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Preface to "Metal Oxide Nanomaterials: From
Fundamental to Applications”

The fundamental understanding and applications of metal oxide nanomaterials have been
explored and expanded extensively over the past couple of decades, and continuously so, with
creative and diligent work performed globally by researchers and scientists. Nanomaterials, more
generally, have indeed revolutionized the world due to their unique properties and growing
applications in all spheres of humankind, encompassing energy, health, and the environment.
However, there are no recent collections of such diverse work, such as books, connecting their
fundamental aspects and application perspectives in a concise fashion to give a broad view of
the current status of this fascinating field. Therefore, we invited authors to contribute either
comprehensive review articles or original research articles covering the most recent progress and new
developments in the fundamental understanding of the synthesis and properties and the exploration
of the utilization of metal oxide nanomaterials.

Specifically, in this Special Issue entitled “Metal Oxide Nanomaterials: From Fundamentals to
Applications”, we collected eight original research articles and two comprehensive review articles
to highlight the development and understanding of different types of metal oxide nanoparticles and
their use for applications in luminescence, photocatalysis, water—oil separation, optoelectronics, gas
sensors, energy-saving smart windows, etc. The wide variety of applications covered by the ten
articles published here is proof of the growing attention that the use of metal oxide nanomaterials has
received in recent years.

This Special Issue presents just the tip of the iceberg of the broad, dynamic, and active
fundamental research and applications in the developing field of metal oxide nanomaterials by
collecting a few examples of the latest advancements. We hope that readers will enjoy reading these
articles and find them useful for their research.

We appreciate all the contributors of this Special Issue for their wisdom and solid scientific work.

We also thank our Section Managing Editors, Tracy Jin and Winston Yi, for their tireless support.

Yuanbing Mao and Santosh Gupta
Editors
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This Special Issue of Nanomaterials, “Metal Oxide Nanomaterials: From Fundamentals
to Applications”, highlights the development and understanding of different types of
metal oxide nanoparticles and their use for applications in luminescence, photocatalysis,
water-oil separation, optoelectronics, gas sensors, energy-saving smart windows, etc. The
wide variety of applications covered by the 10 articles published here is proof of the growing
attention that the use of metal oxide nanomaterials has received in recent years. Here,
nanomaterials are defined, based on the October 2011 European Commission’s definition,
as materials with one or more external dimension in the range of 1-100 nm. As the surface
area per mass of a material increases, a greater proportion of the material can come into
contact with the surrounding materials, thus affecting reactivity [1,2]. Nanomaterials have
indeed revolutionized the world due to their unique properties and growing applications
in all spheres of humankind, encompassing energy, health, and the environment.

Within this Special Issue, Gupta et al. designed and demonstrated excitation energy
tunable light emission from barium zirconium oxide crystals as color-tunable phosphors [3].
The authors tuned the emission light from BaZrO3:Eu3* crystals from orange to red based
on the charge transfer and f-f transition excitation of an Eu*>* dopant, which is dictated by
its magnetic and electric dipole transition probabilities. Enesca et al. showed the potential
of CuyO/Sn0O, /WOs heterostructure powder in the efficient removal of pesticides photo-
catalytically [4]. The photocatalytic mechanism corresponds to a charge transfer based on
this three-component structure, where Cu,O exhibited a reduction potential responsible
for O, production and WOj3; had an oxidation potential responsible for OH- generation.
Liang and his colleagues successfully decorated TiO; nanorods with a copper oxide layer
through sputtering and post-annealing, which resulted in improved light absorption and
photo-induced charge separations [5]. This led the composite nanorods to have enhanced
photoactivity compared to the pristine TiO, nanorods.

Other fascinating properties of nanocomposite based on metal oxides nanoparticles,
particularly from ZnO, were explored by several other research groups [6]. For exam-
ple, Si et al. synthesized Fe3;04@ZnO nanocomposites (NCs) to improve the stability
of the viscoelastic surfactant (VES) fracturing fluid [7]. At a loading of 0.1 wt.%, this
NC-VES nanocomposite showed superior stability at 95 °C or at a high shear rate and
good sand-carrying performance and gel-breaking properties. Designing a surface with
special wettability is an important approach to improving the separation efficiency of oil
and water. Liu and co-authors demonstrated superhydrophobicity in both oil and water
from their stainless-steel metal fibers coated with sol-gel-derived ZnO nano-pillars [8].
They found that their ZnO-coated stainless-steel metal fibers had a static underwater oil
contact angle of 151.4° £ 0.8° and an underoil water contact angle of 152.7° £ 0.6° and
was a highly promising candidate for both water-in-oil and oil-in-water separation in the
industry. Maevskaya et al. studied the effect of Cu,O on the photo-induced alteration of
the hydrophilicity of TiO; and ZnO surfaces [9]. The Cu,O/TiO; and CupyO/ZnO het-
erostructures showed photo-induced decay of the surface hydrophilicity caused by both
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UV and visible light irradiation. Simeonov and his group carried out defect engineering
of ZnO by nitrogen doping [10]. They demonstrated that nitrogen doping in ZnO led to
an abundance of oxygen and zinc vacancies and interstitials and contributed to enhanced
electron transport properties in ZnO:N films. As another example demonstrating advance-
ments in the roles of structure and morphology in material properties, Naszdlyi Nagy et al.
prepared silica NPs with a diameter of 50 nm and covered them with a monoclinic/cubic
zirconia shell using a green, cheap, and up-scalable sol-gel method [11]. They confirmed
that these silica@zirconia core@shell NPs bind as muchas 207 mg of deoxynucleoside
monophosphates on 1 g of this nanocarrier at neutral physiological pH while maintaining
good colloidal stability.

Two review articles are also included in this Special Issues. In the first review, Li et al.
comprehensively discussed the development of two-dimensional (2D) nanomaterials with
metal oxide nanoparticles for gas sensing applications [12]. They further emphasized
recent advances in the fabrication of gas sensors based on metal oxides, 2D nanomaterials,
and 2D material /metal oxide composites with highly sensitive and selective functions.
In the second review article, Kim et al. presented recent advances in fabricating flexible
thermochromic VO, (M) thin films using vacuum deposition methods and solution-based
processes and discussed their optical properties for potential applications in energy-saving
smart windows and several other emerging technologies [13].

In summary, this Special Issue presents just the tip of the iceberg of the broad, dynamic,
and active fundamental research and applications in the developing field of metal oxide
nanomaterials by collecting a few examples of the latest advancements. We hope that the
readers enjoy reading these articles and find them useful for their research.
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Abstract: The elucidation of local structure, excitation-dependent spectroscopy, and defect engineer-
ing in lanthanide ion-doped phosphors was a focal point of research. In this work, we have studied
Eu3*-doped BaZrO; (BZOE) submicron crystals that were synthesized by a molten salt method. The
BZOE crystals show orange-red emission tunability under the host and dopant excitations at 279 nm
and 395 nm, respectively, and the difference is determined in terms of the asymmetry ratio, Stark
splitting, and intensity of the uncommon 5Dy — ”F transition. These distinct spectral features remain
unaltered under different excitations for the BZOE crystals with Eu®* concentrations of 0-10.0%. The
2.0% Eu3*-doped BZOE crystals display the best optical performance in terms of excitation/emission
intensity, lifetime, and quantum yield. The X-ray absorption near the edge structure spectral data
suggest europium, barium, and zirconium ions to be stabilized in +3, +2, and +4 oxidation states,
respectively. The extended X-ray absorption fine structure spectral analysis confirms that, below 2.0%
doping, the Eu3* ions occupy the six-coordinated Zr#** sites. This work gives complete information
about the BZOE phosphor in terms of the dopant oxidation state, the local structure, the excitation-
dependent photoluminescence (PL), the concentration-dependent PL, and the origin of PL. Such
a complete photophysical analysis opens up a new pathway in perovskite research in the area of
phosphors and scintillators with tunable properties.

Keywords: BaZrOs; europium; luminescence; EXAFS; defect

1. Introduction

The trivalent europium ion Eu®* is considered to be one of the most sensitive lan-
thanide ions that displays environment- and symmetry-sensitive emissions owing to its
pure magnetic dipole transition (MDT, A] = 1), hypersensitive electric dipole transition
(HEDT, AJ = £2), and neither magnetic nor electric °Dy — “Fy (A] = 0) transition [1-4].
When Eu®* is localized at a highly symmetric site with a center of inversion (C;), its MDT
predominates over its EDT. If Eu®" is situated at a highly asymmetric site, its emission is
the other way around [5]. In addition, the Eu®* ion is one of the most fascinating dopant
ions for quality red phosphors with a high quantum yield (QY), a decent thermal stability,
and a long luminescence lifetime [6,7].

Perovskites with a generic formula ABOj3 are in high demand as luminescence hosts
due to their structural flexibility, wide band gap, ease of doping, and ability to accommodate
lanthanide ions at both A and B sites [§-10]. Among them, BaZrO3 (BZO) is a unique
material due to its wide tunable band gap (5.6 eV) [11], high refractive index [12], high
proton conductivity, and high chemical and mechanical stability [10,13-15]. It has various
applications in the areas of luminescence [16], catalysis [16,17], proton-conducting solid
oxide fuel cells [18,19], and many others. Eu®>* ion-doped ABOj3 perovskites have attracted a



Nanomaterials 2022, 12, 3028

lot of attention due to their high thermal and chemical stability, low environmental toxicity,
and various applications in photocatalysis, white light generation [20], light emitting diodes
(LEDs) [21], and bioimaging [22].

