TRS)

Time-resolved photoluminescence measurements were performed to study the decay dynamics
of europium emission in the BiVOs matrix. For this purpose, the sample was excited using the second
harmonic (355 nm) of a Nd:YAG pulsed laser (repetition rate ~ 10Hz, pulse-width ~ 8 ns) and the PL
emission was collected using a home-built collection geometry configured with a time-resolved setup
and multi-channel counters [46]. The PL spectra obtained for Biix EuxVOs samples display dominant
emission corresponding to the Do — 7F2 transition, whereas BiVO4 does not show any emission. The
decay curve is obtained for each Eu®* doped sample and shown in Figure 7b. In general, decay curves
follow stretched exponential decay characteristics because of the local environment of Eu®* in the
BiVOs matrix [49]. Here, the relaxation refers to the active non-radiative channels such as quenching
centers in the lattice, possible energy migration among the activators, and surface localization. Hence,
the stretched exponential or Kohlrausch model [45,49,50] is used to fit the decay curves as given by
the equation:

0 = p@exp [ ()] )

where, 0 < f <1 is the stretching parameter and 7 is the radiative lifetime.

The radiative lifetime 7, for Eu** doped samples corresponding to Do—7F: transition is obtained
from the fit of the decay curves in Figure 7b—e using Eq.3 and reported in Table 1. The decay curves
of Eu®* do not exhibit a single-exponential behavior. The lifetime can be evaluated correctly only for
the sample with the lowest Eu®* content. As Eu®* doping increases, the lifetime drops quickly with a
very fast decay; similar behavior has been observed in BiVO: nanoparticles activated by Eu* ions
[51]. This deviation is attributed to nonradiative energy transfer from the excited states to quenching
centers within the lattice, as well as possible energy migration among activator ions. These energy
losses introduce additional decay pathways, resulting in the observed nonexponential decay profiles
that are correctly fitted by a stretched exponential. The contribution from surface-localized Eu®* in
BiVOjs should be also considered. In fact, the lifetime of surface-localized Eu®* in BiVO; is notably
shorter than the typical millisecond-scale lifetime of Eu®* ions in host lattices [51]. Asabove, the

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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deviation is attributed to a nonradiative energy transfer to some quenching centers in the lattices, or
possible energy migrations among the activators [51]. The excitation energy losses provide some
extra decay channels inducing the nonexponential decay natures.
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Figure 7. (a) PL emission spectrum of Biix EuxVOs (x = 0.03,0.06,0.09,0.12) samples under 355 nm pulsed
excitation. Decay curve corresponding to the Do—7Fz transition in case of (b) Bios7 Eu0.isVOs, (c) Bioos Euo.osVOs,
(d) ) Bios1 EuoosVOsand (e) Bioss Euo.12VOssamples.

Table 1. Recorded fluorescence decays corresponding to the SDo—7F: transition for Biix EuxVOu (x = 0.03, 0.06,
0.09, 0.12) samples under 355 nm pulsed excitation.

1.  Sample 2. Lifetime [ns]
3. Bio_97Eu0_03VO4 4. 80
5. Bio.94Euo.05VO4 6. <10
7. Bio.91Euo.09VO4 8. <10
9. Bio'ssEuszO4 10. <10

2.2.6. Micro-Raman Spectroscopy Measurements

Raman spectra of undoped and Eu®*-doped BiVO, exhibit characteristic peaks, labeled with
letters as shown in Figure 8a, and marked with vertical lines in the magnified section views of Figure
8b,c for clarity. The assigned letters correspond to the following wavenumbers: (a) 179 cmeg (b) 197
cmey (c) 211 cmey (d) 247 cmey (e) 327 cmey (f) 367 cmey (g) 708 cmey (h) 778 cmey (i) 829 cmey and (1)
854 cmea XRD analysis confirms that the samples comprise a mixture of ms-BiVO, and z-BiVOy
phases. Consequently, Raman modes corresponding to both phases are present, as summarized in
Table 2.
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Figure 8. (a) Raman spectra of Biix EuxVOs (x = 0.0, 0.03, 0.06, 0.09, and 0.12) samples. For more clarity, the

zoomed-in views of the spectra are shown as (b) and (c).

