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Editorial

Sol–Gel Technology Applied to Materials Science: Synthesis,
Characterization and Applications

Aleksej Zarkov

Institute of Chemistry, Vilnius University, Naugarduko 24, LT-03225 Vilnius, Lithuania; aleksej.zarkov@chf.vu.lt

The rapid advances in technologies around the globe necessitate the development of
new materials, nanostructures, and multicomponent composites with specific chemical
and physical properties that can meet the requirements of modern technologies. Using
appropriate synthetic approaches is crucial for the preparation of inorganic materials
with designed microstructure and properties. Among the different technologies currently
available, the sol–gel method is very well known for its versatility, simplicity, and time-
and cost-efficiency. The mixing of starting materials on an atomic level provides high
homogeneity and stoichiometry of the products, facilitating the fabrication of high-quality
materials at low temperatures. The versatility of the Sol–Gel method allows for the de-
velopment of materials for a wide range of applications in electronics, optoelectronics,
catalysis, biomedicine, and many other areas. The scope of this Special Issue of Materials,
entitled “Sol–Gel Technology Applied to Materials Science: Synthesis, Characterization
and Applications”, is focused on, but not limited to, the preparation, characterization,
and application of functional inorganic materials, as well as hybrid materials, which are
important in the field of catalysis, electronics, optics, biomedicine, etc.

Due to the uniqueness of the sol–gel approach, it can be used for the preparation of both
powders and thin films. Several contributions in this Special Issue investigate powdered
sol–gel-derived materials. Ghezali et al. [1] investigated compositionally complex BaMnO3-
based perovskite-type materials. Two series of materials with the chemical formulas
Ba0.9A0.1MnO3 (BM-A) and Ba0.9A0.1Mn0.7Cu0.3O3 (BMC-A) (A = Mg, Ca, Sr, Ce, and La)
were synthesized and applied for soot oxidation in simulated gasoline direct injection
engine exhaust conditions. The soot conversion data reveal that Ba0.9La0.1Mn0.7Cu0.3O3
(BMC-La) is the most active catalyst in an inert (100% He) reaction atmosphere, and
Ba0.9Ce0.1MnO3 (BM-Ce) is the best catalyst if a low amount of O2 (1% O2 in He) is present.

Karnaukhov et al. [2] used the sol–gel technique to prepare the two-component oxide
system Cu–Mg–O, where MgO acts as the oxide matrix, and CuO is an active chemical
looping component. The reduction behavior of the Cu–Mg–O system was examined in
nine consecutive reduction/oxidation cycles. The main characteristics of the oxide system
underwent noticeable changes during the first reduction/oxidation cycle. Starting from
the third cycle, the system stabilized, providing the uptake of similar hydrogen amounts
within the same temperature range.

The design, synthesis, and tuning of the properties of magnetic materials are among
the important tasks of materials science [3]. Karoblis et al. [4] investigated the influence
of processing conditions on the phase purity and the structural and magnetic properties
of sol–gel-derived yttrium-doped MgFe2O4. The authors found that the iron content
in the initial reaction mixture significantly contributed to the phase purity of the final
products substituted with aliovalent Y3+ ions. According to the Mössbauer spectroscopy
studies, with the increase in the dopant amount in solid solutions, the amount of iron in the
tetrahedral position increased. The coercivity as well as saturation magnetization decreased
with the increase in the yttrium content.

Mejia-Estrella et al. [5] aimed to obtain a viable photocatalytic material able to oxidize
organic pollutants under the visible light spectrum. For this purpose, the authors fabricated
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different Pt-TiO2 and Pt-TiO2-CeO2 composite materials employing sol–gel and impreg-
nation methods. The obtained materials were tested for their photocatalytic oxidation
activity on a herbicide 2,4-dichlorophenoxyacetic acid, frequently used in agriculture. The
activity of the materials reached a removal efficiency of 98% of the initial concentration of
the pollutant in 6 h.

Monros et al. [6] applied the sol–gel technique for the preparation of Ca- and Cr-doped
BiVO4-based compounds. This multifunctional host material has raised considerable
interest in the scientific community as a wideband semiconductor with photocatalytic
activity, a material with high NIR reflectance for camouflage and cool pigments, and a
photoanode for photoelectrochemical seawater splitting. Ca- or Cr-doped BiVO4 pigments
have been prepared for paints and glazes, with colors ranging from turquoise to black
depending on the processing route.

The deposition of thin films employing the sol–gel approach allows for the fabrication
of coatings on both flat and shaped surfaces. Covei et al. [7] studied the influence of the
deposition parameters on the properties of TiO2 thin films on spherical substrates. The
complex influence of the substrate morphology, the sol dilution with ethanol, and the
number of layers on the structure, morphology, chemical composition, and photocatalytic
performance of TiO2 thin films were investigated. As a result, photocatalytically active
TiO2 thin films with high surface area were deposited on spherical beads (2 mm diameter),
ensuring easy recovery from wastewater.

Wojtasik et al. [8] fabricated photocatalytically active ZnO coatings on soda lime
glass substrates using the sol–gel method and the dip-coating technique. Their study
aimed to determine the effect of the duration of the sol aging process on the properties
of the fabricated ZnO films. The photocatalytic properties of ZnO layers were studied
by observing the degradation of methylene blue dye in an aqueous solution under UV
illumination. The strongest photocatalytic activity was observed for the coatings produced
from a sol system that was aged over 30 days. These layers also had the highest porosity
(37.1%) and the largest water contact angle (68.53◦).

Crespo-Monteiro et al. [9] investigated a sol–gel procedure that allows for the direct
micro–nanostructuring of ZrO2 layers without physical or chemical etching processes, using
optical or nanoimprint lithography. The synthesis of ZrO2 and the micro–nanostructuring
process were presented by masking, colloidal lithography, and nanoimprint lithography on
glass and plastic substrates as well as on plane and curved substrates.

The sol–gel approach also allows for the easy modification and functionalization of the
final products. Toirac et al. [10] investigated biodegradable sol–gel coatings as a promising
method for the controlled release of antibiotics for the local prevention of infection in joint
prostheses. Sols were prepared from a mixture of MAPTMS and TMOS silanes, tris(tri-
methylsilyl)phosphite, and eight different individually loaded antimicrobials. The results
revealed that the coatings had a microscale roughness attributed to the accumulation of
antibiotics and organophosphites in the surface protrusions; no evidence was found for the
existence of chemical bonds between antibiotics and the siloxane network.

Although the sol–gel method is mostly used for the synthesis of oxide materials,
the synthesis of halides is also possible. Pellegrino et al. [11] successfully applied the
sol–gel process for the fabrication of Eu-doped CaF2 thin films as down-shifting layers
for solar cell applications. The Ca(hfa)2·diglyme·H2O and Eu(hfa)3·diglyme were used as
precursors and mixed in various proportions in a water–ethanol solution. The optimization
of deposition process parameters in terms of annealing temperature, substrate nature, and
doping ion percentage was performed. The down-shifting properties were validated by
taking luminescence measurements under UV excitation.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflicts of interest.
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Fabrication of Europium-Doped CaF2 Films via Sol-Gel
Synthesis as Down-Shifting Layers for Solar Cell Applications

Anna Lucia Pellegrino 1, Emil Milan 2, Adolfo Speghini 2 and Graziella Malandrino 1,*

1 Dipartimento di Scienze Chimiche, Università di Catania and INSTM UdR Catania, Viale A. Doria 6,
I-95125 Catania, Italy; annalucia.pellegrino@unict.it

2 Nanomaterials Research Group, Dipartimento di Biotecnologie, Università di Verona and INSTM UdR Verona,
Strada le Grazie 15, I-37134 Verona, Italy; emil.milan@univr.it (E.M.); adolfo.speghini@univr.it (A.S.)

* Correspondence: gmalandrino@unict.it

Abstract: In the present work, an in-depth study on the sol-gel process for the fabrication of Eu-
doped CaF2 materials in the form of thin films has been addressed for the production of down-
shifting layers. Fine-tuning of the operative parameters, such as the annealing temperature, substrate
nature and doping ion percentage, has been finalized in order to obtain Eu(III)-doped CaF2 thin
films via a reproducible and selective solution process for down-shifting applications. An accurate
balance of such parameters allows for obtaining films with high uniformity in terms of both their
structural and compositional features. The starting point of the synthesis is the use of a mixture
of Ca(hfa)2•diglyme•H2O and Eu(hfa)3•diglyme adducts, with a suited ratio to produce 5%, 10%
and 15% Eu-doped CaF2 films, in a water/ethanol solution. A full investigation of the structural,
morphological and compositional features of the films, inspected using X-ray diffraction analysis
(XRD), field emission scanning electron microscopy (FE-SEM) and energy dispersive X-ray analysis
(EDX), respectively, has stated a correlation between the annealing temperature and the structural
characteristics and morphology of the CaF2 thin films. Interestingly, crystalline CaF2 films are
obtained at quite low temperatures of 350–400 ◦C. The down-shifting properties, validated by
taking luminescence measurements under UV excitation, have allowed us to correlate the local
environment in terms of the degree of symmetry around the europium ions with the relative doping
ion percentages.

Keywords: metalorganic complexes; morphological control; luminescence; energy conversion

1. Introduction

Recently, great effort has been devoted to the development of innovative materials
with high impact in an energetic scenario. In particular, the possibility of engineering new
devices with increasing efficiency of energy production represents the main challenge in the
photovoltaic field [1–3]. Among a plethora of inorganic functional materials, fluoride-based
systems are one of the most promising classes in this field due to their excellent chemical
stability and optical properties [4,5], which allow them to extend their uses in a wide range
of microelectronic, photonic and nanomedicine applications [6–8]. Particularly, the doping
of fluoride inorganic systems with luminescent species, such as trivalent lanthanide ions
(Ln3+), represents one of the most intriguing strategies to obtain more efficient photovoltaic
devices through energy conversion processes [9,10]. This class of materials combines the
excellent optical properties of the fluoride matrices, such as low phonon energy and high
optical transparency [11,12], with the energy conversion properties of the doping ions both
as down- and up-conversion systems. In fact, appropriate combinations of luminescent
lanthanide ions, such as Yb3+/Er3+ or Yb3+/Tm3+ for up-conversion (UC) and Eu3+ for
down-conversion/down-shifting (DC and DS) systems, are able to collect the radiation
outside of the absorption range of the active photovoltaic material and shift its energy to

Materials 2023, 16, 6889. https://doi.org/10.3390/ma16216889 https://www.mdpi.com/journal/materials4
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a more suitable optical region, with the aim of enhancing the efficiency of solar devices.
Specifically, in UC processes, photons in the near-infrared region are converted into higher-
energy photons, i.e., in the ultraviolet (UV) or in the visible regions; in DC processes,
one high-energy photon is converted into two or more photons at lower energy and in
the DS phenomena, high-energy photons, usually in the UV region, are absorbed and
converted into lower-energy photons [13]. Among the several DS species, europium (III)
is one of the most promising down-shifters, due to its high emission efficiency and long
lifetimes [14–16], thus allowing the exploitation of the UV range of the solar spectrum.
Furthermore, the inorganic host component also plays a crucial role in the engineering of
efficient energy conversion systems. The most extensively investigated inorganic matrices
are represented by binary and multicomponent fluorides of the type CaF2, BaF2 and SrF2
or NaYF4, NaGdF4 and LiYF4 [17–22]. Among them, calcium fluoride has been regarded as
one of the most efficient matrices for lanthanide ions in energy conversion systems, due to
its optical properties [23,24] and chemical stability. However, calcium fluoride has been
reported in the literature in the form of lanthanide-doped nanoparticles for applications
in nanomedicine [25], while in the form of thin films, it has been much less investigated.
Nevertheless, the bottleneck for its massive application in optics, microelectronics and
the PV field is related to the possibility of fabrication process development, which allows
for the growth of nanostructured doped fluoride systems in the form of thin film with a
wide range of structural, morphological and compositional control. Up to now, the most
explored synthetic routes for pure and doped CaF2 are related to vapor deposition growth,
such as electron beam evaporation, molecular beam epitaxy, chemical vapor deposition
and solution routes [26–29].

In this scenario, the present sol-gel approach represents the first report on a cheap
and industrially appealing solution process for the synthesis of compact and homogenous
Eu-doped CaF2 thin film with high structural and compositional tunable properties. In
particular, we report an in-depth study on a combined sol-gel/spin-coating approach to
the fabrication of a down-shifting layer based on an Eu-doped CaF2 thin film starting from
a mixture of Ca(hfa)2•diglyme•H2O and Eu(hfa)3•diglyme complex in a water/ethanol
solution. The annealing temperature, substrate nature and doping europium percentage are
the key parameters to fine-tune both the morphological and luminescence features of the
as-synthesized CaF2-based films. A complete investigation of the structural, morphological
and compositional characterization of the Eu-doped CaF2 thin film has been executed using
X-ray diffraction analysis (XRD), field emission scanning electron microscopy (FE-SEM) and
energy dispersive X-ray analysis (EDX), respectively. Finally, the luminescent properties as
down-shifting layers as a function of europium ion concentration have been investigated
using luminescence measurements.

2. Materials and Methods

2.1. CaF2: Eu Synthesis

The Ca(hfa)2•diglyme•H2O and Eu(hfa)3•diglyme precursors were synthesized as
previously reported in [14,30].