One can probe the local sites of Eu* ions in ABO; perovskites based on the ratio,
spectral splitting, and appearance of Dy — “Fj (J = 0-4) emissions.! This kind of study
is crucial to make materials with optimum light emitting properties. For example, Kunti
et al. recently observed MDT and HEDT emissions with Iypr >>> Iggpr along with the
host emission under the 275 nm excitation from their BaZrO3:Eu samples synthesized
by the solid state route [23]. There was a systematic host-to-dopant energy transfer with
an increasing Eu** doping concentration. Based on the analysis of extended X-ray ab-
sorption fine structure (EXAFS) spectroscopic data, they concluded that Eu3* ions were
localized at Zr** sites [23]. Gupta, one of the co-authors of the current manuscript, and his
coworkers observed spectral profiles with Iygprt >>> IppT under various excitations from
gel combustion-synthesized BZO:Eu samples [12], which was exactly opposite to what
was observed by Kunti et al. [23]. Gupta et al. also proposed that a large fraction of Eu3*
ions occupied Zr** sites based on population analysis of lifetime spectra [12]. Kanie et al.
synthesized BZO samples with different sizes and shapes and investigated their effects on
luminescence [24].

There were also reports on Eu3+—doped perovskites of SrZrO;, SrSnO3, BaTiOs,
BaSnO;, and BaZryTi;_,O3. For example, Basu et al. proposed that Eu3* ions resided
at Sr** sites at low dopant concentrations and were distributed at both Sr?* and Sn*" sites
at high doping levels in their polyol-synthesized SrSnO3; nanoparticles based on EXAFS
measurements [25]. The same group further proposed that Eu®* ions occupied the cen-
trosymmetric Sr?* sites up to 1.5% Eu®* doping and, beyond that, the synthesized SrSnOj;
nanoparticles formed a separate europium oxide phase based on time resolved emission
spectroscopy (TRES) and electron paramagnetic resonance (EPR) studies. Similarly, based
on EXAFS studies, Rabufetti et al. found that Eu®* ions resided at Ba?* sites at low dopant
concentrations (up to 4% Eu’* doping) but were distributed at both Ba?* and Ti** sites at
high doping levels in their vapor-diffusion sol-gel-synthesized BaTiO3 nanocrystals [26].
Canu et al. have tuned the photoluminescence properties of Eu**-doped BaZryTi1 O3
perovskite by applying an electric field [27].

There are also reports that studied the effect of changing the A cation of AZrO3:Eu on
the luminescence emission intensities [28]. Katyayan et al. studied the impact of co-doping
Tb3* with Eu®* on the optical and spectroscopic characteristics of BZO perovskite [29].
Another study investigated the effect of particle size and morphology on the fluorescence
behaviors of these metal oxides [24].

Color tunability is achieved from samples with the same dopants and hosts by simply
varying the excitation wavelength. For example, Gupta et al. showed different emission
characteristics of SrZrOs:Eu®* nanoparticles in terms of the asymmetry ratio (A21) under
the excitations with host absorption, charge transfer, and the f-f band of Eu®* [30]. Guo
etal. synthesized a Bi** and Eu®* ion co-doped BagLu,SigOy4 single-phased phosphor via a
conventional high-temperature solid-state reaction [31]. They demonstrated that the relative
emission intensity of Bi** luminescent centers tightly depends on the incident excitation
wavelength due to the complex energy transfer processes among these Bi** centers.

Furthermore, even though the induced electric dipole (ED) °Dy — Fy transition is
strictly forbidden by the AJ selection rule of the Judd—Ofelt theory, there are reported
occurrences of it as a well-known example of the breakdown of the selection rules of
the Judd—Ofelt theory [1]. For example, Guzman-Olguin et al. showed an unusual great
intensity of the >Dy — ”Fy transition centered at 580 nm when they excited their Eu**-doped
BaHfOs3 perovskite ceramic under UV radiation with the wavelength associated with the
charge transfer band (272 nm), while this transition was very weak when the sample was
excited at 396 or 466 nm wavelengths [32]. One of the co-authors of this manuscript, Gupta,
with his co-workers, reported the presence of two Stark components in the °Dy — Fy
transition from their Nd,Zr,O7:Eu phosphor when excited at 256 nm [33].
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It is clear that there is no systematic investigation of the luminescence of BZO:Eu nor
studies on its °Dy — ”Fy transition under host and Eu®* excitations. In this work, we have
first synthesized BZO:Eu submicron crystals using an environmentally friendly molten
salt synthesis (MSS) method based on the report by Zhou et al. using barium oxalate and
zirconium oxide as precursors and a KOH/NaOH salt mixture as the reaction medium [34].
We studied tuning the red to orange emission ratio from the BZO:Eu crystals by modulating
the excitation wavelength and deciphered the local site occupancy of Eu®* ions in BZO with
Eu, Ba, and Zr-edge EXAFS analysis. More importantly, other than the weak Dy — “F; at
653 nm, we observed a strong 5D0 — 7F0 transition, which is known to be strictly forbidden
by both EDT and MDT of Eu>* ions, as based on the Judd-Ofelt theory. This observation
suggests the deviation of luminescence properties of the Eu>* dopant in the BZO host from
the Judd-Ofelt theory. In other words, it indicates that Eu* ions are localized in highly
asymmetric environments, e.g., Cn, Cpy, and Cs point group symmetry, so that the selection
rules are relaxed to some extent by the mixing of a low-energy charge transfer state with
the 4f° configuration [1]. Moreover, designing functional materials that display excitation
wavelength-dependent color tunability and understanding structure—property correlation
is invaluable to materials scientists.

2. Experimental

The synthesis and instrumentation characterization of the BZO and BZOE submicron
crystals are described in detail in the electronic supplementary information as S1. Briefly,
six Ba1 ZrO3:x%Eu’* (x = 0, 0.5, 1.0, 2.0, 5.0, 10.0) samples were synthesized using the
MSS method following a procedure published previously with one of the co-authors of this
manuscript. Based on the Eu* doping levels, the synthesized Ba; ZrO3:x%Eu’* samples
withx=0,0.5,1.0,2.0, 5.0, 10.0 are designated as BZO, BZOE-0.5, BZOE-1, BZOE-2, BZOE-5,
and BZOE-10, respectively.

3. Results and Discussion
3.1. XRD Patterns

The XRD patterns of the BZO and BZO:Eu samples (Figure 1a) demonstrated that the
diffraction peaks of all samples match with the cubic perovskite phase (Pm-3m) of BZO
(JCPDS No. 74-1299) and no impurity peaks were observed. The substitution of Eu3* for
constituent ions is evidently aliovalent and may generate oxygen vacancies when resided
ata Zr#* site. In case if some fraction resides at a Ba?* site, the charge compensation may
invoke the creation of barium vacancies. As seen in Table 1, the cell parameter variation is
complex, which means different defect complex generations at different doping levels.

Table 1. Lattice constants and crystallite sizes of the BZOE obtained from Rietveld refinement of the
XRD data shown in Figure 1a.

%Eu 0.0 0.5 1.0 2.0 5.0 10.0
a(A) 41947 (2) 41954 (3) 41944 (3)  41952(3) 4.1976(3)  4.1971(2)
Size (nm) 156 (5) 127 (4) 111 3) 127 (3) 102 (2) 162 (5)

3.2. FTIR and Raman Spectroscopy

To further confirm the formation of the perovskite phase and rule out the formation of
other phases, FTIR spectra of the samples were collected (Figure 1b). The only observed
peak around 570 cm~! can be assigned to the anti-symmetric stretching Zr-O bond of the
octahedral ZrOg unit of the BaZrOj lattice [35-37].

In the Raman spectra of the BZO and BZOE samples (Figure 1c), the peak around
600-900 cm ! is attributed to the symmetric stretch (v) of the Zr-O bonds in BaZrOj [23].
With an increasing Eu®* doping level, two extra peaks around 283 and 338 cm ™! that
correspond to symmetric Ag and degenerated Fg modes of the stretching vibrations of the
Co-octahedron (Euy-O) started to appear [38]. This means that Eu®* ions stop going into
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the BZO lattice and precipitate as a separate phase of Eu;Oj3 at the doping concentration
of 10.0%, which is similar to what Basu et al. observed from their polyol-synthesized
5rSnO; nanoparticles based on EXAFS measurements [25]. The peaks between 100 and
230 cm ! can be assigned to BaCO3 impurity, which did not show up in the XRD patterns
and FTIR spectra due to a low percentage. The carbonate phase probably resulted from the
chemisorption of atmospheric CO, on the surface of the BZO crystals upon its exposure
to air. It was reported that the existence of such an impurity phase has no effect on the
luminescence properties of the BZO perovskite [8].
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Figure 1. (a) XRD patterns, (b) FTIR spectra, (c) Raman spectra, and (d) SEM images of the BZO and
BZOE samples.