Figures 8 further highlight Raman peaks that track the structural phase evolution with
increasing Eu doping. The peak at ~211 cme»(c in the Figures), present across all samples, including
the undoped one, corresponds to an external lattice mode common to both phases. In contrast, the
two peaks at 179 cmen(a) and 197 cmes(b), which appear predominantly at higher Eu concentrations
(especially at x = 0.12), are characteristic of monoclinic distortions or phase coexistence. The
increasing intensity of these lower-frequency peaks with Eu content indicates enhanced lattice
distortion and possibly the persistence of local monoclinic-like environments, despite overall doping-
induced structural changes. The 247 cme» peak (d), primarly associated with Bi-O stretching
vibrations in the tetragonal phase, is absent in the undoped sample but becomes prominent at higher
doping, confirming the phase transition. The peak shifts near 254 cmev at x = 0.06 suggests lattice
distortion linked to coexistence with a dominant monoclinic phase and strain.

Monoclinic phase signatures include peaks at 708 cmew (g) and 829 cme» (i), corresponding to
antisymmetric and symmetric V-O stretching modes, respectively. These peaks decrease in intensity
at x = 0.12, while tetragonal-phase peaks at 778 cme»(h) and 854 cme»(]) increase, marking the phase
transition. Intermediate doping levels (x = 0.06 and 0.09) exhibit coexistence of both phases, as
evidenced by the simultaneous presence of monoclinic and tetragonal peaks with varying intensities.

Several peaks display doping-dependent shifts. The 327 cmew peak (e), related to asymmetric
deformation of the VO,% tetrahedron, shifts to higher wavenumbers up to x = 0.09, likely due to
substitution of Bi by smaller Eu ions, causing lattice contraction. This shift diminishes at x = 0.12,
possibly due to lattice softening as the monoclinic phase diminishes. The 367 cmes(f) and 829 cmen(i)
peaks also show a variable red shift indicative of doping-induced strain or disorder [47,50,52,53]. The
shifts observed at (b) and (c) in the Raman spectra (together with the XRD results) confirm that the
dopants caused distortions in the BiVOucrystal lattice. These distortions likely happened by replacing
Bi®* with Eu® ions [47]. On the other hand, if Eu® was replacing V5 instead, a shift toward lower
wavenumbers should be expected, as Eu* has a greater atomic mass than V5, according to [52,54].
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Overall, the Raman spectral evolution clearly demonstrates a doping-driven structural transition
from monoclinic to tetragonal BiVO,, with associated shifts reflecting changes in lattice dynamics and
phase.

Table 2. Raman peak positions and vibrational mode assignments in Bi;-Eu,VO; samples, showing

contributions from monoclinic (ms) and tetragonal (&z) phases.

Wavelength [cm™] Description Attribution
(a) 179 External lattice mode ms -BiVOs distorsions
(b) 197 External lattice mode ms -BiVOu distorsions
(c) 211 External lattice mode ms/tz-BiVOa
(d) 247 Bi-O stretching mode tz-BiVOs
(e) 327 symmetric bending mode of VO« ms/tz-BiVOa
(f) 367 asymmetric bending mode of ms/tz-BiVOa
VOs#
(g) 708 asymmetric stretching mode of ms-BiVOs
V-O bond
(h) 778 antisymmetric stretching mode tz-BiVOs
V-O bond
(i) 829 symmetric stretching mode of V- ms-BiVOs
(@)
(i) 854 symmetric stretching mode V-O tz-BiVOs
bond