The sol–gel reaction was conducted in a water/ethanol solution with trifluoroacetic
acid as a catalyst for the hydrolysis reactions, starting from a mixture of Ca and Eu precur-
sors. The adducts were mixed in molar ratio values of 0.95:0.05, 0.9:0.1 and 0.85:0.15 mmol
for the preparation of 5%, 10% and 15% of Eu-doping CaF2 films, respectively. The reaction
and the different molar ratios used are reported in the following:

0.95 Ca(hfa)2•diglyme•H2O:0.05 Eu(hfa)3•diglyme:87 C2H5OH:3 H2O:0.8 CF3COOH for
CaF2:Eu (5%).
0.90 Ca(hfa)2•diglyme•H2O:0.10 Eu(hfa)3•diglyme:87 C2H5OH:3 H2O:0.8 CF3COOH for
CaF2:Eu (10%).
0.85 Ca(hfa)2•diglyme•H2O:0.15 Eu(hfa)3•diglyme:87 C2H5OH:3 H2O:0.8 CF3COOH for
CaF2:Eu (15%).
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The different solutions were submitted to hydrolysis and aging reactions under stirring
at 60 ◦C for 20 h. The spin-coating process was carried out on Si (100) and glass substrates
about 1 cm × 2 cm, cut from microscope glass slides (Forlab, Carlo Erba, Milan, Italy) of
0.8 mm thickness. The films were deposited via spin-coating using a multistep approach
with a four-time deposition. After each spin, a 10 min annealing step at 350 ◦C or 400 ◦C
in air was carried out. Finally, the films were annealed at 350 ◦C or 400 ◦C in air for 1 h.
The spin-coating was carried out with a ramping rate of 1000 revolutions per minute (rpm),
a spinning rate of 3000 rpm and a time of 60 s using a Spincoater SPIN150 (SPS Europe,
Putten, The Netherlands) system.

2.2. Characterization

The film structures were analyzed using XRD in grazing incidence mode (0.5◦) and
using a SmartLab Rigaku diffractometer (Rigaku, Tokyo, Japan) operating at 45 kV and
200 mA, equipped with a rotating anode of Cu Kα radiation. The film morphologies were
analyzed via FE-SEM using a ZEISS SUPRA 55 VP field emission microscope (ZEISS, Jena,
Germany). For the FE-SEM characterization, the films deposited onto Si were analyzed as
prepared, while a very thin Au layer was sputtered onto the films and deposited onto a
non-conducting substrate such as glass. Energy-dispersive X-ray (EDX) analysis allowed
the atomic compositional analysis of the samples. An Oxford INCA windowless detector
(Oxford Instruments, Abingdon, UK), having a resolution of 127 eV as the full-width half
maximum (FWHM) of the Mn Kα, was used. For measuring the luminescence spectra, the
samples were excited using an LED flashlight and a band-pass filter centered at 390 nm. The
emission spectra were measured using a 4× microscopy objective at a 90◦ geometry and
an edge filter at 532 nm (Semrock 532 nm RazorEdge® ultrasteep, IDEX Health & Science,
LLC, Rochester, NY, USA) to reject the exciting radiation. The emission spectra were
dispersed using a single monochromator (Andor Shamrock 500i, 300 lines/mm grating,
Andor technology, Belfast, Northern Ireland) with an optical resolution of 1.3 nm and
measured with a Peltier-cooled (−90 ◦C) CCD camera (Andor, iDus, Andor technology,
Belfast, Northern Ireland).

3. Results and Discussion

An optimized procedure of sol-gel reaction and spin-coating deposition was applied
for the fabrication of Eu-doped CaF2 thin films. Particularly, the operative parameters
of the process, such as the annealing temperature, nature of the substrate and europium
concentration were finely tuned in order to obtain full control of the structural, morpho-
logical and luminescent properties of the down-shifting layers. It is worth noting that
the present work represents, to the best of our knowledge, the first report on the fabrica-
tion of down-shifting CaF2 thin films using a sol-gel process. Similar synthetic strategies
have been reported in the last years for the fabrication of pure binary fluoride CaF2 and
the up-converting systems of CaF2: Yb3+, Er3+, Tm3+ [28] and multicomponent fluoride
NaYF4: Yb3+, Er3+ and NaYF4: Yb3+, Tm3+ [20]. The approach herein represents an easy
synthetic method for producing Eu-doped CaF2 films with inexpensive equipment and
high crystallinity. Furthermore, the use of Ca(hfa)2•diglyme•H2O and Eu(hfa)3•diglyme
adducts, as a starting mixture, provides a unique source for the Ca, Eu and F components.

3.1. Structural Investigation

Structural characterization of the prepared films at different doping ion percentages
was conducted using X-ray diffraction (XRD) analysis and has been reported in Figure 1.
The patterns show the formation of pure and nanostructured CaF2 as confirmed by the
presence of characteristic peaks at 2θ = 28.29, 47.09 and 55.81◦ corresponding to reflections
of the (111), (220) and (311) lattice planes, respectively, in accordance with the ICDD card
n.35-0816 of the CaF2 phase. As a reference, also an undoped CaF2 sample obtained at
400 ◦C on a silicon substrate has been reported, confirming a perfect match with the ICDD
card of the pure CaF2 phase. The small peak around 51◦ arises from the machine when
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measurements are carried out in grazing incidence. Furthermore, an in-depth investigation
was conducted with the use of graphite as an internal standard for each sample in order
to evaluate the peak position and the potential shift of the CaF2 signals. A comparison of
the three patterns reported as a function of the Eu-doping concentrations displays some
differences in terms of the peak positions with respect to those reported in the diffraction
card (black lines in Figure 1). In particular, a magnification of the 220 reflection, shown in
the inset of Figure 1, displays a perfect match of the peak arising from the CaF2: Eu (5%)
sample in comparison with the position reported in the ICDD database for the CaF2 phase,
and a slight shift toward higher angles for CaF2: Eu (10%) and CaF2: Eu (15%).

Figure 1. XRD patterns of undoped CaF2 (gray line), CaF2: Eu (5%) (red line), CaF2: Eu (10%) (green
line) and CaF2: Eu (15%) (blue line) thin films on Si (100) substrate at the annealing temperature of
400 ◦C. Graphite is used as an internal standard.

This behavior can be rationalized considering the smaller ionic radius of the Eu-doping
ion, which is assumed to be in a substitutional position with respect to Ca2+. In fact, Eu3+

in an eight coordination has an ionic radius of 1.066 Å, which is slightly smaller than the
Ca2+ ionic radius of 1.12 Å for the same coordination [31]. This effect results in a slight
contraction of the lattice structure at a higher doping ion concentration and thus in a shift
toward the higher angles of the diffraction peaks. Notably, considering the need for charge
balance due to the different charges, 2+ for calcium and 3+ for europium, both the formation
of interstitial fluoride ions or clusters can be possible [17,32,33].

3.2. Morphological Characterization

The different conditions of the synthetic process affect the morphology of the films
both in terms of the uniformity of the substrate coverage and in the general aspect of
the layers. In particular, a full overview of the different morphologies obtained for the
Eu-doped CaF2 films has been reported for the Si substrates in Figure 2 and for the glass
substrates in Figure 3.

The FE-SEM images of the CaF2: Eu (5%) films on the Si (100) substrate are reported
in Figure 2a,d for the two annealing temperatures 350 ◦C and 400 ◦C, respectively. The
images display, for both samples, similar morphologies with the formation of discontinuous
coverage being independent from the annealing temperature. The growth is quite porous
and the presence of regions not covered could be attributed to two aspects: (i) the density
of the incipient gel used in the spin-coating deposition for this Ca: Eu ratio and (ii) the
poor wettability of the silicon substrate. Therefore, under these operative parameters,
the annealing temperature slightly affects the morphology of the films. The observed
morphology may be compared to the sponge-like or coral-like shape observed for the
CaF2 nanostructures prepared using pulsed electron beam evaporation and thermally
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annealed at 200 ◦C [26]. On the other hand, the morphology is completely different from
that observed in the MBE-grown CaF2 films, where nanocrystals are derived from epitaxial
growth [26], or from the liquid phase epitaxy grown layers, where the CaF2 films were
deposited onto a CaF2 single-crystal substrate [29].

Figure 2. FE-SEM images of the CaF2 films deposited onto Si (100) substrate at (a) 350 ◦C and 5% Eu
doping; (b) 350 ◦C and 10% Eu doping; (c) 350 ◦C and 15% Eu doping; (d) 400 ◦C and 5% Eu doping;
(e) 400 ◦C and 10% Eu doping and (f) 400 ◦C and 15% Eu doping.

Figure 3. FE-SEM images of the CaF2 films deposited onto glass substrate at (a) 350 ◦C and 5% Eu
doping; (b) 350 ◦C and 10% Eu doping; (c) 350 ◦C and 15% Eu doping; (d) 400 ◦C and 5% Eu doping;
(e) 400 ◦C and 10% Eu doping and (f) 400 ◦C and 15% Eu doping.

In Figure 2b,e are shown the CaF2: Eu (10%) films on Si (100) at 350 ◦C and 400 ◦C
annealing temperatures, respectively. Under these process parameters, the films appear
more compact and homogenous, even if some outgrowths are visible and are more evident
in Figure 2e for the sample obtained at 400 ◦C. This feature has been already observed for
pure CaF2 film growth on Si [28] and could arise during the annealing step process. Finally,
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the samples with the highest percentage of Eu-doping ions, i.e., CaF2: Eu (15%), are reported
in Figure 2c,f for the two annealing temperatures. They display partial coverage of the
silicon substrates and the presence of some outgrowths similar to those found in Figure 2b,e,
but aggregated with each other. However, in these last two samples, the coverage of the Si
substrate, even if it appears somewhat similar to what we have observed for the CaF2: Eu
(5%) films (Figure 2a,d), presents a more compact and flat surface, especially for the sample
in Figure 2f. This last aspect could be associated with the higher treatment temperature,
i.e., 400 ◦C, used in these last films.

The morphologies obtained on glass substrates are presented in the overview in
Figure 3 as a function of the annealing temperatures and Eu-doping percentage. The
CaF2: Eu (5%) films on glass obtained at 350 ◦C and 400 ◦C shown in Figure 3a,d present
both a very flat and smooth morphology, similar to the one observed for the same film
composition on the Si substrate (see Figure 2a,d). However, for these samples, the coverage
seems to be more compact, with only a few voids for the sample at 350 ◦C in Figure 2a. This
tendency is likely due to the better wettability of the glass substrate compared to silicon,
which seems the main aspect in determining the morphology features of the samples in
this case. The CaF2: Eu (10%) films on glass annealed at 350 ◦C and 400 ◦C, respectively,
are reported in Figure 2b,e. For both these systems, we observe a similar morphology,
regardless of the annealing temperature, with a uniform and compact layer characterized
by the presence of some outgrowths being uniformly distributed on the surfaces. These
features are very similar to what we found for the analogous films obtained on silicon
(see Figure 2b,e). Finally, the CaF2: Eu (15%) films on glass are displayed in Figure 3c,f
for 350 ◦C and 400 ◦C annealing treatments. For these samples, we observe a different
morphology characterized by homogeneous coating with small grains in the order of tens
of nanometers barely visible. This morphology suggests grain coalescence phenomena
in the coating formation during the annealing treatment, as already observed in similar
conditions for the up-converting CaF2: Yb3+, Er3+ and Tm3+ layers [28]. Notably, at higher
temperatures (see Figure 3f), the films appear more compact and uniform. Therefore, the
different morphologies observed using FE-SEM analyses can be ascribed to many factors:
(i) the different wettability of the substrates, which is the main reason for the films obtained
on silicon; (ii) the density of the sol used, which is directly correlated with the starting
mixture of the Ca and Eu adducts in the gel; (iii) a slight variation in the spin-coating step;
(iv) annealing temperature of the final treatments, as confirmed by the trend of the best
uniformity being observed at a higher temperature. In each case, the balance of all these
aspects results in a plethora of different morphologies.

Then, the thickness of the as-prepared films was evaluated using FE-SEM analysis in
cross-sectional mode. The images of the CaF2: Eu (10%) samples on silicon at 350 ◦C and
400 ◦C, for which plain-view analyses reveal more uniform and compact films, have been
reported in Figure 4.

Figure 4. FE-SEM images in cross-section of CaF2: Eu (10%) films deposited onto Si (100) at (a) 350 ◦C
and (b) 400 ◦C.
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At a lower annealing temperature, i.e., 350 ◦C, the cross-sectional image in Figure 4a
confirms the formation of a compact layer with a thickness of about 590 ± 50 nm. The
CaF2: Eu (10%) sample obtained at the higher temperature of 400 ◦C in Figure 4b displays
a similar compact and uniform film of 780 ± 60 nm.

The increment in the thickness value at a higher annealing temperature can be ex-
plained considering that already during the deposition step, which occurs via a multistep
procedure consisting of four-time spin-coating depositions alternated with fast annealing
in the air for 10 min, the crystallization of the layers takes place. The deposition process
hence is more efficient at higher annealing temperatures, allowing the formation of slightly
thicker films.

3.3. Compositional Characterization

In order to ensure the down-shifting properties of the Eu-doped CaF2 films, a prelimi-
nary study on the sample composition has been conducted using energy dispersive X-ray
(EDX) analysis. In Figure 5a, the EDX spectrum of the CaF2: Eu (10%) film deposited onto Si
(100) at 400 ◦C is reported as a case study. The spectrum shows the Kα peak of fluorine, the
Kα peak of the silicon substrate and the Kα and Kβ peaks of calcium, at values of 0.67, 1.74,
3.70 and 4.02 keV, respectively. In addition, the presence of europium is confirmed by the
signals at 1.14 and 5.81 keV, related to the M and L lines, respectively. Notably, the absence
of C and O elements in the spectrum points to the good reactivity and clean decomposition
of the Ca and Eu precursors during the sol-gel process. The quantitative analysis shown in
the inset in Figure 5a confirms the correct stoichiometry of the Eu concentration of the film
at about 10%, which is coincident with the value set in the starting mixture, i.e., 0.90:0.10 of
Ca(hfa)2•diglyme•H2O: Eu(hfa)3•diglyme.