3.3. SEM Images

The SEM images of the BZO and BZOE samples (Figure 1d) demonstrated that the
particles were composed of a mixture of spheres and cubes with well-defined edges. In
our earlier work, we found that cubic BZO microcrystals predominated when the synthesis
was conducted at a higher annealing temperature. There was almost an equal number of
spherical and cubical particles from these samples. No difference in the shape of the parti-
cles was noticed from these samples with different Eu** doping concentrations. However,
the agglomeration of the particles increased with an increasing Eu®* concentration. Based
on the particle size distribution histograms of these samples obtained using the Image]J soft-
ware (Figure S1) and the crystallite sizes obtained from the XRD data (Table 1, Figure S2),
no clear correlation between the average particle size and the Eu*>* doping concentration
was established.
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3.4. X-ray Absorption Spectroscopy
3.4.1. XANES

Figure 2a—c shows the normalized XANES spectra of three BZOE samples along with
their standards (either the undoped BZO crystals or commercial Eu,Os powder) at the Ba
L3 (Figure 2a), Zr K (Figure 2b), and Eu L3 (Figure 2c) edges, respectively. The normalized
XANES spectra at the Ba L3-edge shown in Figure 2a are characterized by a sharp white
line, which is the main absorption peak due to the transition 2p3,, — 5d. There is no
appreciable difference in this edge upon Eu®* doping.
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Figure 2. Normalized XANES spectra of the BZOE samples and standards at the (a) Ba L3-edge,
(b) Zr K-edge, and (c) Eu Lz-edge.

It can be seen from Figure 2b that the Zr absorption edges of the BZOE samples
coincide with that of the BZO sample, confirming that the oxidation state of Zr is 4+ in the
doped samples. Two peaks, A (18,010 eV) and B (18,021 eV), observed in the BZO and BZOE
samples just above the Zr absorption edge, are similar to those obtained by Fassbender
et al. [39] and Giannici et al. [40] and are due to the octahedral oxygen coordination of Zr*
in the samples. The overall shape of the Zr XANES spectra remains nearly unchanged
upon Eu®* doping, and it is suggested that the octahedral symmetry of the Zr atom does
not break with doping. The slight increase in the A and B peaks of the doped samples
compared to BZO suggest that the Eu* solubility is very limited (no more than 1-2%).

The Eu L3-edge XANES spectra of the samples (Figure 2c) show that the absorption
edges coincide with that of the standard Eu,O3; sample, suggesting that the Eu dopant
remains in the Eu* oxidation state in the BZOE samples. The increase in the white line
at the edge indicates an increase in the empty Eu d-states at the Fermi level in the BZOE
samples compared to EuyOj3, suggesting that the Eu®* is at least partially in a different local
environment than in EuyOs.

3.4.2. EXAFS

Figure 3 presents the kz—weighted Fourier transformed spectra, | x(R) !, of the BZO
and BZOE samples (and EuyO; standard) at the Ba L3 (Figure 3a), Zr K (Figure 3b), and
Eu L3 (Figure 3c) edges. For BZO in a cubic perovskite structure (ABO3) with the space
group Pm-3m, the Zr atoms are coordinated with 6 O atoms in a regular octahedral (6-fold
(ZrOg)) shape and the Ba atoms are coordinated with 12 O atoms in a cuboctahedral
(12-fold (BaO13)) shape in the first coordination shells. Theoretical EXAFS spectra have
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been generated using the above structure for the Ba (Figure S3), Zr (Figure 54), and Eu
(Figure S5) edges of the BZO and BZOE samples and fitted to the experimental data.

| (@) 10% Eu| [ 10% Eu
2% Eu i 2% Eu
2 1% Eu 1% Eu

Figure 3. Fourier transformed spectra of the BZOE samples and standards at the (a) Ba L3 edge,
(b) Zr K edge, and (c) Eu L3 edge. Spectra are shifted vertically for clarity.

Specifically, the Ba edge was fitted with a structural model including three paths, Ba-O
(12-fold), Ba—Zr (8-fold), and Ba—Ba (6-fold). For the Ba edge fits, the path degeneracies were
held constant and the ¢ of the Ba~Zr and Ba-Ba paths were constrained to be identical.
Windows of 2.0 A= <k <85 A~! with dk=2.0 and 1.5 A <R < 3.7 A with dR = 0.2 were
used for the Fourier transformation and fits, respectively. The fit results for the Ba-O
paths of each sample are presented in Table 2 and they indicate that the Ba environment is
unchanged by Eu doping. The results for the other paths are in Table S1.

Table 2. Values of the amplitude reduction factor (Sy?) or path degeneracy (N), bond length, and
disorder factor for the near neighbor paths obtained from EXAFS analysis of the BZO and BZOE
samples at the Ba L3, Zr K, and Eu L3 edges.

Scattering Path  Parameter BZO BZOE-1 BZOE-2 BZOE-10
So? 0.74 £ 0.16 0.78 £ 0.18 0.80 £ 0.17 0.78 £ 0.17
156:?2 R (A) 291 +0.02 291 4+ 0.02 291 £ 0.02 291 £ 0.02
a? 0.011 +0.005 0.013 +0.005 0.013 £ 0.005 0.013 £ 0.005
Sp? 0.90 +0.10 1.0+0.1 1.0£0.1 1.1£01
I%Ir;o6 R (A) 2.10 +£0.01 2.10 +£0.01 2.10 £ 0.01 2.11 +0.01
o? 0.004 +0.001  0.005 £+ 0.002  0.005 £ 0.002  0.006 £ 0.002
Scattering Path  Parameter Eu, O3 BZOE-1 BZOE-2 BZOE-10
N 7 6.7 +1.7 9.8+ 1.9 79 +£0.7
50]251:(?86 R (A) 2.35+0.01 2.27 +0.03 2.33 £0.02 2.39 £ 0.01
o? 0.012+0.002 0.012 +£0.002 0.012 £0.002 0.012 +£ 0.002

10
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The Zr edges were modeled out to 4 A using three single scattering paths, Zr-O
(6-fold), Zr-Ba (8-fold), and Zr—Zr (6-fold), plus the three high amplitude linear multiple
scattering paths. The path degeneracies were held constant for all paths and all the multiple
scattering paths are constrained to have the same AR as the Zr—Zr path and a common ¢
parameter. Windows of 2.0 A~! <k <13.0 A1 with dk = 2.0 and 1.0 A < R < 4.3 A with
dR = 0.2 were used for the Fourier transformation and fits, respectively. Table 2 reports
the fit results for the Zr-O single scattering path with the other paths reported in Table S2.
For all samples, the Ba—Zr and Zr—Ba paths are distances and disorder parameters and are
consistent as are the Ba-Ba and Zr-Zr paths. The quality of the Zr edge fits (Figure 54) are
limited by the constraints applied but are consistent across all samples, suggesting only
limited Eu* doping at the Zr site.

The Eu Lz EXAFS presented in Figure 3c clearly show that the 10.0% doped sample
exhibits two peaks at ~3.1 A and ~3.7 A, which are characteristic of EuyO3. As the doping
level is reduced, these two peaks vanish to be replaced by two small peaks at ~3.0 A and
~3.5 A, similar to those observed in the Zr edge EXAFS. The Eu edges were modeled only to
the first shell, as the attempts to model the longer paths were unsuccessful. The amplitude
reduction factor Sy? was held constant at the value determined by fitting the EuyO3 data.
The path length, degeneracy, and disorder of the single Eu-O path being modeled were
allowed to vary. Windows of 2.0 A~! <k <9.0 A~! with dk =2.0 and 1.0 A < R < 2.4 A with
dR = 0.2 were used for the Fourier transformation and fits, respectively (Figure S5). The
resulting fit parameters are reported in Table 2 and it is clear that the Eu—O distance and
the path degeneracy increase with the doping level. At 1.0% doping, the Eu-O distance is
2.25 A, which is longer than the Zr-O distance but significantly shorter than both the Ba-O
and the Eu-O distances in EupOs. As the doping level increases, the Eu-O distance increases
and then exceeds that found in Eu,O3. Similarly, the path degeneracy for the 1.0% sample
is close to six, as would be expected for doping on the Zr site and increases to a value
greater than that in EuyO3. These results strongly suggest that Eu®* at low doping levels
sits at the Zr site and has a solubility limit between 1.0-2.0%. At higher concentrations,
Eu®* ions are found in a EuyOs-like local environment. This result is consistent with the
change in the white line of the Eu XANES, which increases for 1.0% and 2.0% but decreases
for 10%.

3.5. PL Spectra

The concentration-dependent excitation spectra (Aem = 625 nm, Figure 4a) and emis-
sion spectra (Aex = 279 nm and 395 nm, Figure 4b,c) of the BZOE samples demonstrated
characteristic PL features of the Eu®>* dopant in solid-state hosts [41,42]. In general, there
is no change of the excitation and emission spectral profiles, Stark splitting, and relative
intensity of excitation and emission peaks under the same excitation wavelength among
the BZOE samples with the tested Eu** doping concentrations. The spectra also clearly
show that the 2.0% Eu®*-doped sample, BZOE-2, has the highest emission intensity among
our samples using the MDT 5Dy—7F; as an example (Figure 4d).

The excitation spectra of the BZOE samples with Aey = 625 nm corresponding to the
5Dy — ’F, transition of Eu* ions consisted of two main features (Figure 4a): a broad band
extending from 240-320 nm and several fine peaks in the range of 350-500 nm. The broad
band peaking around 279 nm is attributed to the allowed charge transfer band (CTB) of
electrons from the filled 2p orbital of O to the vacant 4d-orbital of the Eu®* ion. The
fine peaks around 361, 375, 383, 387, 395, 405, 414, 456, 465, and 472 nm are attributed to
the intra f-f transitions of Eu®* ions. The main peaks located at 395 nm and 465 nm are
attributed to “Fy — °Lg and “Fy — °D,, respectively.