2.3. Photocatalytic Activity of BitxEuzVOs (x =0, 0.03, 0.06, 0.09, 0.12) Samples

Photodegradation of RhB was employed to evaluate the photocatalytic activities of all
microwave-synthesized BiixEuxVOs samples. UV-Vis absorption spectra over irradiation time of
photocatalytic degradation of 5 ppm RhB in the presence of 40 mg of the appropriate BiixEuxVOs
photocatalyst are presented in Figure 9. The change in the absorption spectra of RhB solution during
the photodegradation process at different irradiation times is presented in Figure 9a for the undoped
BiVOs photocatalyst. The absorbance of RhB at 554 nm decreased gradually after 100 minutes of
irradiation in the presence of undoped BiVOs, indicating that microwave-synthesized catalysts are
effective for dye removal in wastewater treatment. Compared with the undoped BiVOs, the RhB
photocatalytic degradation shows lower absorbance intensities as the concentration of Eu**-dopant
increases (Figure 9c—f). The removal efficiency curves presented in Figure 9b illustrate the relative
concentration of the RhB solution over irradiation time for blank dye (RhB) and all microwave-
synthesized BiixEuxVOs (x =0, 0.03, 0.06, 0.09, and 0.12) photocatalysts. In contrast to the undoped
BiVO;s, with a removal efficiency of 81% within 100 minutes of irradiation, Eu*-doped BiVOisamples
exhibited higher efficiencies of 89%, 87%, and 91% for Bios7EuosVOs, BiossEuoesVOs, and
Bios1Eu009VOs, respectively. The degradation rate of 97% for RhB dye was observed with the highest
Eu’-doped BiVOssample, BiossEuo.12VOa.
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Figure 9. UV-Vis absorption spectra over irradiation time of photocatalytic degradation of 5 ppm RhB in the
presence of 40 mg of: (A) BiVOs, (C) Bios7Eu00sVOs, (D) BiossEu0sVO4, (E) Bios1EuowVOs, and (F) BiossEu012VOa.
photocatalyst and B) the corresponding photocatalytic degradation rate curves for blank dye (RhB) and all
microwave-synthesized Bii~xEuxVOs (x=0, 0.03, 0.06, 0.09, 0.12) photocatalysts.

It can be noted that, in comparison with the undoped BiVOs the Eu’*-doped BiVOs
photocatalysts exhibit much higher photocatalytic activity in the degradation of RhB under visible
light irradiation. There are two different possibilities for enhanced photocatalytic performances with
increasing concentration of Eu® ions in BiVOs matrix: i) an appropriate amount of Eu®* ions can
improve the separation efficiency of photogenerated electron-hole pairs and hinder their
recombination, and ii) the dominant #-BiVOs structure exhibited better photocatalytic performance
than ms-BiVOs with respect to RhB removal.
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3. Discussion

The Formation of ms- or tz- Crystalline Phase in BiixEuxVOas (x =0, 0.03, 0.06, 0.09, and 0.12) Samples

Recently, control over the crystalline phases, i.e., transformation from the tz-type to the ms-type,
and morphology of BiVOssamples has been successfully obtained using microwave-hydrothermal
(MWHT) conditions, without any template/surfactant, doping of metal ions or pH change of the
reaction solution [55]. Also, doping with RE ions such as Er®, Yr¥, Gd*, Sm?, Tb%, Nd* and Ce3*
resulted in phase transitions in BiVOs and significant improvement of photocatalytic properties
[18,53,56-63]. A comparison of the literature on the formation of either ms- or fz- crystalline phases,
as well as luminescent and photocatalytic properties as a function of the Eu®/Bi* molar ratio in Bii-
xEuxVOs samples, is presented alongside our results in Table 3.

Table 3. Literature comparison of formation of ms- or iz- crystalline phase, luminescent and photocatalytic
properties of BiixEuxVOs samples with results of this work.