Figure 5. (a) EDX spectrum of the CaF2: Eu (10%) film deposited onto Si (100) at 400 ◦C and
(b) relationship between nominal Eu concentrations in the Eu-doped CaF2 films deposited onto Si
(100) at 400 ◦C and the values extrapolated from EDX quantitative analyses.

Additionally, quantitative analysis was conducted for all the Eu-doped CaF2 samples
deposited onto silicon and is reported in the graph in Figure 5b. Several different regions
for each kind of samples have been analyzed in order to ensure both a more representative
value of Eu concentration and a good homogeneity of the layers. The graph displays the
average value of the Eu concentration recorded using EDX quantitative analysis versus
the nominal concentration used in the starting mixture of each Eu-doped CaF2 sample.
Concentrations of 4.2 ± 1%, 9.0 ± 1.1% and 13.9 ± 1.0% have been obtained for the CaF2:
Eu (5%), CaF2: Eu (10%) and CaF2: Eu (15%) films, respectively, confirming a good match
between the nominal and experimental Eu-doping concentrations.

Finally, the homogeneity of the systems has been evaluated using EDX map analysis
over a large area. In particular, for the CaF2: Eu (10%) onto Si at 400 ◦C sample, the maps of
the F, Ca and Eu elements are reported in Figure 6. Notably, the doping ion distribution is
very uniform over the analyzed area (about 20 × 28 μm), confirming the suitability of the
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synthetic process for the fabrication of down-converting system with good luminescence
performance.

Figure 6. FE-SEM images (a) and EDX map analysis of F (b), Ca (c) and Eu (d) elements for the
CaF2: Eu (10%) film deposited onto Si (100) at 400 ◦C.

3.4. Luminescence Properties

Radiation centred around 390 nm was chosen as the excitation source because at this
wavelength, there is a strong absorption by Eu3+ ions due to the 7F0→5L6 transition. It is
worth noting that the oscillator strength of this transition is among the strongest ones for
Eu3+ ions in the CaF2 host in the UV-visible range [32]. The room temperature emission
spectra of the Eu3+-doped CaF2 films deposited onto the glass substrate at 400 ◦C are
shown in Figure 7. The observed emission bands are due to transitions of the Eu3+ ions,
ranging from the 5D0 excited level to the 7FJ multiplet (J = 0, 1, 2, 3, 4). In particular, the
bands assigned to the 5D0→7F1 (in the 580–600 nm range) and 5D0→7F2 transitions (in the
605–630 nm) dominate the emission spectrum for all the samples. The emission spectra are
compatible with those observed for similar samples, e.g., CaF2: Eu3+ nanoparticles prepared
using a hydrothermal technique [34] and using a sol-gel technique [35], Eu3+-doped CaF2
thin films prepared using electrochemical processing [36] and thin films of Eu3+-doped
CaF2 deposited onto an aluminum layer using a vacuum deposition approach [37]. It has to
be noted that the 5D0→7F1 transition is a magnetic dipole one, not dependent on the local
environment around the lanthanide ion [38]. On the other hand, the 5D0→7F2 transition
is an electric dipole, allowed only for lanthanide sites without inversion symmetry. This
property makes the latter transition highly sensitive to probing the local environment of the
Eu3+ ions. The ratio between the intensities of the bands due to the two abovementioned
transitions is useful to get insights about the degree of asymmetry in the local environment
of the lanthanide ion [39]. The asymmetry ratio R is defined as:

R =
I
(5D0 → 7F2

)
I
(

5D0 → 7F1
) (1)

where I is the integrated area of the 5D0→7FJ (J = 1, 2) transitions. The R values increase on
decreasing the degree of symmetry around the lanthanide ion. The calculated R values for
the samples are 3.12, 2.70 and 1.92 for Eu3+ concentrations of 5%, 10% and 15%, respectively.
A decrease in the R values is observed on increasing the lanthanide concentration, indicating
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that on average, the symmetry of the lanthanide ions accordingly increases. It is well
known that lanthanide ions can be accommodated in the CaF2 structure in several sites
with different symmetries [40–42]. In the present case, an increased occupation of more
symmetric sites on increasing the lanthanide concentration is compatible with the observed
spectra, inducing an overall increase in the symmetry around the lanthanide ions and
therefore a decrease in the R value. For instance, on increasing the lanthanide concentration,
a higher number of Eu3+ ions could substitute the regular Ca2+ lattice sites and fewer Eu3+

ions could occupy the particle surface or defect sites [43].

Figure 7. Room temperature emission spectra with transition assignments of the CaF2 thin films
deposited onto glass substrate at 400 ◦C at different Eu3+ ion concentrations: (a) 5%; (b) 10%; (c) 15%.
All transitions originate from the 5D0 level. The end level is shown in the picture close to the
corresponding emission band.

Any possibility of the presence of Eu2+ can be excluded since no peaks related to the
Eu2+ species are observed in the spectrum. This outcome may be compared to the findings
reported in the study by Secu et al. [44], who synthesized Eu(II)-doped CaF2 films using
sol-gel and annealing techniques under a reduced atmosphere, while the present thermal
treatments are carried out in air.

4. Conclusions

In conclusion, an in-depth study is herein described for the fabrication of europium-
doped CaF2 systems in the form of thin films using a combined sol-gel/spin-coating
deposition process. To the best of our knowledge, the present work is the first report on
the production of Eu3+-doped CaF2-based thin films using a sol-gel approach. Specifically,
through fine-tuning the operative parameters, such as the annealing temperature, substrate
nature and doping ion concentration, we have managed to optimize the formation of
homogeneous films of CaF2 on both silicon and glass substrates. XRD characterization
assessed that crystalline films are obtained with a thermal treatment of 350–400 ◦C on
both substrates. EDX microanalyses confirmed the film purity since neither C nor O is
observed in the spectrum, pointing to a clean decomposition of the precursor, and the
europium percentage in the film is parallel with the nominal amount in the initial sol
mixture. Actually, the sol-gel process combined with a spin-coating deposition represents
an appealing method at an industrial level due to the low-cost equipment involved and
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the relatively low temperature of the annealing treatment. In alternative to spin-coating,
spraying could be applied for a potential scaling-up of the process. Finally, the luminescence
properties of the samples have been investigated by taking spectroscopy measurements
under UV excitation. The down-shifting features have confirmed the functional properties
of the material and thus its potential use in solar cell devices.
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proximity to a thin aluminum film. J. Lumin. 2022, 246, 118778. [CrossRef]
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Abstract: Ba0.9A0.1MnO3 (BM-A) and Ba0.9A0.1Mn0.7Cu0.3O3 (BMC-A) (A = Mg, Ca, Sr, Ce, La)
perovskite-type mixed oxides were synthesised, characterised, and used for soot oxidation in simu-
lated Gasoline Direct Injection (GDI) engine exhaust conditions. The samples have been obtained by
the sol-gel method in an aqueous medium and deeply characterised. The characterization results
indicate that the partial substitution of Ba by A metal in BaMnO3 (BM) and BaMn0.7Cu0.3O3 (BMC)
perovskites: (i) favours the hexagonal structure of perovskite; (ii) improves the reducibility and the
oxygen desorption during Temperature-Programmed Desorption (O2-TPD) tests and, consequently,
the oxygen mobility; (iii) mantains the amount of oxygen vacancies and of Mn(IV) and Mn(III) oxida-
tion states, being Mn(IV) the main one; and (iv) for Ba0.9A0.1Mn0.7Cu0.3O3 (BMC-A) series, copper is
partially incorporated into the structure. The soot conversion data reveal that Ba0.9La0.1Mn0.7Cu0.3O3

(BMC-La) is the most active catalyst in an inert (100% He) reaction atmosphere, as it presents the
highest amount of copper on the surface, and that Ba0.9Ce0.1MnO3 (BM-Ce) is the best one if a low
amount of O2 (1% O2 in He) is present, as it combines the highest emission of oxygen with the good
redox properties of Ce(IV)/Ce(III) and Mn(IV)/Mn(III) pairs.

Keywords: perovskite; cerium; lanthanum; calcium; magnesium; strontium; copper; soot oxidation;
GDI engines

1. Introduction

Nowadays, the accumulation in the atmosphere of pollutants generated by automobile
engines is one of the main environmental problems due to their negative effects. During
the combustion process, gasoline and diesel engines emit harmful compounds such as
carbon monoxide, nitrogen oxides, and particulate matter (PM) that seriously affect the
air quality [1]. These primary pollutants react with other atmospheric compounds to form
secondary pollutants, such as, among others, ground-level ozone, which stands out for
being harmful to plants and causing respiratory issues in humans. GDI engines present high
fuel efficiency and low CO2 emissions but generate a high amount of PM, especially with a
diameter lower than 10 μm, which is the most dangerous one as it can deeply penetrate
into the organism (lungs, bloodstream, etc.) [2]. As a result, the European Commission
(by the European Green Deal’s Zero Pollution Action Plan [3]) established the 2030 target,
which consists of lowering the number of particulate matter with a diameter of 2.5 μm
(PM2.5) by at least 44% of 2005 levels. To deal with this problem, gasoline particulate filters
(GPFs) are being used in GDI engine vehicles, which must undergo routine regeneration
to avoid soot accumulation in the inner channel. On the other hand, three-way catalysts
(TWCs) have been employed to remove the gaseous pollutants from gasoline engines since
the 1980s. Thus, both TWCs and GPFs are essential after-treatment devices for GDI engines
in order to meet the Euro 6 limits [4]. In this context, catalysts for soot removal at low
temperatures and at low oxygen (or zero) partial pressures are highly demanded for GPF
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devices [5]. Until now, noble metal-based catalysts were the most commonly employed
formulations for GDI soot removal, especially those composed by Pt. However, noble
metals are scarce and expensive [6–8], making it mandatory to look for alternative and
more economically accessible formulations. Recently, ceria-based mixed oxides have been
proposed as promising catalysts due to their oxygen storage properties and the versatility
of Ce to modify its oxidation state [9].

In this context, perovskite-type mixed oxides (ABO3) are also considered potential
catalytic formulations for soot oxidation, as they exhibit intriguing and adjustable physico-
chemical properties that could be improved by using different strategies, such as, among
others, the modification of the composition by the partial substitution of A and/or B
cations [10–13]. In general, transition metals (Fe, Co, Mn, Cr, Cu, V, etc.) are usually located
in the B position, while lanthanide and/or alkaline earth metals (Sr, Ca, Ba, etc.) typically
occupy the A position [10,14]. Because of the doping with A and/or B cations with different
sizes and oxidation states, the redox properties, the generation of oxygen vacancies and
the oxygen mobility of perovskites can be greatly improved [10,15]. Additionally, the
doping could also modify the electronic structure and, consequently, the semiconductor
properties, making these solids good candidates for several catalytic and electrocatalytic
applications, such as the CO2 reduction reaction (CO2RR) [16–18], the oxygen reduction
reaction (ORR) [19], the oxygen evolution reaction (OER) [20], and some photocatalytic
processes [19,21,22]. Thus, in previous studies, the authors determined that the partial
substitution of iron by copper in a BaFe1−xCuxO3 catalyst series (x = 0, 0.1, 0.3, and 0.4)
modifies the catalytic performance for soot oxidation under GDI and diesel engine exhaust
conditions [23,24]. These perovskites catalyzed the oxidation of soot in both exhaust condi-
tions that are in the presence of NO2 (diesel engines) and the 1% O2 (“fuel cut” stage of
GDI engine exhaust). BaFeO3 perovskite was the most active catalyst, whose performance
was mainly related to the lattice oxygen mobility, which decreased with copper content.

On the other hand, it is well established that AMnO3 perovskites, due to their redox
properties related to the electronic configuration of Mn(III) and Mn(IV) [25–27], are active
catalysts for oxidation reactions. Moreover, Mn(III) presents the Jahn–Teller effect, which is
a distortion that provokes some structural defects that generate active sites for oxidation
reactions [28–30]. Thus, the presence of these two oxidation states, especially an enriched
Mn(IV) surface, increases the oxygen mobility and, consequently, the catalytic activity
for the oxidation of soot [31]. In fact, in a previous work, the authors used BaMnO3 and
BaMn1−xCuxO3 mixed oxides with a perovskite-like structure (obtained by employing
various synthesis methods that allow particular chemical and physical properties) as
feasible catalysts for GPF systems [31]. The results obtained for soot removal in simulated
GDI engine exhaust conditions (i.e., low percentage of oxygen) reveal that, on the one
hand, the presence of oxygen vacancies is required to adsorb and activate oxygen, and, on
the other hand, a labile Mn(IV)/Mn(III) redox pair is needed to dissociate the adsorbed
oxygen. Thus, the coexistence of both properties allows the transport of the activated
oxygen towards the soot.

Considering these conclusions, the aim of this work is the synthesis by the sol-gel
method of two series of barium manganese perovskite-type mixed oxides in which 10% of
barium has been replaced (i.e., Ba0.9A0.1MnO3 and Ba0.9A0.1Mn0.7Cu0.3O3, where A = Ca,
Sr, Mg, Ce, or La). These samples will be tested as catalysts for GPFs to be used for soot
removal in simulated GDI engine exhaust conditions.