Under the excitations of Aex = 279 and 395 nm, the emission spectra of the BZOE
samples displayed the CTB and several fine peaks corresponding to 5Dy — 7F] (J=0-4)
transitions of Eu* in the spectral range of 550-750 nm (Figure 4b). Interestingly, several
significant differences in terms of the appearance of °Dy — ”Fj transition, the asymmetry
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ratio (A1), and Stark splitting were observed from the emission spectra of the BZOE
samples in the spectral range of 550-750 nm under these two excitation wavelengths.
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Figure 4. (a) Excitation spectra with Aem = 625 nm, emission spectra under (b) Aex = 279 nm and
(€) Aex = 395 nm of the BZOE samples. (d) Effects of Eu®* doping concentration of the BZOE samples
on integrated MDT emission intensity of °Dy — ”F; transition.

Figure 5a shows a close look of the emission spectra using the BZOE-2 sample as
an example. Specifically, under the 395 nm excitation, intense emission bands at 591 nm
(°Dg — "F1, MDT), 612 nm (°Dy — F,, HEDT), 701 nm (°Dy — “F,), and 653 nm (°Dy — “F3,
weak peak) were observed [43]. There is no signature of 5Dy — 7F, transition. The
integral intensity of the HEDT at 612 nm is stronger than that of the MDT at 591 nm. The
5Dy — 7Fj transition is known to be allowed by neither MDT nor EDT. It is forbidden in
nature according to the Judd-Ofelt (J-O) theory but could gain intensity via J-mixing. The
5Dy — 7F, transition is also considered as an ED transition [1].

Under the CTB excitation at 279 nm, we observed several interesting emission features
compared to the emission spectrum recorded under 395 nm excitation (Figure 5a): (a) an
unusually intense 575 nm peak corresponding to °Dy — ”Fy transition, which otherwise is
forbidden by both ED and MD transitions [44], (b) increased Stark splitting, (c) enhanced
intensity of the °Dy — “F3 peak, and (d) a significant change of the A value. The possible
reasons for these observations will be further discussed in the following sections.

3.6. PL Lifetime Spectra and QY

Figure 6a,b show the results of the luminescence lifetime measurements of the BZOE-2
sample under the excitations at 279 and 395 nm with three different emission wavelengths
of 575,591, and 612 nm corresponding to 5Dy — 7Fy, °Dy — “F1, and °Dy — ’F, transitions,
respectively. For the BZOE-2 sample, the luminescence lifetime curves recorded under the
279 nm excitation (Figure 6a) demonstrated a biexponential behavior with two slopes and
they can be approximated using the following equation:

I=Ag+ A exp(—t/T1) + Az exp(—t/12) 1)

12
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where A; and A; are the derived preexponential factors, and 71 and 1, are the life-
time values of the fast and slow decay components, respectively. The luminescence
lifetime curves recorded under the 395 nm excitation (Figure 6b) could be fitted with
monoexponential decay.

(a)
3
s
2
)
g
£
°
A =279 nm
o
T T b T
650 600 650 700 750
Wavelength (nm)
(c)
35000
30000 7\ K— o
Le
— 25000 - % ,
s H Nonradiative relaxations . s
£ £ O,
S 200004 | E —
E o *0o £
5 c
5 15000 - | o
& CEEER EEEE =
10000 - ¥ 2 33 3
5000 - =6
i F
J
0 == Y 4
I0,57% >>10,5% >>10,5%, SDO - 7':l) Is Absent,
Very uausiel (mMD) (ED) I 0,57, >> 10,57,
by both (ED) (MD)

ED/MD

Figure 5. (a) Emission spectra of the BZOE-2 sample recorded at 77 K and (b) corresponding color
coordinate diagram of the BZOE-2 sample under 279 and 395 nm excitations with * indicating
the Stark components in (a) and arrows 1 and 2 pointing to the coordinates in (b), respectively.
(c) Proposed photophysical processes happening under 279 and 395 nm excitations. (d) Schematic
showing site selective excitations under 279 nm and 395 nm for the BZOE submicron crystals.

The population of Eu®* ions with a particular lifetime is obtained by using the formula:
% of species n = (An * Tn)/(Zn = 1,24n * Tn)] * 100 (2)

Under Aex = 279 nm, there were two lifetime values for all three emissions: short
lifetime T (~360-460 us, 15%) and long lifetime T} (~1.0-1.5 ms, 85%). On the other hand,
under Aex = 395 nm, only one short lifetime value was obtained as T (~370-580 ps).

The decay profiles of all other BZOE samples are mentioned in Figure S6. Under
Aex = 279 nm and Aem = 625 nim, the average lifetime values of the BZOE samples with
Eudt doping levels of 0.5, 1.0, 2.0, 5.0, and 10.0% were 789, 820, 950, 853, and 813 us,
respectively. The effect of Eu** concentration on the average lifetime value of the BZOE
samples (Figure 6¢) indicated that the average lifetime value increased up to a 2.0% Eu®*
doping level. Beyond that doping concentration, there was a reduction due to concentration
quenching, which is consistent with the phenomenon observed from the PL excitation and
emission spectra shown in Figure 4.
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Figure 6. PL decay profiles of the BZOE-2 sample under excitation wavelengths of (a) 279 nm
and (b) 395 nm at three different emission wavelengths of 575, 591, and 612 nm corresponding to
5Dy — "Fy, "Dy — 7Fy, and Dy — 7F, transitions of Eu3* ions, respectively. (c) Effects of Eu?*
doping concentration of the BZOE samples on (c) average lifetime with * indicated the studied Eu®*
concentration (mol %) and (d) quantum yield (Aex = 279 nm and Aem = 625 nm).

Quantum yield (QY) is an important parameter to evaluate the properties and applica-
tion potentials of phosphors. We measured and calculated the QY of our BZOE samples
using the following equation:

_ Ik

= e+ JLs ®
where Fg represents the emission spectrum of a sample, Ly is the excitation spectrum from
an empty integrating sphere (without any sample), and Lg means the excitation spectrum
of a sample. The effect of the Eu*>* concentration on the QY value of the BZOE samples
(Figure 6d) indicated that the QY value of the BZOE samples increased from 2.2% to 14.0%
as the Eu®* doping level increased from 0.5% to 2.0%. After higher dopant concentrations,
the QY value reduced to ~7.6-7.9%. This is again attributed to concentration quenching
arising from non-radiative energy transfer among Eu®* ions at high doping concentrations.

Concentration quenching is one of the most dominant phenomena that takes place at
high dopant concentrations. It is attributed to increasing resonant energy transfer between
Eu®* ions at a high dopant concentration, which results in decreasing radiative emissions.
To better understand the mechanism of the concentration quenching phenomenon of our
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BZOE samples, the critical distance (r.) between Eu** dopant ions and quenching sites was
calculated using the following equation:

1
3V \3
re =2 (47TXCN> @)

where V, X, and N are the volume of the unit cell, the critical concentration of Eu®*
and the number of cations per unit cell, respectively. The values of these three variables
for our BZOE samples are 73.6575 A3, 0.02, and 8, respectively. Hence, the calculated
critical distance r. value was 9.58 A. Since the Eu*—Eu3*critical distance is more than
5 A, multipolar interactions are responsible for the concentration quenching of our BZOE
crystals. Therefore, various PL studies indicated that there is a close correlation between
the doping concentration with the excitation and emission intensity, luminescence lifetime,
and the QY of the BZOE crystals.

3.7. J-O Analysis

To explain the observed luminescence performance, ]-O parameters were determined
to provide empirical relations between the local site symmetry of Eu®* ions in the BZO
lattice, the crystal field strength of the BZO host lattice, and the Eu—O bond covalency
and polarizability in the BZOE samples.*> Based on various mathematical formulations,
we have derived the radiative/non-radiative transition rates and the internal quantum
efficiency of the BZOE-2 sample [45-47]. Various important optical parameters were
calculated for the BZOE samples under the excitations at 279 and 395 nm (Table 3). The
BZOE-2 sample had a higher internal quantum efficiency (IQE) under the 279 nm excitation
compared to 395 nm excitation. Its non-radiative transition (ANg, 787.4 s 1) and radiative
transition (AR, 212.77 s~ ') values under 279 nm were lower compared to those under
395 nm excitation (ANR = 2331 s~ and AR =369 s~!). When changing Aex from 279 nm to
395 nm, the increase in the Ang value was higher than that of the Ar value.

Table 3. Calculated J-O parameters and radiative properties of the BZOE-2 sample (AR = radiative
Rate, ANr = nonradiative rate, (), = the Judd—Ofelt parameter, and 8, = branching ratio).