S le/ Eu’*
. ::lr:gdeof - czn:.(Eu”) Cws}:alline Luminescent and tp')hotocatalytic Ref.
ase roperties
synthesis (mmol) P prop
5 7 .
= 0.0-05 s Do—7Fo,1,234 PL quenched;
cutoff edge 530 nm and ~518 nm.
3+_ 1 1 -
Eu unlf(?rmly = 0609 mixture ms . . [66]
doped BiVOs tz Blue-shift appears of the absorption edges.
NPs *
5Do—7Fo,1,234PL observed;
x=09-1.0 tz Blue-shift appears of the absorption edges.
Eud+- f -
" suf ace Enhanced Eu*-PL and improved
localized 0-0.6 ms hotocatalvsi [66]
x = 0~0. .
BiVO: NPs photocatalysis
DRS: The broad bands attributed to charge
0<x<0.60 tz
transfer processes; The sharp peaks are
i 7
BixEuiVO: , . ascribed to o (671
0.94<x<1 ms intra-configurational 4f — 4f transitions of
the Eu® ion in BixEu1xVOa.
0.35<x<0.70 tz -
EuVOs-BiVOs 0.75<x<0.90 mixture ms- ) [68]
iz
Eu-BixVO4/P x=0.05 tz PL: The energy transfer and modifying the
lifetime of the electron/hole pair formation
EuiBixVOs/ of the Eu1-BixVOs; Higher photocatalytic [47]
x=0.05 ms . ..
MWHT degradation efficiency of MB compared to
the undoped material.
EuiBixVOs/ O<x<l " Strong red emissi.on un.def both near UV [69]
P-HT and Vis excitation.
DRS: reduction in Eg from 2.43 to 2.38 eV
with Eu* doping, indicating the formation
BixEuixVOs/ x =0, 0.01, 0.03, 0.05, of new low-energy level transitions within [70]
sG 0.07 and 0.10 " the band gap;
Eu® doping significantly improved
photocatalytic efficiency.
BLE PL: An intense red emission at 615 nm
IxEu1-
' x=0.51.0and 1.5 ms under [71]
xVO4/NPss /SC - .
excitation wavelength with 266 and 355 nm.
BixEui-xVO4/ x=0 ms PL: The BiixEuxVOs samples display

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.0537.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 November 2025 d0i:10.20944/preprints202511.0537.v1

14 of 21

MW dominant emission corresponding to Do —  This work
x=0.3, 0.06, 0.09 mixture ms- “F2 transition, the BiYQ4 does not show any
tz emission.

Photocalysis: The Bii«EuxVOs samples
hibit h higher photocatalytic activi
=012 dominant £z &ibit much hig e'r Iiho ocatalytic activity

in the

degradation of RhB than undoped BiVOs.

* ms-monoclinic scheelite structure; &z- tetragonal zircon structure; NPs- nanoparticles; PL-photoluminescence;

DRS Diffuse reflectance spectroscopy; P-precipitation, MWHT microwave-assisted hydrothermal; P-HT -
precipitation- hydrothermal; MB-methylene blue; SG-sol-gel; UV-ultra-violet; Vis-visible; Eg-energy gap; SC-

solution combustion; MW-microwave.

4. Materials and Methods

4.1. Materials

The following chemicals were used as received: bismuth nitrate pentahydrate, (Bi(NO3)s-5H20
(99 %, Merck), ammonium metavanadate, NHsVO3 (99 %, Merck), Europium (III) acetate hydrate,
Eu(CHsCOO)s-Hz20 (99.9 %, Alfa Aesar), nitric acid, HNOs (99 %, Merck), sodium hydroxide, NaOH
(95 %, Merck), Rhodamine B, C2sHz1CIN20s, RhB (95 %, Merck).