2. Materials and Methods

2.1. Synthesis of Catalyst

The sol-gel method adapted to aqueous medium [32–34] was used for the synthe-
sis of the two series (Ba0.9A0.1MnO3 and Ba0.9A0.1Mn0.7Cu0.3O3) of samples. The metal
precursors used are the following: barium acetate (Ba(CH3COO)2, Sigma-Aldrich, St.
Louis, MO, USA 99.0% purity), calcium nitrate tetrahydrate (Ca(NO3)2*4H2O, Sigma-
Aldrich, 99.0% purity), lanthanum(III) nitrate hydrate (La(NO3)3*H2O, Sigma-Aldrich,
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99.0% purity), magnesium nitrate hexahydrate (Mg(NO3)2*6H2O, Sigma-Aldrich, 99.0%
purity), cerium(III) nitrate hexahydrate (Ce(NO3)3*6H2O, Sigma-Aldrich, 99.0% purity),
strontium nitrate (Sr(NO3)2, Sigma-Aldrich, 99.0% purity), copper(II) nitrate trihydrate
(Cu(NO3)2*3H2O, Panreac, Castellar del Vallès, Spain, 99.0% purity), and manganese(II)
nitrate tetrahydrate (Mn(NO3)2*4H2O, Sigma-Aldrich, 99.0% purity). Additionally, citric
acid (C6H8O7, Sigma-Aldrich, 99.0% purity) has been employed as a complexing agent
(using a citric acid/Ba ratio of 2), and EDTA (Sigma-Aldrich, 98.5% purity) has also been
added as a chelating agent (EDTA/Ba = 2) for the synthesis of the BaMnO3 reference sample
to avoid the precipitation of metal precursors. To obtain the gel, citric acid was dissolved
in 40 mL of distilled water at 60 ◦C, and then the metal precursors, in the same order in
which the metals appear in the perovskite formulae, are added. In the case of the BaMnO3
reference sample, EDTA is incorporated into the dissolution before the metal precursors,
and, finally, citric acid is included. After that, the solution was stirred at 65 ◦C for 5 h.
Throughout the process, the pH was maintained at 8.5 by adding an ammonia solution
(Panreac, 30.0 wt%). Then, the gel was dried at 90 ◦C for 48 h, and the resulting powder
was calcined at 850 ◦C for 6 h.

2.2. Characterization

For sample characterization, the following techniques were employed.
The elemental composition was obtained by Inductively Coupled Plasma Optical

Emission Spectroscopy (ICP-OES) on a Perkin-Elmer device model Optimal 4300 DV
(Waltham, MA, USA). For each experiment, 10 mg of catalyst was dissolved in a mixture of
5 mL of aqua regia and 10 mL of distilled water.

The textural properties were obtained by N2 adsorption (at −196 ◦C) in an Autosorb-6B
device (Quantachrome, Anton Paar Austria GmbH, Graz, Austria). Before the adsorption
experiments, degassification at 250 ◦C for 4 h was carried out.

X-ray Diffraction (XRD) was used for determining the crystalline structure, using the
XRD patterns recorded (in a Bruker D8-Advance device, Billerica, MA, USA) between 20◦
and 80◦ 2θ angles (step rate of 0.4◦/min) and using Cu Kα (0.15418 nm) radiation.

Surface chemistry composition was obtained by X-ray photoelectron spectroscopy (XPS) in
a K-Alpha photoelectron spectrometer device (Thermo-Scientific, Waltham, MA, USA) with an
Al Kα (1486.7 eV) radiation source. To obtain XPS spectra, the pressure of the analysis chamber
was held at 5 × 10−10 mbar. The binding energy (BE) and kinetic energy (KE) scales were
adjusted by setting the C 1 s transition to 284.6 eV, and the BE and KE values were determined
with the peak-fit software of the spectrometer (Thermo Avantage v5.9929).

Temperature-Programmed Reduction with H2 (H2-TPR) in a Pulse Chemisorb 2705
(from Micromeritics, Norcross, GA, USA) provided by a Thermal Conductivity Detector
(TCD) was used to estimate the reducibility of samples. For the tests, 30 mg of sample,
heated at 10 ◦C/min from 25 ◦C to 1000 ◦C in a 5% H2/Ar atmosphere (40 mL/min), was
used. A CuO reference sample was employed for the quantification of H2 consumption.

Oxygen Temperature-Programmed Desorption (O2-TPD) experiments were performed
in a Thermal Gravimetric Mass Spectrometry (TG-MS) device (Q-600-TA and Thermostar
from Balzers Instruments (Balzers, Liechtenstein), respectively). Sixteen milligrams of
sample (heated at 10 ◦C/min from room temperature to 950 ◦C under a 100 mL/min
helium atmosphere) was used. Before the experiments, samples were preheated to 150 ◦C
for 1 h for moisture removal. The 18, 28, 32, and 44 m/z signals were recorded for the
quantification of H2O, CO, O2, and CO2 evolved. The amount of oxygen was calculated
based on a CuO reference sample.

2.3. Activity Tests

The soot oxidation tests (under simulated GDI engine exhaust conditions) were de-
veloped on the TG-MS device employed for O2-TPD. Thus, 16 mg of a catalyst and soot
mixture (soot:catalyst ratio of 1:8, using Printex-U as model soot in loose contact mode)
was preheated at 150 ◦C (1 h) in a 1% O2/He mixture (100 mL/min); subsequently, the
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temperature was increased until 900 ◦C at 10 ◦C/min (soot-TPR). Two different reactant
mixtures were employed: (i) 1% O2/He, which reproduces “fuel cuts” GDI engine ex-
haust conditions, and (ii) 100% He, which represents regular stoichiometric GDI engine
operations [23,24,31].

The soot conversion and the selectivity to CO2 percentages were calculated by
these equations:

Soot conversion (%) =
∑t

0 CO2 + CO

∑
f inal
0 (CO2 + CO)

× 100 (1)

Selectivity to CO2 (%) =
CO2 total

(CO2 + CO)total
·100 (2)

where Σt
0(CO2 + CO) is the amount of CO2 and CO generated at time t, while Σ f inal

0 (CO2
+ CO) is the total amount of CO + CO2 evolved during the experiment, coming from the
oxidation of the total amount of soot.

3. Results and Discussion

3.1. Characterization
3.1.1. Ba0.9A0.1MnO3 Series

The nomenclature for the mixed oxides is shown in Table 1, along with the specific
surface area values (obtained by applying the Brunauer-Emmett-Teller (BET) equation to
N2 adsorption data), the A metal content (determined by ICP-OES), and some XRD data.

Table 1. Nomenclature, XRD data, metal content and BET surface area of BM-A catalysts.

Nomenclature
Molecular
Formula

Specific Surface
Area (m2/g)

A
(wt%)

Intensity
(a.u) a

Average Crystal
Size (nm)

Cell Parameters (Å) b

a c

BM BaMnO3 3 - 1154 46 5.7 4.9

BM-Ca Ba0.9Ca0.1MnO3 11 1.6 1913 25 5.7 4.8

BM-La Ba0.9La0.1MnO3 7 1.1 1562 28 5.7 4.8

BM-Mg Ba0.9Mg0.1MnO3 7 4.2 2382 28 5.7 4.8

BM-Sr Ba0.9Sr0.1MnO3 5 4.8 2382 18 5.6 4.9

BM-Ce Ba0.9Ce0.1MnO3 10 1.3 1913 22 5.5 5.0

a Corresponding to the main XRD hexagonal perovskite peak, b Calculated using the main XRD hexagonal
perovskite peak.

The low surface areas presented in Table 1 suggest, as expected for perovskite-type
mixed oxides [10], that all samples present low specific surface areas and extremely small
porosity development that, according to K. Akinlolu [35], could be a consequence of the
calcination conditions used in the synthesis (850 ◦C). Note that the calcination temperature
used for synthesis was the minimum one needed to obtain the perovskite phase [36]
because, if higher temperatures were used, larger crystal sizes would be obtained, thus
promoting a decrease in the number of active sites [37]. On the other hand, ICP-OES data
confirm that the mixed oxides contain almost all the amount of A metal supplied during
the synthesis.

Figure 1a shows the XRD patterns of samples, including the raw BaMnO3 (BM),
obtained also by the sol-gel method. The hexagonal 2H-BaMnO3 perovskite structure (PDF
number: 026-0168, denoted by the ICDD, the International Centre of Diffraction Data)
is the main crystalline phase for all samples [32]. This structure is formed by chains of
face-sharing MnO6 units rather than by corner-sharing MnO6 units [32,36,38]. Note that
the partial substitution of the A cation does not cause a significant change to the BaMnO3
hexagonal perovskite structure, as the position of the main peak (shown in Figure 1b) and
the values of the a and c cell parameters (included in Table 1) are similar to those shown by
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BM. However, the intensity of the main XRD peak of the hexagonal perovskite structure
is higher for all BM-A samples than for BM perovskite, suggesting that the addition of A
metal promotes crystal growth during the calcination step. On the other hand, Ba3Mn2O8
and MnO2 (PDF numbers: 073-0997 and 024-0735, respectively) are detected as minority
phases. The Williamson-Hall method [39] was used to determine the average crystallite
size shown in Table 1, and a decrease is detected after the partial substitution of Ba by A
metal, presenting BM-Sr the lowest value.

(a)

(b)

Figure 1. (a) XRD profiles of BM-A and BM catalysts, and (b) magnification corresponding to the
hexagonal 2H-BaMnO3 diffraction peak.
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XPS gives information about the species present on the surface and Figure 2 shows
the O 1s (a) and Mn 2p3/2 (b) XPS spectra for BM and BM-A samples.

(a) (b)

Figure 2. XPS spectra of BM-A and BM catalysts in the (a) O 1s and (b) Mn 2p3/2 core levels regions.

In the O 1s XPS spectra, featured in Figure 2a, three different contributions are ob-
served [40,41]: (i) at low binding energies, a sharp peak centered around 529 eV, which
is attributed to lattice oxygen (the so-called “OL”), (ii) at intermediate binding energies
(around 531 eV), a wide peak which corresponds to adsorbed oxygen species (named
“Oads”), such as surface carbonate (CO3

2−), hydroxyl groups (OH−) and peroxide (O2
2−)

or superoxide (O2
−) ions, and (iii) a peak at higher binding energies (532 eV) associated

to chemisorbed water (labelled as “OH2O”). From these XPS spectra, the binding energies
for the maximum of the OL and Oads deconvoluted bands have been obtained, which are
included in Table 2, and these data indicate that the partial Ba replacement does not signifi-
cantly affect the binding energy of the deconvoluted peak maxima. The OL/(Ba + Mn + A)
ratio, calculated using the area under the OL peak and the areas under the signals as-
sociated with cations (Table 2), would reveal that surface oxygen vacancies exist if the
OL/(Ba + Mn + A) XPS ratio is lower than the nominal one (1.5, calculated based on the
chemical formulae of the perovskite) [32,40,42]. So, because all the XPS ratios are lower
than 1.5, oxygen vacancies exist on the surface of all samples, and the partial replacement
of Ba does not substantially change these values. The generation of oxygen surface vacan-
cies [32,36,40], which is required to achieve the positive charge imbalance caused by Mn(III)
(see next paragraph), is relevant in the soot oxidation reaction [42] because it allows the
creation of the reactive oxygen species.

In the Mn 2p3/2 XPS spectra shown in Figure 2b, the following contributions are
detected: (i) Mn(III), located at around 641 eV; (ii) Mn(IV), found at approximately 642 eV;
and (iii) the Mn(III) satellite peaks at ca 644 eV [32,42–45]. These spectra reveal that
Mn(III) and Mn(IV) coexist on the surface. This fact, previously observed [32,36,45,46]
for manganese-based perovskites, indicates that the Mn(II) precursor is being oxidized to
Mn(III)/Mn(IV) to achieve electroneutrality on the surface. Note that on the surface of
an ideal BaMnO3 perovskite (considering the charges of barium (Ba2+) and oxygen (O2−)
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ions), Mn(IV) species must be present to preserve the electroneutrality. However, as oxygen
vacancies exist on the surface (as already demonstrated by O 1s transition data), Mn(III)
should be present to compensate the negative charge deficiency. The Mn(IV)/Mn(III) ratio,
calculated with the area of the deconvoluted XPS peaks and included in Table 2, features
that Mn(IV) is the predominant oxidation state for all catalysts, as all the Mn(IV)/Mn(III)
values are above 1. However, a decrease in the Mn(IV) amount is observed after partial
substitution of Ba by A metal, being more significant for BM-Mg. As indicated in the
introduction, the presence of both oxidation states is relevant, and it could be expected
that, as it was observed in other studies focused on La-Mn and Ba-Mn perovskite-type
catalysts [32,38,42,45,46], a surface enriched with Mn(IV) allows improved oxygen mobility,
thus enhancing the catalytic activity.

Table 2. XPS data of BM and BM-A catalysts.