BZOE-2 AR 7)) Ang (™D 17(%) 0, (x10720) 4 (x1029) B1(%) B2(%) Ba(%) 0,/
Aex =279 nm 212.77 787.4 21.3 1.04 0.917 23.5 424 18.6 1.13
Aex =395 nm 369 2331 13.7 227 2.78 13.6 53.7 325 0.82

For the ]-O parameters, (), (the short range parameter) gives information related to
the covalent character, local symmetry, and structural distortion in the vicinity of Eu3* ions,
whereas (), intensity parameters (the long range parameter) provides bulk information
such as the viscosity and rigidity of the host lattice [48]. Under the 279 nm excitation,
the observed trend of the J-O parameters ({24 < ()) suggested that excited Eu* ions
were mostly localized in a highly asymmetric and distorted environment. On the other
hand, under the 395 nm excitation, the J-O parameter trend reversed with (4 > (),
which confirmed that a large fraction of excited Eu®* ions occupies relatively less distorted
and asymmetric sites. The value of the J-O ratio (),/Q)4) of lower than one suggests
a high asymmetry of the Eu®>" environment where its value higher than one suggests a
low asymmetry. The fractional distribution of branching ratios suggests that, under the
279 and 395 nm excitations, photon parts emitted via MDT are 23.5% and 13.6%, whereas
those emitted via HEDT are 42.4% and 53.7%, respectively.

3.8. Discussion

As marked by numbers one and two on the color coordinated diagram (Figure 5b),
the intense peaks around 575 nm and 612 nm impart orange emissions under Aex =279 nm
and red emissions under Aex = 395 nm, respectively. It demonstrated that one can achieve
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orange-red color tunability by selectively exciting the same material with dopant or host
excitations. The different photophysical processes happening under these two excitations
are schematically depicted in Figure 5d. The different spectral features of the BZOE samples
observed under the 279 and 395 nm excitations suggest that the excited Eu®* ions are relaxed
through different channels to the ground states.

Some authors have proposed theoretical models for the observed °Dy — ”Fy transition,
including the breakdown of the closure approximation in the Judd-Ofelt theory and
third order perturbation theory [1,32,33]. The most obvious explanation assumes that
this transition is due to J-mixing or to the mixing of low-lying charge-transfer states
into the wave functions of the 4f® configuration. Experimentally, the number of Stark
components of the >Dy — ”Fy transition indicates the number of local sites of Eu* ions in
host lattices. It is normally allowed when Eu®" ions are situated at sites lacking inversion
symmetry [1,49]. The presence of an unsplitted single band of the >Dy — ”Fy transition
under Aex = 279 nm suggests that a large fraction of Eu®* ions are located at the non-
inversion symmetric sites in the BZOE submicron crystals. This hypothesis is further
supported by the appearance of forbidden °Dy — ”F3 peaks with large Stark splitting [30,44].
On the other hand, under Aex = 395 nm, the observed phenomena, including the absence of
5Dy — 7F transition, weak °Dy — ”Fj transition, and a low extent of Stark splitting of 5Dy
— 7Fy and °Dy — “F, transitions, suggest that a large fraction of Eu3* ions at doping sites,
which are less asymmetric or distorted, are selectively excited.

Based on the selection rules of point group symmetry, the °Dy — “F transition appears
when Eu®* dopants are located at sites lacking an inversion center with 10 designated non-
cubic point groups, including Cgy, Cq, Cay, C3, Cay, Ca, Cay, Cp, Cs, and C;q [50]. The
°Dy — ’Fy transition is not allowed in cubic groups with inversion symmetry such as T,
T4, and O or non-cubic point groups without inversion symmetry such as Dy, D3, D3}, Cap,,
Dg, D4, 54, DZdI D4dr and Dé [49]

The ideal BZO is a perfect cubic perovskite with Oy, point group symmetry (space
group: Pm-3m), which has 12-coordinated Ba?* sites and 6-coordinated Zr** sites in cuboc-
tahedra and octahedral geometries, respectively [51]. The observed emission spectra are in
line with Eu®* ions occupying the Zr** sites in the BZOE samples even with the following
ionic radii values of Ba?* (rjon = 161 pm @ CN = 12), Zr** (rion = 72 pm @ CN = 6), and
Eu’* ions (fion = 95 pm @ CN = 6). Substituting Eu’* ions at the Zr** sites distorts the
symmetric ideal perovskite structure of BZO and invokes charge compensation by oxygen
vacancies, which reduce the point group symmetry from Oy, to further lower symmetry.
This is consistent with our EXAFS analysis (Figure 3), especially at a low Eu** doping level
before the low amount of EuyO3 phase forms.

It has been reported that the emission of Eu>* dopant in a cubic structure with the
Oy, point group should only have a single unsplitted Dy — “F; transition peak [52]. By
considering the most sensitive peaks for 5Dy — 7Fy and °Dy — F, transitions, there are
0 and 2 Stark components under Aex = 395 nm and 1 and 3 Stark components under
Aex = 279 nm, respectively (Figure 5a). This observation suggested D3 and Czy point group
symmetry around Eu®* ions in our BZOE samples [52].

The Kroger-Vink notation for the substitution, wherein trivalent Eu3* ions occupy
tetravalent Zr** sites, is formulated below [53]:

2Eu + Zry, <> Euly, + Vg (5)

Defects such as Vi and Eu/,, in the BZOE crystals provide additional pathways for non-
radiative relaxation. They tend to quench PL by absorbing emitted photon energy from Eu®*
ion centers (Euy,) [47]. Hence, although Eu’* ions occupy Zr#* sites (Eu’,,), we assume
that there are enough oxygen vacancies surrounding them with random distribution. There
would be two scenarios: one with enough Eu/,, surrounded by oxygen vacancies in a close
vicinity (x), designated as xEu/,,, and another with Eu’,, surrounded by oxygen vacancies
at a much farther-off distance (y), designated as yEu/,,, such as y >> x. The point group
symmetry of xEu/,,, as discussed above, is C3,, and that of yEu/,, is D3. As schematically
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shown in Figure 5d, upon the excitation with the Eu®* ff band at 395 nm, the prevalent
excited species is yEu',,, whereas upon excitation with the host CTB selectively, a large
fraction excited species is xEu,.

4. Conclusions

In this work, BZOE submicron crystals with varied Eu** doping concentrations were
synthesized using the molten salt method. XANES and EXAFS spectroscopies confirm
that Eu is stabilized in a +3 oxidation state at Zr** s at a low doping concentration, while a
separate EuyO3 phase forms at the highest 10% doping level. Based on the PL measurement,
it was established that europium is localized at Zr** sites in two different environments:
one close to zirconium vacancies with Cs, symmetry and one far off from zirconium
vacancies with D3 symmetry. Interestingly, when excited at the charge transfer band of the
BZO host at 279 nm, a large fraction of Eu’* ions at non-symmetric C3, sites were excited
to give a highly intense °Dy — “F transition, large spectral splitting, and intense MDT
peaks compared to HEDT peaks. On the other hand, when excited at a dopant transition
wavelength of 395 nm, a relatively large fraction of Eu*>* dopants, which are far off from
zirconium vacancies with D3 symmetry, were excited to give no °Dy — ”F transition, highly
intense HEDT peaks compared to MDT peaks, and fewer Stark components. This excitation
wavelength dependence induces emission light tunability of orange light at Aex = 279 nm
and red light at Aex = 395 nm from the BZOE samples. This observation is further justified
by the trend of the ]-O parameters, especially with ()4 < () at Aex = 279 nm and Q4 > ()
at Aex = 395 nm. This work demonstrates the role of local dopant sites, defects, excitation
wavelengths, and doping concentrations on optimizing the optical properties of lanthanide-
doped perovskite phosphors for efficient optoelectronics and scintillator applications.
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K edge fits; Figure S5: Eu L3 edge fits for the three Eu-doped samples; Figure S6: PL decay profiles
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Abstract: A three-steps sol-gel method was used to obtain a CupyO/SnO, /WOj3 heterostructure pow-
der, deposited as film by spray pyrolysis. The porous morphology of the final heterostructure was
constructed starting with fiber-like WO3 acting as substrate for SnO, development. The SnO,/WO3
sample provide nucleation and grew sites for CuyO formation. Diffraction evaluation indicated
that all samples contained crystalline structures with crystallite size varying from 42.4 A (Cuy,0) to
81.8 A (WO3). Elemental analysis confirmed that the samples were homogeneous in composition
and had an oxygen excess due to the annealing treatments. Photocatalytic properties were tested in
the presence of three pesticides—pirimicarb, S-metolachlor (S-MCh), and metalaxyl (MET)—chosen
based on their resilience and toxicity. The photocatalytic activity of the CuyO/SnO, /WOj3 heterostruc-
ture was compared with WO3, SnO,, Cuy0, Cu;O/SnO,, CuyO/WO;3, and SnO, /WO3 samples. The
results indicated that the three-component heterostructure had the highest photocatalytic efficiency
toward all pesticides. The highest photocatalytic efficiency was obtained toward S-MCh (86%) using
a CupO/Sn0O, /WO;3; sample and the lowest correspond to MET (8.2%) removal using a Cu,O mono-
component sample. TOC analysis indicated that not all the removal efficiency could be attributed to
mineralization, and by-product formation is possible. Cu,O/SnO, /WOs is able to induce 81.3% min-
eralization of S-MCh, while Cu,O exhibited 5.7% mineralization of S-MCh. The three-run cyclic
tests showed that CuyO/SnO, /WO3, WO3, and SnO, /WOj3 exhibited good photocatalytic stability
without requiring additional procedures. The photocatalytic mechanism corresponds to a Z-scheme
charge transfer based on a three-component structure, where Cu,O exhibits reduction potential
responsible for O, production and WOj5 has oxidation potential responsible for HO- generation.