4.2. Synthesis of Bir-xEuxVOs (x = 0.03, 0.06, 0.09 and 0.12) Samples

In a typical microwave-assisted synthesis method, the aqueous solutions of ammonium
metavanadate, NH+VOs (6 mL, 0.05 M) and bismuth(IlI) nitrate pentahydrate, Bi(NOs)s-5H20 (5 mL,
0.05 M) were uniformly mixed in a 20 mL process vial equipped with a stirring bar. Additionally, the
appropriate amount (0.03, 0.06, 0.09, and 0.12 mmol) of the respective europium (III) acetate hydrate,
Eu(CHsCOO)s»H20, was added to the starting Bi(NOs)s for each (of four) prepared solution
individually. The reaction mixtures were heated in a closed vessel system of a microwave reactor at
170 °C for a duration of 10 minutes. The reaction mixtures were cooled down before being transferred
to centrifugal tubes and then centrifuged for 20 minutes at 12,000 rpm to produce a light yellow
powder, that was washed three times using deionized water. Powder samples were finally obtained
upon drying them in the air at 70 °C for three hours. The obtained powder samples in yellow color
will be denoted through the text as Bioo7Eu00sVO4, BiossEu0.0sVOs, Bioo1Eu0wVOs and BiossEuo12VOs
corresponding to 3 mmol, 6 mmol, 9 mmol and 12 mmol of added Eu®* ions in starting (Bi*) solutions,
respectively.

4.3. Synthesis of BiVO+ Samples

A undoped BiVOs sample was prepared by applying identical reaction procedures of microwave
synthesis as in the absence of Eu* precursors, Eu(CHsCOQ)s-H:0. Briefly, the reaction mixture
containing aqueous solutions of NHsVOs (6 mL, 0.05 M) and Bi(NOs)>5H20 (5 mL, 0.05 M) was
transferred into microwave reactor vial equipped with a stirring bar, it was heated in a closed vessel
system at 170 °C for during 10 minutes, then cooled down to room temperature and centrifuged for
20 minutes to produce a light yellow powder, that was washed three times using deionized water.
Powder sample was finally obtained after drying at 70 °C for 3 hours. The light yellow powder of the
BiVOs sample has been denoted simply as BiVO.a.

4.4. Characterization Instrumentation

A high-density microwave field chemical synthesis reactor, the Monowave 300 from Anton Paar
GmbH, with a maximum magnetron output power of 850 W, was used for the microwave heating
studies. With a working temperature of up to 300 °C, an integrated infrared temperature sensor was
used to monitor the reaction temperature. PEEK snap caps and conventional silicone septa covered
with polytetrafluoroethylene (PTFE) are used to seal the reusable 20 mL Pyrex vials (G30). Every
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experiment was conducted at a maximum pressure of 30 bar and a stirring rate of 600 rpm. The
powder X-ray diffraction (XRD) analysis was performed using a BRUKER AXS GMBH A24A10 X-
ray diffractometer. Patterns were collected at room temperature over a 20 range of 15-70°, with a
scan rate of 3°/min and a divergent slit of 0.5 mm, operating at 40 kV and 30 mA. Attenuated total
reflectance Fourier transform infrared (ATR-FTIR) measurements were conducted in the 400-4000
cm! range with a spectral resolution of 4 cm™ at room temperature, using a Thermo Scientific Nicolet
iS50 FT-IR spectrometer equipped with a built-in all-reflective ATR diamond. In the 200-800 nm
range, the Shimadzu 1800 UV-Vis spectrophotometer with a temperature controller was used to
record the ultraviolet-visible (UV-Vis) absorption spectra. The Spectrophotometer Shimadzu UV-
Visible UV-2600 (Shimadzu Corporation, Tokyo, Japan) with an integrated sphere (ISR-2600 Plus (for
UV-2600)) with a 300-800 nm range and a 1 nm step was used to quantify diffuse reflection. The
morphology of the obtained samples was studied using a Tecnai F20 TEM/STEM microscope (FEI
Company, now Thermo Fisher Scientific) at 200 kV electron acceleration voltage after dry-transfer of
sample material on lacey carbon TEM grids. The UV-visible absorption spectrum, photoluminescence
quantum yield (PLQY), and excitation wavelength dependence and PL excitation spectra were
recorded using absolute PL quantum yield spectrometer (Quantaurus-QY, C11347 series,
Hamamatsu). A LabRAM HR Evolution confocal Raman microscope (Horiba France SAS) was used
to investigate the influence of Eu®* doping on the crystal structure of BiVO, samples. Raman spectra
were recorded in backscattering configuration using a 532 nm continuous-wave (CW) laser operated
atlow power (1 mW). The laser was focused on the sample through a 100x microscope objective (NA
=0.9), and the scattered light was analyzed with a diffraction grating of 1800 lines/mm.