Catalyst
B.E Max
Mn(III)

(eV)

B.E Max
Mn(VI)

(eV)

B.E Max
OL

(eV)

B.E Max
Oads

(eV)

OL
(Ba + Mn + A)

(Nominal = 1.5)
Mn(IV)
Mn(III)

BM 641.4 642.3 528.9 530.8 1.0 1.7

BM-Ca 641.3 642.3 528.9 530.5 1.0 1.6

BM-La 641.4 642.3 529.0 530.7 1.0 1.6

BM-Mg 641.4 642.3 528.9 531.0 1.0 1.1

BM-Sr 641.4 642.4 528.9 530.7 1.1 1.4

BM-Ce 641.4 642.4 529.0 530.7 1.0 1.4

Temperature-Programmed Reduction tests using hydrogen as a reducing agent (H2-
TPR) allow estimating the reducibility and redox properties of samples. The H2 consump-
tion profiles for perovskites are determined by the oxidation state and redox properties of
the B-site metal [30,45], and the number and sequence of these peaks are strongly depen-
dent on their identity [10,38]. On the other hand, according to the literature, the metal at the
A-site typically shows a unique oxidation state and is hardly reduced [10,47]. The H2-TPR
profile for MnO2, used as a reference, presents two overlapping peaks at around 400 and
500 ◦C that correspond to the reduction of MnO2/Mn2O3 to Mn3O4 and of Mn3O4 to MnO,
respectively [48]. Usually [30,32,42,45,47], a multiple-step reduction was observed for the
manganese-based samples, showing: (i) an intense peak centered between 400–600 ◦C,
corresponding to the Mn(IV) and Mn(III) reduction to Mn(II); (ii) a small peak from 700 ◦C
to 800 ◦C due to the oxygen species reduction; and (iii) a third peak with a maximum
between 900 ◦C and 1000 ◦C, corresponding to the Mn(III) to Mn(II) reduction in the
bulk [47]. The H2-TPR profiles of BM-A samples (Figure 3a) reveal that only for BM-La and
BM-Mg, the higher reduction peak appears at lower temperatures than in BM, indicating
an improvement in the redox properties. Based on the hydrogen consumption profiles
shown in Figure 3a, the experimental hydrogen consumption per gram of sample has
been calculated over the temperature range between 450 ◦C and 600 ◦C, and these data
have been compared in Figure 3b with the theoretical hydrogen consumption calculated
assuming a complete reduction of manganese, being as pure Mn(III) (blue line) or pure
Mn(IV) (red line). Note that, for BM-A samples, the experimental H2 consumptions are
placed between both Mn(IV) and Mn(III) nominal values, being closer to Mn(III) for BM-Ca
and to Mn(IV) for BM-Mg, as well as for raw BM. Thus, it seems that, as observed on the
surface of catalysts (see XPS results), Mn(III)/Mn(IV) oxidation states are present in the
bulk of all samples, and the predominant oxidation state is determined by the A metal.
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(a) (b)

Figure 3. H2-TPR profiles of BM-A, BM catalysts, and MnO2, used as a reference (a) and H2 con-
sumption (mL/g of catalyst) (b).

O2-TPD tests provide information about the labile oxygen species of the catalysts and
about their oxygen mobility [10,36,45], as shown in the profiles displayed in Figure 4a. For
perovskites, three oxygen desorption regions are usually detected: (i) the peak located
between 150 ◦C and 350 ◦C, for the oxygen evolving from the adsorbed on the surface
vacancies (called α-O2); (ii) the peak appering between 500 ◦C and 700 ◦C, corresponding to
the oxygen located on surface lattice defects, such as dislocation or grain frontiers (denoted
as α′-O2); and (iii) the peak over 700 ◦C, generated by the desorption of lattice oxygen
(designed as β-O2) due to the reduction of manganese in the perovskite lattice and related
to the oxygen mobility through the bulk [10,32,42,45]. Thus, BM-Ca, BM-Ce, and BM-Mg
samples evolve oxygen above 700 ◦C, coming from the perovskite lattice (β-oxygen), which
depends on the partial reduction of Mn(IV) to Mn(III) [32,42,46,49], and for BM-Ce, also
on the Ce(IV)/Ce(III) redox pair [50]. However, BM-La and BM-Sr do not follow the
described trend, as BM-La shows a certain oxygen desorption at a temperature below
700 ◦C, which corresponds to α’-O2, and BM-Sr presents a desorption profile similar to
the raw perovskite (BM) without clearly defined peaks. Figure 4b features the amount of
β-O2 evolved, calculated with the area of the peak between 700 ◦C and 950 ◦C (except for
BM-La) and CuO as a reference for the quantification. It is observed that, due to the partial
replacement of Ba with A metals, the amount of O2 released increases, mainly for BM-Ce
due to the contribution of the Ce(IV)/Ce(III) redox pair. This finding reveals an increase in
the mobility of β-O2 due to the presence of A metals, showing BM-Ce the highest value.

3.1.2. Ba0.9A0.1Mn0.7Cu0.3O3 Series

The nomenclature of catalysts, the BET surface area, the XRD data, and the A and Cu
metal contents (obtained by ICP-OES) are reported in Table 3. The ICP-OES data confirm
that almost all samples contain the amount of metals (Cu and A) supplied during the
synthesis. Additionally, a low surface area is shown for BMC, and the addition of A metal
does not significantly affect this parameter. This observation remains consistent with what
was previously mentioned for the BM-A series of catalysts.
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(a) (b)

Figure 4. O2-TPD profiles (a) and β-O2 amount (μmol/g cat) (b) of BM and BM-A catalysts.

Table 3. Nomenclature, XRD data, A and Cu metal contents, and BET surface area of BMC-A catalysts.

Nomenclature
Molecular
Formula

A
(wt%)

Cu
(wt%)

BET
(m2/g)

2 Ө
(◦) a

Intensity
(a.u) a

Average
Crystal

(nm)

Cell Parameters
(Å) b

a c

BMC BaMn0.7Cu0.3O3 - 8.0 3 30.9 2448 30.7 5.8 4.3
BMC-Ca Ba0.9Ca0.1Mn0.7Cu0.3O3 2.0 9.8 7 31.0 1154 29.3 5.7 4.3
BMC-La Ba0.9La0.1Mn0.7Cu0.3O3 5.4 9.8 7 30.9 2064 18.6 5.8 4.2
BMC-Mg Ba0.9Mg0.1Mn0.7Cu0.3O3 1.0 9.6 3 30.9 1246 25.9 5.8 4.3
BMC-Sr Ba0.9Sr0.1Mn0.7 Cu0.3O3 3.9 9.1 9 31.1 1913 25.0 5.8 4.3
BMC-Ce Ba0.9Ce0.1Mn0.7 Cu0.3O3 2.1 9.2 6 30.9 1441 22.4 5.6 4.3

a Corresponding to the main peak of BaMnO3 polytype structure, b Calculated using the main diffraction peak of
BaMnO3 polytype structure.

Figure 5 features the XRD patterns of all samples. The diffraction peaks for BMC
catalyst at 27.0◦, 30.9◦, 27.5◦, 41.5◦, 52.9◦, 54.8◦, 64.3, and 71.0◦ 2Ө values perfectly match
with the BaMnO3 polytype perovskite structure [32,36], which is formed because copper
partially replace the manganese in the perovskite lattice and causes a different order of the
MO6 units [51]. However, in BMC-A samples, the polytype structure partially changed
back into the hexagonal 2H-BaMnO3 structure, thus confirming that A metal has been
inserted into the lattice of perovskite. For BMC-La, a peak corresponding to BaMn2O3 is
also detected as a minority phase. The presence of the hexagonal perovskite structure, in
addition to the polytype one, could be related to the presence of A metal, which hinders the
introduction of copper into the perovskite network. However, as copper species (as CuO)
are not clearly detected by XRD, it seems that copper should be inserted into the BM-A
perovskites without causing a significant distortion of the hexagonal structure of BaMnO3,
so this structure seems to be partially preserved for BMC-A. In fact, the coexistence of
both hexagonal and polytype structures was previously observed by the authors for un-
der stoichiometric Ba-Cu-Mn perovskites (Ba0.9Cu0.3Mn0.7O3 and Ba0.8Cu0.3Mn0.7O3) [52].
The transition of the polytype structure to the hexagonal one in BMC-A samples is also
evidenced by the decrease in the intensities of the main XRD peak of the former crystalline
phase (see values included in Table 3). So, if A metal is present in the catalytic formulation,
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the crystal growth of the polytype phase seems to be hindered in favour of the formation of
the hexagonal structure.

(a)

(b)

Figure 5. (a) XRD profiles of BMC-A and BMC catalysts and (b) magnification of the 2Ө diffraction
angle region corresponding to main diffraction peak of hexagonal and polytype structure of BaMnO3.

To deeply analyze the partial replacement of Ba by A metal, in Figure 5b, the 2θ
diffraction angle between 30.5◦ and 32.5◦ (where the main peak of hexagonal and polytype
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perovskite structures appear, respectively) has been magnified. A slight displacement of the
polytype structure main peak to higher diffraction angles with respect to BMC is observed
for BMC-Sr catalyst, being less pronounced for BMC-Ca. In this line, Albaladejo-Fuentes
and co-workers [53] reported a structural distortion for the Ba0.9Sr0.1Ti0.8Cu0.2O3 (BTCu-Sr)
perovskite due to the partial replacement of Ba(II) by Sr(II). Also, a shift of the main XRD
peak was detected by Fu and coworkers [54] due to the presence of the smaller Ca(II)
ions in the Ba-site in the Ba1−xCaxTiO3 catalyst series. Concerning BMC-La, BMC-Ce, and
BMC-Mg catalysts, as a change in the position of the polytype BaMnO3 structure peak is
not clearly detected, it looks as if the A position of the perovskite structure does not include
cerium, lanthanum, or magnesium. According to the effect of magnesium on the structure
of BaTiO3 [53,55], in which Mg(II) was located in the Ti(IV) position, in BMC-Mg, Mg(II)
could be replacing Cu and/or Mn instead of Ba. Thus, based on the ionic radius values
shown in Table 4, it is suggested that Mg could be incorporated in the B-site (partially
replacing Cu and/or Mn) since the ionic radius of Mg(II) is closer to Mn(III) and Cu(II)
ionic radii than to Ba(II) radius. However, Ce and La cations should be placed in the A
site, since their ionic radii are closer to those of Ba(II), but it seems that this fact happens
without a significant distortion of the hexagonal structure. As for the BM-A series, the
Williamson-Hall method [39] was applied to determine the average crystallite size of the
polytype perovskite phase included in Table 3. The average crystallite size of perovskite
decreases for BMC-A samples, achieving the lowest value for BMC-La. On the contrary,
the a and c parameters of BMC-A do not change with respect to the BMC, and only the
BMC-Ce catalyst displays a small distortion of the polytype structure.

Table 4. Ionic radii of cation metals using the Goldshmidt correction [16,31,35].

Metals Ba(II) Ca(II) Mg(II) La(III) Ce(IV) Ce(III) Sr(II) Cu(II) Mn(IV) Mn(III)

Ionic radii
(pm) 146.4 115.5 65.0 107.3 90.6 105.2 129.9 73.0 53.0 65.0

The XPS spectra for the O 1s, Mn 2p3/2, and Cu 2p3/2 transitions are shown in Figure 6.
The O 1s spectra of BMC and BMC-A (Figure 6a) feature the three contributions

previously described for BM and BM-A, and Table 5 displays some relevant XPS data.
Focusing attention on the binding energies corresponding to the maximum of the OL
and Oads deconvoluted peaks, BMC-Mg shows the highest chemical shift towards higher
binding energies for the OL peak, even though it is very low (0.2 eV). It is important to
remember that a shift of the deconvoluted band towards lower binding energies indicates
the existence of a richer electronic environment, whereas a displacement towards higher
binding energies indicates the opposite. So, the displacement of the OL peak to higher
binding energies reveals a poor electronic environment created because of the loss of oxygen
from the MnO6 octahedra, which, in order to achieve electroneutrality, takes place when
Mg(II) occupies the Mn sites. As the OL/(Ba + Mn + Cu + A) nominal ratio (1.5) is higher
than the XPS one for all perovskites, oxygen surface vacancies exist on all samples. As
discussed above for the BM-A series, this fact is caused by the coexistence of surface Mn(III)
and Cu(II) [32]. Note that all BMC-A catalysts (except for BMC-Ca) present a slightly higher
value of OL/(Ba + Mn + Cu + A) ratio than BMC, so it seems that the partial substitution of
Ba by A metal in BMC slightly decreases the presence of surface oxygen vacancies.

Figure 6b presents the Mn 2p3/2 XPS spectra of BMC and BMC-A samples, where
Mn(III) and Mn(IV) signals and Mn(III) satellite contributions were indexed, with Mn(IV)
located at 642.4 eV, Mn(III) at 641.2 eV, and the Mn(III) satellite at 644.0 eV [56]. Table 5
provides the binding energy corresponding to the maximum of these decovoluted peaks
and, also, the Mn(IV)/Mn(III) ratios. Note that the presence of A metal does not significantly
modify the binding energy for Mn(III) and Mn(IV) peaks, being the highest change observed
for Mn(III) in BMC-Mg, which, in turn, is low (0.2 eV) and seems to be related to the
location of Mg(II) in the Mn site. After doping with A metals, a significant change in the
Mn(IV)/Mn(III) ratio is not observed, as the Mn(IV)/Mn(III) ratio decreases from 1.3 to
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1.2 for most BMC-A samples, from 1.3 to 1.1 for BMC-La, and is not modified for BMC-Sr.
However, as the ratios are higher than 1, Mn(IV) is the main oxidation state on the surface.

(a) (b)

(c)

Figure 6. XPS spectra of BMC-A and BMC catalysts in the (a) O 1s and (b) Mn 2p3/2 and (c) Cu 2p3/2

core level regions.
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Table 5. XPS data of BMC-A and BMC catalysts.

Catalyst
B.Emax
Cu(II)s

a

(eV)

B.Emax
Cu(II)w

b

(eV)

B.Emax
Mn(III)

(eV)

B.Emax
Mn(IV)

(eV)

B.Emax
OL (eV)

B.Emax
Oads (eV)

Mn(IV)
Mn(III)

Cu
M

c

(Nominal = 0.15)

OL
M

c

(Nominal = 1.5)

BMC 933.1 934.5 641.3 642.3 528.9 530.6 1.3 0.09 0.8

BMC-Ca 933.3 934.9 641.4 642.4 528. 9 530.7 1.2 0.07 0.8

BMC-La 933.2 935.1 641.3 642.3 528.9 530.7 1.1 0.10 0.9

BMC-Mg 933.1 935.0 641.1 642.2 528.7 530.9 1.2 0.09 0.9

BMC-Sr 933.2 935.2 641.2 642.3 528.9 530.6 1.3 0.09 0.9

BMC-Ce 933.1 934.8 641.3 641.3 528.8 530.5 1.2 0.07 0.9

a s = strong, b w = weak, c M = Ba + Mn + Cu.