Keywords: pesticides; wastewater; photocatalysis; metal oxides; semiconductors

1. Introduction

The agricultural sector is considered one of the larger water consumers. However,
due to population growth and climate change, the water shortage represents an important
challenge to overcome [1,2]. The recycled water used in crop irrigation usually contains
high quantities of pesticides, due to inefficient wastewater-treatment plant technologies.
The risk is even higher when the pesticides interfere with the food chain as a result of
transfer from water to soil and from soil to plants through roots [3-5].

Pesticide consumption in agricultural areas has significantly increased in the last
few years. Only in 2014 was the pesticide consumption reported by FAOSTAT (North
America was not included) above 3,000,000 tons [6]. Epidemiological studies have shown
the carcinogenic potential of certain pesticides able to produce birth defects, endocrine
deficiencies, cardiovascular diseases, or even disorders of the reproductive organs [7-9].
Traditional methods used to reduce pesticides form wastewater, such as ozonation or
chloride dioxide insertion, are effective ways to address the problem, but raise economic
and environmental issues [10,11]. Chlorine dioxide (ClO,) is considered an alternative
to NaClO products able to work as a disinfection agent for the wastewater reused in the
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agricultural sector. However, the ClO, ™~ and ClO3~ biproducts formed during the water
treatment can damage the thyroid gland and cause anemia [12,13].

Photocatalysis stands out as a modern and sustainable technology based on advanced
oxidation processes (AOPs). In terms of function of the photocatalytic materials involved
in the process, the wavelength may vary from UVA to the entire visible spectrum [14,15].
Under irradiation, the catalysts generate oxidative and superoxidative species that promote
a complex series of oxidation reactions, aiming to induce the complete mineralization
of the organic pollutants [16]. Monocomponent catalysts, such as TiO, [17], CuO [18],
SnO; [19], WO3 [20], ZnO [21], and Cu;S [22], exhibit a series of disadvantages, such as
limited light absorption, low chemical stability, and fast charge carrier recombination. In
order to overcome these issues, heterostructures and composite materials have been devel-
oped. Similar systems based on metal oxide heterostructures like TiO, /WO3/ZnO [23],
BiOI/BiOCl [24], BaTiO3/KNbO [25], TiO, /CuO [26], and CuO/Bi,WOg [27] exhibit lower
charge recombination rates and high photocatalytic efficiency toward dye molecules. The
presence of sulfur compounds as part of heterostructure matrices, such as SnS, /ZnInSy [28],
CoTiO3/ZnCdS, [29], CdS/CeO, [30], CoWO,/CoS [31], and ZnCdS, /MoS [32], extend
the light absorbance spectrum without solving the chemical stability issues in acid or alka-
line environments. Composite materials based on g-C3Ny [33], g-C4Njg [34], and r-GO [35]
exhibit high surface-active materials able to efficiently eliminate the pollutants using both
absorption and photocatalytic processes.

In this work, the photocatalytic activity of Cu,O/SnO,/WO; was evaluated toward
three pesticides—pirimicarb (PIR; insecticide), S-metolachlor (5S-MCh; herbicide) and meta-
laxyl (MET; fungicide)—used in the agricultural sector. The pollutants were selected based
on their toxicity and long-term persistence in soil and water. Pesticide diffusion into plants
is an important source of food contamination that then expands in the human body with
negative impacts on long-term health. A heterostructure powder was obtained by a three-
step sol-gel synthesis followed by spray deposition as film. Each component was chosen
based on its spectral absorbance and suitable position of the energy bands, able to reduce
the charge carrier’s recombination rate and improve long-term photocatalytic activity. The
synergic action of high Cu,O visible absorption and facile charge migration through the
heterostructure provides a good alternative for oxidative species generation required for
pollutant mineralization. Additionally, the study focused on free-titania photocatalysts
as an alternative to traditional materials. Crystalline composition influence on surface
composition and film morphology were studied. Photocatalytic efficiency considers the
mechanism of oxidative species generation and includes UV-vis and TOC/TN evaluation.
The results indicate that the CuyO/SnO,/WOj3 heterostructure is suitable for pesticide
removal and can be considered a sustainable future alternative.

2. Experimental
2.1. Material Synthesis and Heterostructure Deposition
2.1.1. Heterostructure Powder Synthesis

The heterostructure synthesis consisted of a three-step sol-gel (Figure 1) method
followed by thermal treatments to remove all the solvent content.

Step 1. WO3 powder was obtained from a precursor composed of tungsten hexachlo-
ride (99.8%, WClg, AcrosOrganics, Gell, Germany) dissolved in a mixed solvent of absolute
ethanol (100%, CoHgO, Sigma Aldrich, Munich, Germany) and 2-propanol (100%, C3HgO,
Sigma Aldrich, Munich, Germany). The precursor was magnetically stirred at 140 rpm
for 240 min in the dark until a yellow homogeneous solution formed. Gel development
took place after the drop-by-drop addition of 0.24 mol sodium hydroxide (99.98%, NaOH,
Honeywell, Charlotte, NC, USA). The gel was kept in the dark for 12 h and the final
precipitate was centrifuged. The yellow powder (Figure 1, stepl) was thermally treated at
410 °Cfor 4 h.
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Figure 1. Steps for heterostructure development.

Step 2. SnO, /WO3; powder was prepared by inserting the WO3; powder previously
obtained into a precursor based on tin tetrachloride (99.7%, SnCly, Sigma Aldrich, Munich,
Germany) dissolved in absolute methanol (100%, CH4O, Sigma Aldrich, Munich, Germany).
The mixture was stirred at 140 rpm for 220 min in dark to ensure the uniform dispersion
of WO3; powder into the SnO; precursor. By slowly adding 0.18 mol sodium hydroxide
(99.98%, NaOH, Honeywell, Charlotte, NC, USA) a yellowish white precipitate (Figure 1,
step 2) formed, which was centrifuged and annealed at 410 °C for 6 h.

Step 3. the CupO/SnO, /WOs heterostructure was developed by adding the SnO, /WO3
powder previously obtained into a precursor composed of 0.03 mol copper acetate
(Cu(CH3COO),, 97%, Sigma Aldrich, Munich, Germany) and deionized water. After 120 min
of magnetic stirring at 140 rpm in dark, a mixture of NaOH, glucose (C¢H12,0¢, 99.8%, Sigma
Aldrich, Munich, Germany), and deionized water was slowly added until the precipitate
had formed. Due to the copper tendency to change from the +1 to +2 oxidation state, after
centrifugation the reddish powder (Figure 1, step 3) was dried for 12 h at room temperature.

2.1.2. Film Deposition

The heterostructure films (Figure 1, step 4) were obtained by cold spray deposition.
The deposition precursor was obtained by dispersing 50 mg Cu,O/SnO,/WO3 powder in
a 50 mL mixture of ethanol and 2-propanol by ultrasound bath. A small quantity (0.1 mL)
of Triton X was added to the precursor and magnetically mixed for 30 min. The 2 x 2 cm?
microscope glass substrate was firstly degreased and then cleaned by successive immersion
in acetone and ethanol. The clean substrate was preheated at 45 °C for 120 min and then
the precursor was sprayed at 0.5 bars. Breaks of 12 min were kept between each deposition
sequence in order to allow solvent evaporation.

2.2. Photocatalytic Experiments

The photocatalytic experiments were done using a rectangular photoreactor containing
4 UVA light sources (18 W, black tubes, T8, 320-370 nm, Apax = 360 nm, 3Lx flux intensity,
Philips) and 4 Vis sources (18 W, cold tubes, TL-D 80/865, 400-700 nm, Amax = 560 nm, 28 Lx
flux intensity), a ventilation engine to ensure stable humidity, and temperature sensors
required to keep a stable 25 °C during the experiments. The light sources were placed in
radial position to provide maximum light radiation and ensure uniform light distribution.
The energy of the incident light on the sample was 12.63 mW /cm?.

Pirimicarb (PIR; insecticide, C11H1sN4O;, 98%, Sigma Aldrich, Munich, Germany),
S-metolachlor (S-MCh; herbicide, C15H,CINO;, 98.5%, LGC, Augsburg, Germany), and
metalaxyl (MET; fungicide, C;5H,1NOy, 98%, Sigma Aldrich, Munich, Germany) were
used to prepare 50 mg/L aqueous solution. In 40 mL pesticide solution was inserted one
2 x 2 cm? piece of microscopic glass covered with Cuy,O/5SnO,/WOs. Quartz recipients
were used during the experiments. The samples were kept in the dark for 120 min to
reach the k5 absorption—desorption equilibrium. Light exposure duration was 10 h and
photocatalytic evaluation was done hourly.
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2.3. Characterization

The crystalline composition was evaluated with an X-ray diffractometer (model D8
Discover, Bruker, Karlsruhe, Germany) using the locked-couple option. The scan step was
0.002 degree with a rate of 0.020 s/step from a 20 to 60 degree theta angle. The samples’
morphology was studied in a high-vacuum regime with scanning electron microscopy
(SEM; 5-3400 N type 121 I, Hitachi, Tokyo, Japan) at an accelerated voltage of 10 kV. Field-
emission scanning electron microscopy (FESEM SU8010, Fukuoka, Japan) was also used for
morphological characterization, where the samples were covered with gold coating due to
the low surface conductivity. The changes in the specific absorbance for each pollutant were
registered by UV-vis spectrometry (Lambda 950, PerkinElmer, Waltham, MA, USA). The
optical band gap energy of the single-component samples was estimated by the Wood and
Tauc model. Pollutant mineralization was measured using a total organic carbon analyzer
(TOC-L, model CPN, Shimadzu, Kyoto, Japan) and a total nitrogen analyzer (TNM-L, model
RHOS, Shimadzu, Kyoto, Japan). The system was set to make three consecutive injections
and to provide a mediated value. This evaluation provides essential information regarding
the possible formation of by-products that are not identified during the UV-vis analysis.