4.5. Photocatalytic Test

Photocatalytic activities of the as-prepared samples were determined by the decolorization of
RhB under visible light irradiation. The experiments were conducted in a 100 mL glass reactor
equipped with a 300 W lamp as the light source, positioned 30 cm from the reaction mixture. An
Osram Vitalux lamp (300 W, white light: UVB radiated power from 280 to 315 nm 3.0 W; UVA
radiated power 315-400 nm 13.6 W; the rest is visible light and IR) was used as the simulated sunlight
source. Optical power was measured using R-752 Universal Radiometer read out with sensor model
PH-30, DIGIRAD and it was ~ 30 mWcm=2.

In a standard experiment, 50 mL of RhB solution with a 5 ppm concentration was mixed with 40
mg of the appropriate BiixEuxVOs (x =0, 0.03, 0.06, 0.09, and 0.12) sample. Before illumination, the
mixture was treated with an ultrasonic bath for 15 minutes and then left in the dark for one hour to
reach adsorption-desorption equilibrium between RhB and the appropriate Bii«EuxVOs sample. At
given time intervals, the collected mixture samples (1 mL) were centrifuged at 12 000 rpm for 20
minutes to remove the catalyst. The samples’ concentration was determined by recording the
absorbance at 554 nm using a UV-1800 spectrophotometer. The degradation efficiency (D) was
calculated using Eq. (4):

D(%) = (C"c—;ct) x100 )
where Co is the initial concentration of the dye solution, Ct is the concentration of the dye solution
after a certain time of illumination (t).

5. Conclusions

In this manuscript, a simple microwave-assisted approach was used for preparing
nanostructured BiixEuxVOs (x =0, 0.03, 0.06, 0.09 and 0.12) samples with enhanced photoluminescent
and photocatalytic properties. Effects of the Eu® ions concentration incorporated into the BiVOs
matrix on the formation of the monoclinic scheelite or tetragonal zircon-type BiVOs structure, on the
photoluminescent intensity, on the decay dynamics of europium emission and photocatalytic
efficiency in degradation of Rhodamine B, were studied in detail. The main aim was to obtain the
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optimized #z-BiVOs nanostructure which had been presented in our recently published papers as a
structure exhibiting better photocatalytic performance than ms-BiVOs with respect to pollutants
removal.

The FTIR analysis of BiixEuxVOs (x = 0.03, 0.06, 0.09, and 0.12) samples showed the characteristic
peaks as undoped BiVO:s in the range of around 500-820 cm™, while two new peaks appeared at 471
cm'and 720 cm™, assigned to Eu-O stretching vibrations. The band gap, Eg, estimated from the
absorption edge wavelength of the inter-band transition, shifted to higher energy with increasing
Eu? contents and ranged from approximately 2.55 to 2.80 eV. The PL spectra of samples contained
Eu? ions displayed dominant emission corresponding to >Do— 7F2transition whereas BiVO: does not
show any emission. Also, the Eu®*-doped BiVOusexhibited much higher photocatalytic activity in the
degradation of RhB than undoped BiVOa.

In our future works, research will be focused on the photocatalytic degradation of other organic
pollutants when using the Eu** doped-BiVOs photocatalyst and different rare earth/dopant ions in a
wide range of their concentration.
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