The Cu 2p3/2 XPS profiles featured in Figure 6c reveal that Cu(II) exists on the surface,
as the XPS peaks close to 933.0 eV appear and because the satellite peaks expected for
Cu(II) (at 940.0 eV and 943.0 eV) are also present [32]. Additionally, after deconvolution,
two contributions are detected at ca. 933.0 eV and 934.5 eV (see Table 5), which can
be attributed to Cu(II) with strong (Cu(II)s) and weak (Cu(II)w) interactions with the
perovskites, respectively [23,32,38]. After A doping, an increase in the binding energy
corresponding to the maximum of Cu(II)w is detected, which indicates the presence of a
poorer electronic environment than in raw BMC caused by the insertion of A metal. In
Table 5, the Cu/(Ba + Mn + Cu + A) ratios are lower than the nominal ones (0.15), so it
seems that Cu(II) has been inserted into the perovskite structure for all samples. Note that,
after the addition of Ce or Ca, the ratio decreases to 0.07, and, for La, it increases to 0.1.
Thus, the distribution of copper is only modified with respect to BMC for Ce, Ca, and La
metals: Ce and Ca seem to promote the introduction of copper into the structure, and La
seems to favour a slightly higher proportion of surface copper [23].

H2-TPR profiles are shown in Figure 7a, where the corresponding MnO2 and CuO
profiles (divided by 4 to be comparable with the catalyst profiles) have also been included
as references. The H2-TPR profile for MnO2, as above discussed, features two overlapping
reduction peaks at around 400 and 500 ◦C, corresponding to the MnO2/Mn2O3 reduction
of Mn3O4 and to Mn3O4 to MnO reduction [45]. CuO displayed at ca. 320 ◦C a single
broad reduction peak due to the reduction Cu(II) to Cu(0). The H2-TPR profiles of BMC-A
samples suggest that the metal reduction occurs in multiple steps:

• Between approximately 200 and 400 ◦C, the reduction of Mn(IV) and Mn(III) to Mn(II),
and also of Cu(II) to Cu(0), takes place.

• Between 700 ◦C and 800 ◦C, a small peak attributed to the desorption/reduction of
oxygen species is featured.

• Between 900 ◦C and 1000 ◦C, a third peak with very low intensity, corresponding to
the bulk Mn(III) reduction, seems to be present.

A decrease in the temperature for the reduction of Mn(IV)/Mn(III) to Mn(II) and
of Cu(II) to Cu(0) in the H2-TPR profiles of BMC-A (Figure 7a) is exclusively detected
after Ce doping. In fact, after Mg doping, an increase in temperature is detected, which
could be related to the different location of Mg in this sample. The experimental hydrogen
consumption per gram of catalyst, determined between 200 ◦C and 450 ◦C using the
hydrogen consumption profiles shown in Figure 7a, has been compared with the theoretical
hydrogen consumption determined considering the total reduction of manganese and
copper (as Mn(III) + Cu(II) in the blue line or Mn(IV) + Cu(II) in the red line) in Figure 7b.
For BMC-A samples, the experimental H2 consumptions are between the nominal ones
for Mn(IV) + Cu(II) and Mn(III) + Cu(II), corresponding to BMC-Mg and BMC-Ce being
closer to Mn(IV) + Cu(II), while for BMC, BMC-Ca, BMC-La, and BMC-Sr are closer
to Mn(III) + Cu(II). Thus, it appears that both Mn(III) and Mn(IV) exist in the bulk of
perovskites, as detected by XPS on the surface.
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(a) (b)

Figure 7. H2-TPR profiles of BMC-A and BMC catalysts (a) and H2 consumption (mL/g of catalyst) (b).

O2-TPD tests were also performed, and the obtained profiles are illustrated in Figure 8.
It is observed that, as previously described for the BM-A series, the catalysts exclusively
evolve β-O2, which is linked to the reduction of Mn(IV) to Mn(III) and of Cu(II) to
Cu(I) [57–61] and, for BMC-Ce, also to the reduction of Ce(IV) to Ce(III) [50]. After A
metal is included in the formulation of samples, a shift towards higher temperatures is
detected for the temperature of the maximum oxygen emission. This fact is directly related
to the A-O bond energy, which is expected to be higher than the Ba-O bond energy, as
Ba(II) presents a larger ionic radius than the A metal (see Table 4). As shown in Figure 8b,
the partial substitution of Ba causes an increase in the amount of β-O2 released, which is
evidence of the improved mobility of the bulk oxygen, according to the following trend:
BMC-Ce > BMC-Ca > BMC-Mg > BMC-Sr > BMC-La > BMC. This finding seems to be
related, in general terms, to the reducibility of the samples, as BMC-Ce is the most reducible
catalyst and has also evolved the highest amount of oxygen.

(a) (b)

Figure 8. O2-TPD profiles of BMC and BMC-A catalysts (a) and β-O2 amount emitted during O2-TPD
experiments (b).

In summary, by comparing the characterization results for the two series of A-doped
catalysts (BM-A and BMC-A), it seems that:
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(i) The hexagonal structure is favoured in the presence of A dopant, as it is the main phase
detected for BM-A, and the polytype structure detected in the BMC sample (formed
by distortion of the hexagonal perovskite due to copper insertion into the lattice) is
not favoured in BMC-A perovskites, presenting a mixture of the two structures. Also,
Mn(IV) and Mn(III) coexist on the surfaces of all samples.

(ii) Oxygen vacancies are present on the surfaces of all perovskites.
(iii) The partial substitution of Ba in BM and BMC enhances the reducibility and the lattice

oxygen mobility, making Ce the most efficient A metal due to the contribution of the
Ce(IV)/Ce(III) redox pair.

3.2. Catalytic Activity
3.2.1. BM-A Series

To assess the role of perovskites as GPF catalysts to be used for soot removal in
simulated GDI engine exhaust conditions, soot-TPR tests in the two gaseous mixtures
previously described (0% and 1% O2 in He) were carried out [23,24,31], being the soot
conversion profiles featured in Figure 9. Table 6 contains the T10% and T50% values, that are
the temperatures for the 10% and 50% of soot conversion, respectively, and the selectivity
to CO2 during the reaction.

(a) (b)

Figure 9. Soot-TPR conversion profiles as a function of temperature of BM and BM-A catalysts in
100% He (a) and in 1% O2/He (b).

Table 6. T10%, T50%, and selectivity to CO2 (SCO2) for soot oxidation of BM and BM-A catalysts.

Catalysts

1% O2/He 100% He

SCO2 (%)
T50%

(◦C)
T10%

(◦C)
T10%

(◦C)

Soot 44 714 631 -

BM 73 710 610 813

BM-La 93 708 606 791

BM-Mg 92 684 589 813

BM-Sr 93 711 591 789

BM-Ce 90 641 548 772

BM-Ca 91 680 584 823
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Note that almost all samples catalyze the soot oxidation reaction, as most of the profiles
are shifted to lower temperatures with respect to the uncatalyzed reaction (soot in Figure 9)
in the two atmospheres tested. The soot conversion in the 100% He begins to be significant
at above 700 ◦C (Figure 9a), while in the 1% O2, the soot conversion starts being relevant at
around 450 ◦C (Figure 9b). So, as previously concluded [23,31], soot oxidation is improved
in the presence of oxygen in the gaseous mixture used for the reaction. Thus, in the He
atmosphere, soot oxidation does not occur in the absence of a catalyst, as there is no oxygen
available. However, in the presence of perovskites, the reaction takes place with the oxygen
coming from the bulk of mixed oxides (β-O2), whose emission was promoted by the Mn(IV)
to Mn(III) reduction [31], as well as by the Ce(IV) to Ce(III) reduction in the case of the
BM-Ce catalyst [50]. In the 1% O2 atmosphere, BM-Ca, BM-Ce, and BM-Mg show a higher
soot conversion than BM, giving BM-Ce the best catalytic performance.

Thus, the data in Table 6 reveal that the partial replacement of Ba by A metal in
BM perovskite improves the catalytic performance for soot removal in simulated GDI
engine conditions, as T10% and T50% values decrease with respect to BM for most A metals.
BM-Ce is the best catalyst in the two conditions tested, as it presents the lowest T10% and
T50% values. This sample presents the highest oxygen mobility due to the contribution of
Ce(IV)/Ce(III) along with the Mn(IV)/Mn(III), which enhances the redox reaction and the
oxygen emission, which is directly involved in the soot oxidation. Additionally, oxygen
vacancies exist on the surface (as OL/(Ba + Mn + Cu) XPS ratios are lower than 1.5) that
work as active sites where the oxygen from the gas phase is activated and participates in
the soot oxidation reaction. So, the more efficient activation of oxygen on the active sites
and the higher release of oxygen from the catalyst make BM-Ce the most active sample of
the BM-A series.

Finally, regarding CO2 selectivity, all BM-A catalysts improve this parameter with
respect to BM, so these catalysts seem to be also promising for CO oxidation reactions.

3.2.2. BMC-A Series

In order to determine the impact of A metal doping (A = La, Mg, Sr, Ce, Ca) on the
catalytic performance of BMC samples for soot removal, as for the BM-A series, soot-TPR
tests have been developed using conditions similar to those of GDI engine exhaust. The soot
conversion profiles are displayed in Figure 10a,b, and Table 7 summarizes the temperatures
needed to achieve 10% and 50% soot conversion, respectively, as well as the selectivity
to CO2.

(a) (b)

Figure 10. Soot conversion profiles as a function of temperature of BMC and BMC-A catalysts in:
(a) 100% He and (b) 1% O2/He.
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Table 7. T10%, T50% and selectivity to CO2 (SCO2) for soot oxidation in the two tested atmospheres of
BMC and BMC-A catalysts.

Catalysts

1% O2/He 100% He

SCO2

(%)
T50%

(◦C)
T10%

(◦C)
T10%

(◦C)
SCO2

(%)

Soot 44 756 631 - -

BMC 70 732 599 879 33

BMC-Ca 93 671 606 859 37

BMC-La 94 671 588 611 40

BMC-Mg 92 695 605 660 25

BMC-Sr 88 712 582 689 27

BMC-Ce 94 693 610 646 32

First, focusing on the results obtained using 100% He (Figure 10a), all perovskites
are active for soot oxidation since the uncatalyzed reaction (denoted as soot in Figure 10)
does not take place as there is no oxygen available for the reaction. Note that, after doping
BMC with A metal, all the soot conversion profiles are shifted to lower temperatures
with respect to BMC. However, the catalytic activity is notably lower than in the 1% O2
atmosphere, as the oxygen involved in soot oxidation only comes from the bulk of samples.
The BMC-La sample exhibits the lowest T10%, probably due to the highest amount of
copper on the surface (see Table 5), which is active for soot oxidation [33]. According to the
literature, this surface copper species are present as BaOx–CuOx phases, forming Cu–O–Ba
units in the interface between CuO and the perovskite [24]. As the Cu–O bond energy is
lower than that of the Mn–O bond, the release of oxygen from Cu–O–Ba units is easier,
thus allowing a high oxygen release rate that improves the catalytic performance for soot
oxidation [62]. Aneggi et al. [5], using ceria-zirconia Cu-based catalysts, also detected an
improvement in the catalytic activity for soot removal in the absence of oxygen due to
the well-known high Oxygen Storage Capacity (OSC) of these mixed oxides. In the 1%
O2/He reactant mixture, the addition of A metal also enhances the catalytic activity for
soot oxidation, and T50% values for BMC-A samples are lower than those corresponding to
the raw BMC. In these conditions, BMC-Ca and BMC-La are the most active formulations,
as these catalysts increase the amount of oxygen evolved (according to O2-TPD results) and
present more oxygen vacancies (that allow the activation of oxygen from the gas phase)
and surface copper species with a poorer electronic environment than raw BMC (see XPS
results); this gives BMC-La the highest proportion of surface copper. In this sense, W.Y.
Hernández et al. [63] also found that the use of La0.6Sr0.4FeO3 and La0.6Sr0.4MnO3 allows
a notable decrease in the light-off temperatures in the 1% O2/He atmosphere. On the other
hand, according to other papers [24,46], the CO2 selectivity values are higher when oxygen
is present in the reaction atmosphere, and the generation of CO2 is highly favoured by A
doping, being around 90% for all samples. Thus, as well as the BM-A series, these samples
are promising catalysts for the CO oxidation reaction.

Finally, by comparing the T10% and T50% values of the best catalysts of the two series
analyzed (BM-Ce and BMC-La, selected because they featured the highest selectivity to
CO2), it could be concluded that:

(i) In 100% He, BMC-La is the most active catalyst, as T10% is lower than the observed for
BMC-Ce (611 ◦C and 646 ◦C, respectively), mainly because more copper (as BaO-CuO
species) is present on the surface of BMC-La than on BMC-Ce (Cu/(Ba + Mn + Cu + A)
ratios are 0.10 and 0.07, respectively).

(ii) In 1% O2 in He, the best catalyst is BM-Ce, as it presents a lower T50% value than
BMC-La (641 ◦C and 671 ◦C, respectively) and a similar CO2 selectivity (around 90%
in both catalysts). BM-Ce is the sample with the highest oxygen mobility and the best
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redox properties due to the participation of the Ce(IV)/Ce(III) redox pair as well as a
high amount of oxygen vacancies on the surface.