The photocatalytic decolorization was evaluated by the UV-vis method. The changes
in pollutant concentration were measured by UV-vis spectrometry based on the calibration
curve corresponding to each pollutant. The absorption wavelength characteristics for
each pollutant were PIR 315 nm, S-MCh 274 nm, and MET 267 nm. The photocatalytic
efficiency was calculated based on the initial (Cp) and the final concentrations (C) using the

following equation:
n= [(CO_C)] .100 (1)
Co

3. Results and Discussion
3.1. Composition and Morphology

The crystalline composition of each sample was evaluated by X-ray diffraction, and
the results are presented in Figure 2. All the analyses were done on films obtained from the
same quantity of precursor without additional thermal treatment. The monocomponent
sample contained WO3; with a monoclinic structure (ICCD 83-0951). The bicomponent
sample contained monoclinic WO3 and tetragonal SnO, (ICCD 41-1445). After the last
synthesis step, the heterostructure exhibits all three metal oxides components: monoclinic
WO3;, tetragonal SnO;, and cubic CuyO (ICCD 71-3645). The synthesis procedure allows
WOj3 and SnO; to act as nucleation sites for the following component, which facilitates
the formation of crystalline structure. There was no indication of mixed metal oxide
formation, but the presence of amorphous compounds cannot be excluded [36,37]. Due
to the synthesis procedure, no preferential orientation was observed. In order to avoid
the formation of mixed copper oxides, the heterostructure powder was dried at room
temperature for 12 h and the films deposited at 45 °C. Without annealing treatment, the
persistence of carbonaceous species originating from the sol-gel synthesis is possible and
may influence the photocatalytic activity.

The changes in crystallite sizes were calculated with the Scherrer formula in Equation (2),
using the previous diffraction analysis [38]:

09
~ Bcos®

@

where A is the X-ray wavelength value (1.5406 A for CuKyq), B is the angular width
measured at half-maximum intensity (FWHM) of the most representative peak, and 0 is
represents the Bragg’s angle. The instrumental broadening was considered during the
calculations. The crystallite sizes are included in Table 1 for the WO3 and SnO, components
annealed at the same temperature, but for different periods. Using WOj3 as a substrate
for SnO, development will have a negligible impact on the crystalline size of the first
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component. Both metal oxides exhibit similar crystallite size, which may be related to
the annealing process taking place at the same temperature. The annealing period was
higher for WO3, which shows the highest crystallite sizes. The same results are obtained
when SnO, /WOs is used as substrate for CuyO development. However, the absence of
annealing on the last synthesis step will induce the formation of lower crystallite size
values corresponding to the CupyO component. This behavior was also reported in other
works [39,40], showing that if higher temperature is used the copper will pass in both
oxidation states.
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Figure 2. XRD patterns of the photocatalysts.

Table 1. Photocatalyst crystallite size values evaluated based on Scherrer formula.

Photocatalyst Crystallite Size (A)
WO3 SnO, Cu,O
WO; 80.5 - -
SHOZ /WO3 81.8 77.1 -
CuyO/Sn0,/WO; 81.6 77.3 424

Sample morphology was evaluated by SEM analysis, and the results are presented
in Figure 3. The monocomponent sample exhibits fiber-like morphology (Figure 3a) cor-
responding to WO3, which serves as substrate for SnO, development. The fibers have a
random distribution in terms of diameter and length. The addition of the second component
(SnOy) will completely cover the WO3 fibers and the morphology resembles overlapping
pallets (Figure 3b). The final heterostructure containing all three components presents a
porous morphology (Figure 3c), with CuyO uniformly distributed on the sample surface.
Due to the low surface conductivity and the presence of aggregates, it was difficult to
properly evaluate the grain size corresponding to the CupO/5SnO, /WO3 sample. The WO3
and SnO, provide preferential nucleation sites for the following component and preserve a
close interface contact between the components [41].

EDX analysis was used to evaluate the elemental composition of the samples and
to calculate the component ratio. The analyses were done in three different areas of the
samples and the results were similar (<2% abatement), which is an indicator of sample-
component homogeneous distribution. The results were compared with the theoretical
values calculated based on the stoichiometric compounds, and the results are presented in
Table 2. In all three samples, oxygen excess was identified due to the WO3 and SnO,/WOs3
thermal treatment at 410 °C in oxygen-rich atmosphere. However, the heterostructure
oxygen excess decreases due to the CuyO addition, which was not subjected to anneal-
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ing [42,43]. During the annealing treatment, the number of oxygen vacancies is diminished
due to the oxygen diffusion. The copper ratio compared with the other metal ions is similar
which confirms that the weight-ratio relationship between the components was maintained
during the synthesis and film deposition.

Figure 3. SEM images of (a) WOs3, (b) SnO,/WOs3, and (c) CupO/SnO, /WO3 samples.

Table 2. Photocatalyst elemental composition by EDX.

Samples Elemental Composition [at.%]
w Sn Cu 0 O, !
WO;3 23.8 - - 76.2 71.4
SnO, /WO; 12.4 14.7 - 729 68.9
Cup0/5Sn0, /WO;3 10.6 11.9 13.3 64.2 62.2

! Theoretic content calculated based on stoichiometry.

3.2. Photocatalytic Activity

Three pesticide molecules were chosen based on their toxicity and residual persistence
in water and soil. Pirimicarb (PIR) is an insecticide that can cause skin irritation, damage
to brain functions, and is suspected of causing cancer [44,45]. S-metolachlor (5S-MCh) is a
herbicide inducing allergic skin irritation, anemia, and has a very toxic potential to aquatic
life with long-lasting effects [46,47]. Metalaxyl (MET) is a fungicide with direct impact on
the respiratory system and has long persistence in the aquatic environment [48]. This study
integrated the large spectrum of pesticide to compare the influence of the photocatalysts on
the pollutant molecule. It must be underlined that all the experimental conditions in terms
of pollutant concentration, photocatalyst dosage, radiation type, and exposure periods
were the same.
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3.2.1. Degradation Efficiency and Kinetics

The lowest photocatalytic efficiencies (Figure 4a,c,e) correspond to bare CuyO sample,
which exhibit 10.5%, 11.7%, and 8.2% toward PIR, S-MCh, and MET, respectively. Similar
photocatalytic activities were obtained for SnO; and Cu,O/WO3, where coupling Cu,O
with WOj3; induced the presence of a high potential gap between the valence energy of
CupO and that corresponding to WO3;. The WO3; monocomponent sample was able to
remove 29.8% of PIR, 32.5% of S-MCh, and 12% of MET. Due to this band-gap energy
(3.31 eV), the WO3 photocatalyst used only a small fraction of the light radiation found at
the border between UV and Vis spectra. When the second component is added, the coupled
5SnO, /WOj3 benefits from the synergic effect of simultaneous charge carrier photogeneration
in both semiconductors [49]. The photocatalytic removal efficiencies corresponding to
5nO, /WOs3 sample increase at 41.5% for PIR, 53.1% for S-MCh, and 26.8% for MET. The
higher photocatalytic efficiencies correspond to the Cu,O/SnO,/WOs; heterostructure,
which uses the extended UV and Vis spectra due to the CuyO insertion with a band gap
of 2.14 eV. In this case, the photocatalytic removal efficiency was 79.7% for PIR, 86.5% for
S5-MCh, and 50.6% for MET. The heterostructure photocatalytic removal efficiency is not
a sum of the monocomponent sample efficiencies, as the contact between components
induces a shift of the energy bands with consequences on the charge carrier’s mobility. The
lower MET photocatalytic removal efficiency values compared with the other pesticides
indicate that the oxidation process is influenced by the pollutant molecule structure and
the chemistry compatibility with the photocatalyst surface [50].

The kinetic evaluation was done using the simplified Langmuir-Hinshelwood mathe-
matical Equation (3) and the results are presented in Figure 4b,d,f.