So, according to the previous discussion, the role of copper seems to be relevant if
the oxygen involved in the soot oxidation comes from the perovskite (i.e., in 100% He),
and BMC-La is the most active catalyst as it presents the highest fraction of copper on the
surface. However, if soot is oxidized using the oxygen present in the reaction atmosphere
(i.e., in 1% O2 in He), the presence of copper in the perovskite composition seems not to be
significant, as the most active catalyst is BM-Ce. Note that the BM-Ce sample presents a
higher fraction of surface Ce(IV) than BMC-Ce (see data in Appendix A), so it has better
redox performance.

4. Conclusions

In this paper, Ba0.9A0.1MnO3 (BM-A, A = Mg, Ca, Sr, Ce, La) and Ba0.9A0.1Mn0.7Cu0.3O3
(BMC-A, A = Mg, Ca, Sr, Ce, La) perovskite-type mixed oxides were prepared, character-
ized, and used for soot removal by oxidation in simulated GDI engine exhaust conditions.
Considering the results discussed above, the following conclusions can be drawn:

• The hexagonal structure is favoured in the presence of A metal, as it is the main phase
detected for BM-A, and the polytype structure found in the BMC sample (formed by
distortion of the hexagonal perovskite due to copper insertion into the lattice) is not
favoured in BMC-A perovskites that present a mixture of the two structures.

• On the surface of all perovskites, coexisting Mn(IV) and Mn(III) and oxygen vacancies
are present.

• The partial substitution of Ba in BM and BMC enhances the reducibility and the
lattice oxygen mobility, and Ce is the most efficient due to the contribution of the
Ce(IV)/Ce(III) redox pair.

• Almost all samples are active as catalysts for soot removal by oxidation, as most of the
conversion profiles are shifted to lower temperatures in the presence of perovskites in
the two atmospheres tested (0% and 1% O2 in He).

• The soot conversion is notably lower in the absence of O2 than in the 1% O2 atmosphere,
as the oxygen available for soot oxidation exclusively comes from the bulk of samples.
In these conditions, BMC-La is the most active catalyst due to its highest proportion of
copper on the surface (as Ba-O-Cu species).

• In 1% O2 in He, BM-Ce is the best catalyst as it presents a high amount of oxygen
surface vacancies, the highest oxygen mobility, and the best redox properties due
to the participation of the Ce(IV)/Ce(III) pair along with the Mn(IV)/Mn(III) pair
that promote the O2 emission from perovskite, which is directly involved in the
soot oxidation.

• The role of copper seems to be relevant only if the oxygen used for the soot oxidation
exclusively comes from the perovskite (i.e., in 100% He), as BMC-La, which presents
the highest fraction of surface copper, is the most active catalyst. On the contrary, if
soot is oxidized using the oxygen present in the reaction atmosphere (i.e., in 1% O2
in He), the presence of copper in the perovskite composition is not significant, as the
most active catalyst is BM-Ce because it presents a higher fraction of surface Ce(IV)
than BMC-Ce and, consequently, a better redox performance.
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Abbreviations

GDI Gasoline direct injection
PM Particulate matter
PM2.5 Particulate matter with a diameter of 2.5 μm
GPF Gasoline particulate filter
TWC Three-way catalyst
CO2RR CO2 reduction reaction
ORR Oxygen reduction reaction
OER Oxygen evolution reaction
ICP-OES Inductively coupled plasma optical emission spectroscopy
XRD X-ray diffraction
XPS X-ray photoelectron spectroscopy
H2-TPR Temperature-programmed reduction with H2
O2-TPD Temperature-programmed desorption of oxygen
TCD Thermal conductivity detector
BE Binding energy
KE Kinetic energy
TG-MS Thermal gravimetric mass spectrometry
Soot-TPR Soot oxidation in temperature-programmed reaction conditions
BET Brunauer-emmett-teller
ICDD International centre of diffraction data
OL Lattice oxygen
Oads Adsorbed oxygen species
OSC Oxygen storage capacity
SCO2 Selectivity to CO2

Appendix A

The deconvoluted Ce 3d spectra and the corresponding XPS data for BM-Ce and BMC-
Ce catalysts are shown in Figure A1 and Table A1, respectively. The deconvoluted spectra
presents eight sub-peaks: the v quadruplets in the Ce 3d5/2 area and the u quadruplets
in the Ce 3d3/2 region. The distinctive identifiers for the Ce(III) oxidation state are two
subpeaks, v1 and u1 (indicated by regions with deeper colours in Figure A1), whereas
the other subpeaks are attributed to the Ce(IV) oxidation state [64,65]. The surface Ce(IV)
amount in the BM-Ce sample is comparable to that of the CeO2 sample used as a reference,
while the BMC-Ce sample exhibits a larger abundance of Ce(III). This implies that the
presence of Ce(III) species seems to be favoured for the copper-containing sample.

Ce(III) = u1 + v1 (A1)

Ce(IV) = u0 + u2 + u3 + v0 + v2 + v3 (A2)

Table A1. XPS data of CeO2, BM-Ce, and BMC-Ce catalysts.

Catalyst CeO2 BM-Ce BMC-Ce

Ce(III)
Ce(IV)

0.54 0.93 1.33
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Figure A1. Deconvoluted X-ray photoelectron spectra of Ce 3d core levels for BMC-Ce (blue colour),
BM-Ce (purple colour) and CeO2 (orange colour).
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Abstract: Wastewater treatment targeting reuse may limit water scarcity. Photocatalysis is an ad-
vanced oxidation process that may be employed in the removal of traces of organic pollutants, where
the material choice is important. Titanium dioxide (TiO2) is a highly efficient photocatalyst with good
aqueous stability. TiO2 powder has a high surface area, thus allowing good pollutant adsorption,
but it is difficult to filter for reuse. Thin films have a significantly lower surface area but are easier
to regenerate and reuse. In this paper, we report on obtaining sol-gel TiO2 thin films on spherical
beads (2 mm diameter) with high surface area and easy recovery from wastewater. The complex
influence of the substrate morphology (etched up to 48 h in concentrated H2SO4), of the sol dilution
with ethanol (1:0 or 1:1), and the number of layers (1 or 2) on the structure, morphology, chemical
composition, and photocatalytic performance of the TiO2 thin films is investigated. Etching the
substrate for 2 h in H2SO4 leads to uniform, smooth surfaces on which crystalline, homogeneous
TiO2 thin films are grown. Films deposited using an undiluted sol are stable in water, with some
surface reorganization of the TiO2 aggregates occurring, while the films obtained using diluted sol
are partially washed out. By increasing the film thickness through the deposition of a second layer,
the roughness increases (from ~50 nm to ~100 nm), but this increase is not high enough to promote
higher adsorption or overall photocatalytic efficiency in methylene blue photodegradation (both
about 40% after 8 h of UV-Vis irradiation at 55 W/m2). The most promising thin film, deposited on
spherical bead substrates (etched for 2 h in H2SO4) using the undiluted sol, with one layer, is highly
crystalline, uniform, water-stable, and proves to have good photocatalytic activity.

Keywords: TiO2 thin film; photocatalysis; glass bead substrate; sol-gel; dilution ratio; number of
layers; morphology; structure; stability

1. Introduction

Due to water scarcity in many parts of the world, wastewater treatment (WWT)
targeting its reuse for different applications (e.g., in agriculture, industry, domestic activities,
etc.) represents an important aspect of sustainable communities [1,2].

However, there are many organic pollutants (dyes, pesticides, phenol, antibiotics) that
cannot be (fully) removed using traditional methods. For the treatment of wastewater
loaded with low concentrations of these pollutants (in the ppm range), the use of advanced
oxidation processes, such as photocatalysis, may be a viable option [3,4]. However, its
applications are mostly reported at the laboratory or pilot plant scale [4].

For up-scaled operation, the associated process cost needs to be reduced by using
(a) non-toxic, low-cost, easily recoverable (through filtration) photocatalysts, (b) natural
solar-/Vis-radiation, and (c) up-scalable technologies from laboratory to demonstrator level
and beyond, when integrated into WWT plants [4–6].
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One frequent discussion on the selection of the appropriate photocatalysts is the choice
between powder and thin film. Powders have a higher specific surface area and more
adsorption sites available for the pollutant molecules, thus being more efficient than thin
films; however, their use in suspension reactors is limited by the particles’ agglomeration,
by the radiation losses (due to scattering) and the limited powder recovery. They can also
cause secondary pollution as there is a risk of nanoparticle release in the environment [7].
The use of thin film-photocatalysts can solve these problems, but these types of materials
are generally less efficient in pollutant removal as they are characterized by lower specific
surface area compared to powders [7–9]. Loading thin photocatalytic films on spherical
bead substrates made of glass, silica, aluminum, ceramics, chitosan, alginate, etc., was
recently reported as a viable path to prepare efficient and stable photocatalysts with large
specific surface areas that are easy to filter, treat and reuse [7,9–19]. Thus, the use of
photocatalytic beads in the reactor is much more attractive compared to powders.

In the photocatalytic bead development, titanium dioxide (TiO2) is intensively in-
vestigated [7,9–15,17–20] as it has been the main photocatalyst choice for several decades
due to its high photocatalytic efficiency and its good aqueous stability over a broad pH
range [21,22]. Photocatalytic beads obtained by coating different spherical substrates (glass,
silica, alumina, etc.) with a thin film based on commercial titanium dioxide (Degussa
P25, Aeroxide 25) or obtained by various techniques such as the sol-gel method, fluidized
bed chemical vapor deposition, etc., were successfully employed in the degradation of
different organic pollutants (dyes, pesticides, phenols) under UV irradiation [10–19]. In
these studies, TiO2 synthesis mainly followed the sol-gel route, and the immersion/dip
coating method was further involved in coating the beads. These are versatile, cost-effective
techniques (low processing temperature, low-cost equipment) that allow deposition on
substrates with different geometry and shapes and allow good control of the photocatalyst
properties (particles with good homogeneity, controllable morphology, and crystallinity
when an appropriate annealing treatment is applied) [5,11].

The degradation of different dyes such as methylene blue [12], methyl orange [11,14],
or reactive red, acid brown [15,17] is reported on TiO2-coated beads. Thus, TiO2 coatings
were deposited on various bead substrates (glass, alumina, silica) with a thickness of ~35
nm; the results showed that the morphology and the efficiency in the standard methylene
blue removal are influenced by the substrate type and the deposition conditions, and the
best results correspond to the TiO2 coated on silica beads [12].

Porous glass beads coated with a thin film of TiO2 showed good efficiency in the
methyl orange degradation under UV irradiation: 65% up to entire discoloration of the
methyl orange after 30 min of irradiation depending on the Ti (at. %) content in the coating
and the catalyst load [11]. Sol-gel S, N co-doped TiO2 nanoparticles immobilized on glass
beads using the dip coating technique, tested in the methyl orange photodegradation in
both laboratory- and in large-scale photoreactors exhibited up to 95% removal efficiency
under solar irradiation for 2 h [14].

The photocatalytic efficiency of TiO2 coated beads using different substrates (glass,
silica, clay) in the degradation of phenol, different types of pesticides, or emerging contami-
nates are reported both at laboratory and pilot plat scale [10,13,18–20]; the removal efficien-
cies reach values of 70–92% for the investigated pesticides under UV irradiation [10,13,18],
while 15 emerging contaminants were successfully degraded to a few μg/L (removal effi-
ciency 70–100% after 60 min of irradiation) by solar photocatalysis in compound parabolic
collector (CPC) photoreactors. Moreover, the photoactivity of the investigated TiO2-coated
glass beads is preserved even after five testing cycles [20].

Besides the good photocatalytic efficiency in pollutant(s) removal, the photocatalytic
beads’ stability in the aqueous environment under irradiation is essential. This is correlated
with a good adherence of the coating to the spherical substrate, which can be improved
by etching the spherical beads (glass, silica) in concentrated acid solutions (nitric acid,
sulphuric acid, hydrochloric acid or hydrofluoric acid) [14,17,19] when the bead porosity
and specific surface area are expected to increase.
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In this study, we report on photocatalytic beads obtained by coating glass spherical
substrates with sol-gel TiO2 aimed at the degradation of the standard methylene blue (MB)
pollutant (ISO 10678:2010 [23]) from diluted solution (10 ppm) under UV-Vis irradiation
at low irradiance value. Methylene blue is frequently used as a target molecule for degra-
dation in the photocatalytic process, mainly due to the simplicity in the assessment of its
degradation efficiency that is based on UV-Vis spectrometry. Methylene blue is a dye with
a high molar absorbance that allows the UV-Vis detection of the color change from blue up
to colorless during photobleaching supported by the photocatalyst in the aqueous medium
under irradiation [23,24].

The influence of the substrate morphology (correlated with the duration of the etching
treatment) of the sol dilution with ethanol (1:0 or 1:1) and the number of deposited layers
(1 or 2) on the structure, morphology, chemical composition, photocatalytic performance
and stability of the TiO2 coating was investigated; based on these results, the best TiO2
photocatalytic beads in the experimental conditions were outlined.

2. Materials and Methods

Thin TiO2 films obtained following the sol-gel method were deposited on glass beads
with a diameter of 2 mm. Before deposition, the substrates were etched in sulfuric acid
(Scharlau, 96%) for 0.5 h up to 48 h to remove possible impurities as well as to increase the
surface area and activate it. This treatment was followed by washing with water, detergent,
and, finally, ethanol (15 min ultra-sonication for each). The impact of the etching duration
on the substrate morphology and chemical composition was investigated to select the
optimum etching duration.

The sol for the TiO2 layer was obtained by mixing titanium isopropoxide (Aldrich, >97%),
ethanol (Chimreactiv, 99.5%), acetylacetone (Scharlau, 99%), acetic acid (Scharlau, 99.8%),
and water in a volumetric ratio of 20:16:0.89:0.18:2.4, for 30 min under magnetic stirring,
followed by 90 min ultrasonication. The previously etched substrate (1 g of beads) was
immersed in the sol (5 mL) and stirred for 30 min, using an orbital stirrer, followed by
drying (110 ◦C—1 h) and annealing (450 ◦C—3 h) in a furnace Nabertherm B150. The
methodology of the thin film deposition is schematically represented in Figure 1.