C

In o= —kt (©)]

The results indicate superior constant rates for S-MCh removal compared with PIR

and MET pollutants. Additionally, for all three pollutants the photocatalytic activity of
the Cup,O/Sn0O, /WO3 heterostructure is 2 x faster than that of SnO, /WQO3 and 3 x faster
than that of the WO3 monocomponent sample. As predicted, the lowest constant rates
correspond to bare CupO, which exhibits limited photocatalytic activity. However, when
Cu;0 is put in contact with SnO, the constant rates increase 3, which is a clear indicator
of the heterostructure’s ability to decrease the recombination rates and efficiently use the
charge carries for oxidative species generation. These values indicate the contribution
of each heterostructure component on the overall photocatalytic efficiency toward the
pollutant’s molecules. The heterostructure synthesis method has allowed the formation of
stable interfaces that maintain high photocatalytic activity during the light irradiation [51].
In order to differentiate the mineralization induced by the photogenerated oxidative
species from the partial oxidation products, TOC and TN were investigated (Figure 5a,ce),
as well as the corresponding kinetics (Figure 5b,d,f and Table 3). The TOC measurements
for PIR and S-MCh indicate small differences on the photocatalytic activity. The lowest
TOC reduction was registered for bare Cu,O, followed by CuyO/SnO, and bare SnO;. The
TOC reduction corresponding to the WO3 sample was 27.3% for PIR and 27.9% for S-MCh.
Similarly, SnO, /WOj3 (39.3% for PIR and 46.7% for S-MCh) and Cu,O/SnO,/WOs3 (73.4%
for PIR and 81.3% for S-MCh) recorded slightly TOC reduction efficiency, indicating that
not all the carbon components were mineralized. However, the TN evaluation confirms the
photocatalytic activity presented in Figure 4, meaning that the nitrogen removed during
the irradiation was completely mineralized. An interesting finding was observed for MET
pollutant, where both TOC and TN confirm that the photocatalytic removal efficiencies can
be attributed to mineralization. It must be outlined that more work must be done to increase
the photocatalytic efficiency above 86% for S-MCh, 80% for PIR, and 50% for MET in order
to have a significant impact on the long-term effects. The mineralization mechanism
of pesticides considers the following steps: (i) charge carriers” development during the
irradiation (Equation (4)); (ii) oxidative species (HO-) production during the reaction
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Photocatalytic removal efficiency [%] Photocatalytic removal efficiency [%]

Photocatalytic removal efficiency [%]

between the photogenerated holes and water molecules (Equation (5)); (iii) superoxidative
species (-O,7) development during the reaction between photogenerated electrons and
dissolved oxygen (Equation (6)), and (iv) interaction between the (super)oxidative species

and pesticide molecules (Equation (7)).
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Figure 4. Photocatalytic removal efficiency and the corresponding kinetics toward PIR (a,b), S-MCh

(c,d), and MET (e,f).
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Figure 5. TOC, TN (inset), and the corresponding kinetics toward PIR (a,b), S-MCh (c,d), and MET (e f).

The kinetic evaluation indicates that the WO3; monocomponent sample has small and
similar constant rates for all three pollutant molecules, which is a consequence of reduced
light absorbance and high charge carrier recombination. Larger differences in the constant
rates were obtained for SnO,/WO3 and CuyO/SnO,/WO3; samples, which confirm the
photocatalytic removal efficiency results. The insertion of an additional semiconductor
component will increase the photocatalytic efficiency where each partner will play a sig-
nificant role on the charge carrier photogeneration and mobility. These characteristics are
essential in order to produce oxidative (-OH) and superoxidative (-O, ™) species able to
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induce pollutant mineralization [52-54].
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Table 3. Kinetic parameters for TOC and TN evaluation.

L PIR S-MCh MET
Kinetic Parameters

TOC TN TOC TN TOC TN

WO D) 0.031 0.033 0.033 0.038 0.030 0.032

8 R2 0.997 0.998 0.998 0.999 0.998 0.994

Cwo k(s 0.010 0.009 0.011 0.009 0.006 0.005

2 R2 0.911 0.947 0.919 0.928 0.920 0.866

. k(s 0.020 0.022 0.022 0.019 0.019 0.020

2 R2 0.978 0.989 0.982 0.965 0.981 0.969

k(s 0.049 0.047 0.062 0.074 0.045 0.043

SnO2/WO3 R2 0.999 0.998 0.995 0.994 0.998 0.998

k(s 0.031 0.032 0.030 0.030 0.030 0.031

Cup0/5n0; R2 0.998 0.998 0.998 0.989 0.999 0.999

k(s 0.021 0.022 0.020 0.019 0.020 0.020

Cuz0/WOs R2 0.972 0.987 0.975 0.978 0.973 0.963

k(s 0.135 0.137 0.168 0.195 0.120 0.119

Cu20/5n0,/WOs R2 0.998 0.994 0.990 0.986 0.997 0.998

3.2.2. Reusability and Mechanism of Charge Carrier Generation

The mechanism of charge carrier generation through the heterostructure can explain
the role of each component in enhancing the photocatalytic efficiency toward the pesticide
molecules. The band energy diagram (Figure 6a) was constructed considering the experimen-
tal band gap corresponding to each heterostructure component based on the Wood and Tauc
model, as presented in Figure 6b—d. The methodology has been already presented in another
paper [55] and is in good agreement with the literature [56,57]. The band gap may submit mi-
nor shift during the heterostructure development. The methodology takes into consideration
the band-gap changes during the heterostructure’s internal energy field developed during
the irradiation. The diagram includes the energy band position based on Equations (8)-(11),
which consider several key parameters: E,, representing the free electron energy vs. hydrogen,
Xcation (€V), representing the absolute cationic electronegativity, Xcation (P-ut.) is the cationic
specific electronegativity, where P.u. corresponds to the Pauling units, Eg is the band-gap
energy, and Xsemiconductor f€presents the electronegativity of each semiconductor.

Evp = Xsemiconductor — Ee + 0-5Eg (8)

Ecp =Evp — Eg )

Xsemiconductor (€V) = 0.45 X Xcation (€V) + 3.36 (10)
Xcation (Pw) T+ 0.206

Xcation (eV) — Zeation (0 ;é 6 (11)

During the semiconductors’ interface development, the band gap may shift due to the
internal energy field. The diagram corresponds to a Z-scheme charge transfer mechanism
where the electrons generated during the light irradiation from the Cu,O conduction band
(—0.35 eV) will transit the SnO, conduction band on the way to the WO3; conduction
band (+0.14 eV). The photogenerated electrons from SnO; and WOj3 conduction bands
and the photogenerated holes from the Cu,O valence band (+1.79 eV) are not involved in
oxidative species development, owing to their potential. In this case, some of the charge
carriers will recombine. However, the useful photogenerated electrons from the Cu,O
conduction band and the photogenerated holes from the SnO; (+2.45 eV) and WOj3 (3.44 eV)
valence bands possess stronger redox ability and cannot recombine due to the electric field
development in the charged separation region. The charge carrier’s mobility is sustained
by the combined drift and diffusion effect. Consequently, the synergic effect provided
by the heterostructure semiconductor components enhances the production of oxidative
and superoxidative radicals responsible for pollutant mineralization. The heterostructure
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requires further improvement in order to reduce the charge recombination and to increase
the overall photocatalytic efficiency toward pesticides.
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Figure 6. Heterostructure mechanism (a) and component band-gap values (b—d).

The reusability evaluation (Figure 7) was performed on the samples with the highest
photocatalytic efficiency using a three-cycle assessment. The results indicate that for all
three pollutant molecules, the Cu,O/SnO,/WOj3 exhibits good stability with negligible
photocatalytic changes between cycles. The WO3; and SnO, /WQOj3 show small abatement of
less then 5%, mostly on the second cycle. The changes can be induced by pollutant molecule
adsorption at the photocatalyst surface active centers, which may require a longer desorp-
tion/degradation period. The results indicate that the CuyO/SnO,/WO3 heterostructure
can be used for multiple cycle assessment without influencing the photocatalytic activity
toward pesticide molecules.
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Figure 7. Photocatalytic activity during the 3-cycle sample reusability for (a) PIR, (b) S-MCh and
(c) MET pesticides.

4. Conclusions

A heterostructure based on CuyO/SnO,/WO3 was synthesized using a three-step
sol-gel method and deposited as films on glass substrate by spray deposition. The sample
contains tetragonal SnO, and monoclinic WO3 with similar crystallite sizes (= 80 A), while
cubic CuyO exhibits significantly lower crystallite sizes (=~ 30 A). The porous morphology
of the final heterostructure was constructed starting with fiber-like WO3, which serves as
substrate for SnO, development, and SnO, /WOj3 provides the nucleation and growing sites
for Cu,O formation. The elemental analysis confirms that the samples are homogeneous
in composition and exhibit oxygen excess due to the annealing treatments. The EDX
measurements were done on three different areas, indicating that the final heterostructure
preserves the component:weight ratio used during the synthesis.

Three pesticide molecules (pirimicarb, S-metolachlor, and metalaxyl) were used as
pollutants reference and were chosen based on their resilience and toxicity. The photocat-
alytic activity of the Cuy,O/SnO,/WO3 heterostructure is superior to that of bare oxides
or tandem systems. The lowest photocatalytic activity (=~ 10%) corresponds to bare Cu,O,
followed by SnO, and Cu;O/WOs. The highest photocatalytic efficiency was obtained
toward S-MCh (86%) using the Cu,O/SnO,/WO;3 sample and the lowest corresponds to
MET (12%) removal using the WO3 monocomponent sample. However, the TOC analysis
indicates lower mineralization efficiencies that can be attributed to secondary product
formation. The photocatalytic mechanism corresponds to a Z-scheme charge transfer
where Cu,O exhibits reduction potential and WOj3 oxidation potential. The charge car-
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rier’s mobility sustained by the combined drift and diffusion effect provides a synergic
effect where the heterostructure semiconductor components enhance the (super)oxidative
radicals’ production. The reusability tests indicate that Cu,O/SnO,/WOj3 exhibits similar
photocatalytic efficiency after a three-cycle assessment, which recommends this material
for further experiments.
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