Figure 1. Diagram of the thin film deposition methodology.
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The crystallinity of the thin films was investigated using a Bruker D8 Discover X-ray
Diffractometer (CuKα1 = 1.5406Å, step size 0.025, scan speed 1.5 s/step, 2θ from 5 to 80◦).
Scanning electron microscopy (SEM) was done on a Hitachi SEM S-3400 N type 121 II ap-
paratus coupled with a Thermo Scientific (Waltham, MA, USA) UltraDry energy dispersive
X-ray spectrometer (EDX). Surface topology was analyzed through atomic force microscopy
(AFM) using an NT-MDT microscope, model NTGRA PRIMA EC, working in semicontact
mode with Si-tips, NSG10, force constant 0.15 N/m, tip radius 10 nm. Roughness was
estimated using the AFM software (Nova1138) on a 20 μm × 20 μm surface.

The DR UV-Vis spectra were recorded using a Perkin Elmer Lambda (Shelton, CT,
USA) 35 spectrophotometer equipped with an integrating sphere. The measurements were
carried out in the 900–200 nm wavelength range using spectralon as a reference and a
special holder. The reflectance measurements were converted into absorbance spectra using
the Kubelka–Munk function. The optical band gap was calculated using the Tauc plot,
which assumes that the absorption coefficient, α, is related to the band gap energy of the
semiconductor by applying Equation (1):

(
α ∗ hν)1/n = B ∗ (hν− Eg

)
(1)

where h is the Planck constant, ν is the photon frequency, and B is a constant. The factor n
has different values, depending on the nature of the electronic transitions, and can be 1⁄2
or 2 for the direct or indirect transition, respectively. The band gap is usually measured
from diffuse reflectance spectra, by replacing α with F(R). Eg is determined from the x axis
intercept of the graphical representation of (F(R) ∗ hν)1/n vs. hν, for n = 2 [25].

Souri et al. [26] showed that the η value can be determined using the absorption spectra
from the slope of the linear part of the graphs of ln[A(λ)/λ] versus 1/λ to determine the
optical bandgap without any presumption of the nature of the transition by the absorption
spectra [26]. Elemental analysis (XRF) of the films was performed in a vacuum using a
Rigaku ZSX Primus II spectrometer (Tokyo, Japan). The results were analyzed using EZ-
scan combined with Rigaku SQX (version 5.18) fundamental parameters software capable
of automatically correcting all matrix effects, including line overlaps.

Contact angle analysis was performed using OCA20 equipment, with water as the
testing liquid (5 μL droplet). Due to the small area of the beads, the contact angle mea-
surements could not be performed directly on the beads and were done on glass slides
(2 × 2 cm2) purchased from Citoglas and etched in 98% sulfuric acid, similar to the glass
beads for 0.5 up to 48 h.

A circular photo-reactor with two UV light sources (UVA, 340–400 nm, λUV,max = 365 nm,
Philips, Amsterdam, The Netherlands) and five VIS light sources (TL-D Super 80 18W/865,
400–700 nm, λVIS,max = 565 nm, Philips), with a total average irradiance of G = 55 W/m2

was used. The UV share in the radiation is 10%, to resemble solar radiation conditions
at a much lower irradiance value. The irradiance value was recorded using a Kipp and
Zonnen pyranometer.

The photocatalytic experiments used the standard methylene blue (MB, 99.8%, Merck)
pollutant at the initial concentration of 10 ppm (ISO 10678:2010 standard determination
of photocatalytic activity of surfaces in an aqueous medium by degradation of methylene
blue) [16].

The photocatalytic beads (1 g) were immersed in a 20 mL aqueous pollutant solu-
tion. Before irradiation, 1 h contact between these was allowed in the dark to reach the
adsorption/desorption equilibrium. The photodegradation efficiency, η, was calculated
based on the initial absorbance of the pollutant solution (A0) and the absorbance recorded
hourly up to 8 h of irradiation (A) at the maximum absorbance wavelength of the pollutant
(λMB = 664 nm) using a UV-Vis-NIR spectrophotometer (Perkin Elmer Lambda 950) and
applying Equation (2):

η =
A0 − A

A0
× 100 (2)
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To assess the contribution of the adsorption to the entire removal efficiency, experiments
were also conducted in the dark using the same set-up and conditions as in the photocat-
alytic experiments but in the dark, measuring the solution absorbance hourly during 1–9 h,
corresponding to contact times equal to those used in the photocatalytic experiments.

3. Results and Discussion

The influence of the parameters of interest on the photocatalyst TiO2 thin films de-
posited on glass beads was investigated, considering: (a) the substrate etching duration,
(b) the sol dilution with ethanol, and (c) the number of deposited layers.

3.1. Influence of the Etching Duration on the Substrate Properties

Surface structure and morphology can significantly influence thin film growth. In
order to increase the specific surface area and create more nucleation sites on the substrate,
etching in H2SO4 was proposed. The etching duration was varied to create a large specific
surface without damage from concentrated H2SO4. It is also expected that a longer etching
duration will lead to the formation of micro- or nano-pores and capillaries from which
H2SO4 may be difficult to extract, even after multiple washing cycles.

The surface of the glass bead substrates before and after etching is presented in
Figure 2. It can be noticed that the beads come with certain imperfections at the surface
but are generally smooth (Figure 2a). After etching, the surface area increases (up to 2 h,
Figure 2b–d). After 24 h (Figure 2e) and 48 h (Figure 2f), some craters start to form, and the
surface becomes slightly damaged.

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 2. SEM images of the bead substrate (a) without etching and after etching with H2SO4 for
(b) 0.5 h, (c) 1 h, (d) 2 h, (e) 24 h, and (f) 48 h.
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Etching in sulfuric acid could also lead to increased hydrophilicity of the substrate by
the hydrolysis of Si-O bonds to Si-OH. This process could potentially lead to an improved
quality of TiO2 thin films deposited on top through the formation of Si-O-Ti bonds. For
this reason, we have performed contact angle measurements on glass slides to check the
impact of H2SO4 etching on the substrate hydrophilicity. These results are included in
the Supplementary Material. While the water contact angle decreases at a longer etching
duration (24 and 48 h), it is not significant enough to promote better quality films deposited
on top (Table S1).

To check the impact of chemical etching on the substrate composition, EDX was
employed, and the results are inserted in Table 1. These confirm that longer etching
durations can lead to the degradation of the surface, and traces of sulfur can be noticed.
This may be due either to the infiltration of H2SO4 into the (nano-)pores or, alternatively, to
the formation of metal sulfates from the reaction of sulfuric acid and metal ion impurities
from the glass substrate (Na, Mg, Ca, Al).

Table 1. Chemical composition of the bead substrates according to the etching duration in H2SO4.

Etching Time Si O S
Other Elements
(Na, Mg, Ca, Al)

0 h 18.57 69.00 - 12.43

0.5 h 18.09 70.94 - 10.97

1 h 17.70 71.60 - 10.70

2 h 17.36 71.22 - 11.42

24 h 16.95 71.15 0.01 11.89

48 h 17.38 66.83 0.02 15.77

The impact of the etching process on the surface roughness was investigated following
AFM measurements on the bead substrates. The surface appears smooth, with a root mean
square roughness (RMS) of 19 nm before etching (Figure 3a). This roughness maintains
almost constant after 0.5 h (Figure 3b) and starts slowly increasing after 1 h (Figure 3c) and
2 h (Figure 3d) of etching. Although the RMS continues to increase to 44 nm or even 58 nm
after 24 h or 48 h, respectively, the formation of small crevices/cracks on the substrate
that may occur prevents these substrates from being ideal for thin film deposition. It may
also be expected that sulfuric acid traces will remain on the substrate, infiltrated in the
imperfections created after 24 and 48 h of etching, which would be detrimental to the thin
film properties.

Based on these results, the optimum substrate is considered the one that was etched
in sulfuric acid for 2 h. This was further used for the deposition of the TiO2 thin films
using diluted or undiluted sols with one or two deposition layers. The film thickness was
thus varied in order to identify the most efficient and stable photocatalyst for methylene
blue degradation.

3.2. Influence of the Dilution of the Sol on the TiO2 Thin Film Properties

Two types of samples were investigated: from diluted and from undiluted sol. Their
structural and morphological properties and their chemical composition were compared
and correlated with their photocatalytic efficiency and stability.

The crystallinity of both types of samples was calculated based on the X-ray diffrac-
tograms (Figure 4). The value obtained from the undiluted sol was slightly higher (57%)
compared to 54% for those obtained from the diluted sol. Both samples exhibit similar
structural properties, with the only observable peak attributed to anatase (101).
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RMS = 19 nm 

 

RMS= 20 nm 

(a) (b) 
RMS = 28 nm 

 

RMS = 34 nm 

(c) (d) 
RMS = 44 nm 

 

RMS = 58 nm 

(e) (f) 
Figure 3. AFM images of the bead substrate (a) without etching or after etching with H2SO4 for
(b) 0.5 h, (c) 1 h, (d) 2 h, (e) 24 h, and (f) 48 h.
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θ

Figure 4. XRD of the TiO2 thin films deposited using (un)diluted sol on substrates etched with H2SO4

for 2 h.

Figure 5 shows the morphology of the TiO2 film covering the substrate. There are
aggregates of various sizes and shapes that increase the surface area of the films. The
average roughness of the films is quite large, about 100 to 150 nm for slightly larger
investigated areas (20 × 20 μm2), as seen in Figure 5b,d. The higher roughness may be
an advantage in the photocatalytic process, as it promotes increased pollutant adsorption
on the photocatalytic surface. However, the stability of these aggregates in water must be
confirmed to ensure they do not detach from the film surface. From the EDX analysis, it can
be established that the film thickness is not uniform, and some areas of the substrate are
covered with a very thin layer of TiO2. The amount of Ti in these areas is very low (or even
undetectable), so the amount of Si and other elements (from the substrate) increases, values
that can most likely be attributed to the small thickness of the film at the analyzed point.

 

RMS = 152 nm 

(a) (b) 
RMS = 113 nm 

(c) (d) 

Figure 5. (a,c) SEM and (b,d) AFM images of the TiO2 thin film deposited on the bead substrate
etched for 2 h in H2SO4 from (a,b) undiluted and (c,d) diluted sol.
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Stability tests were performed by immersing the samples in distilled water (1 g pho-
tocatalytic beads in 20 mL water, under orbital stirring) for 9 h. Surface morphological
changes were investigated using SEM analysis (Figure 6a,c), and then the samples were
immersed for another 9 h under identical test conditions. The surface changes were investi-
gated once more using SEM (Figure 6b,d).

  
(a) (b) 

  
(c) (d) 

Figure 6. SEM images of the TiO2 thin film (a,c) after 9 h and (b,d) 18 h immersion in water for the
samples deposited from undiluted (a,b) and diluted (c,d) sols.

It can be noticed that there are fewer larger aggregates on the surface before the
stability experiments (Figure 5, Table 2). In contrast, the surface of the thin films appears to
be covered with smaller, better-dispersed particles that are quite adherent, as they can be
observed even after 18 h of testing (Figure 6b,d). Larger aggregates may be removed or
even broken down into smaller aggregates during the first stages of immersion (during the
first 9 h of testing). The slight decrease in the Ti at% concentration in the films can also be
the result of the detachment of some of the larger TiO2 aggregates from the surface of the
films, which is more pronounced in the first 9 h of testing (as also shown in Figure S1). The
increase in the concentration of substrate elements (Si, Na, Mg, etc.), which can be noticed
in Table 3 (correlated to the images shown in Figure S1), can explain the slight decrease in
the thickness of the TiO2 film due to these reorganizations in the aggregates at the surface.
The decrease of the Ti content after 9 and 18 h is more significant for the sample obtained
using the diluted sol. This suggests that aggregate migration is more significant in this case,
and therefore, the thin film is less stable in an aqueous medium. The presence of sulfur in
the samples before photocatalysis is probably due to the etching treatment with H2SO4.
The amount of this element increases at the surface of the samples after photocatalysis due
to the methylene blue or its oxidation products (containing S) that remain adsorbed on the
film surface at the end of the photocatalytic test.
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Table 2. Chemical composition of the TiO2 thin film obtained from undiluted and diluted sols.

Sample Si O Ti S
Other

Elements
(Ca, Mg, Na)

U
nd

ilu
te

d
so

l

Pt1 - 84.36 15.64 - -

Pt2 1.36 72.11 26.53 0.00 -

Pt3 22.44 68.76 - 0.00 8.81

Pt4 19.40 70.25 - 0.15 10.21

Pt5 4.56 75.16 6.48 0.59 12.85

Pt6 11.49 75.56 - 0.25 12.70

Pt7 12.98 78.15 0.33 0.10 8.50

Pt8 20.32 70.07 2.15 - 7.47

D
ilu

te
d

so
l

Pt1 17.85 66.72 15.36 0.08 -

Pt2 5.82 70.07 13.37 - 10.74

Pt3 20.50 67.90 3.35 - 8.25

Pt4 16.45 71.59 0.41 - 11.55

Pt5 14.28 77.27 - - 8.45

Table 3. Chemical composition (at. %) of the surface of the TiO2 layers after 9 h and 18 h of stability
testing for the samples obtained using undiluted and diluted sols.

Sol Type Stability Testing Time Si O Ti S
Other Elements
(Na, Mg, Ca, Al)

Undiluted

initial 13.99 74.93 1.72 0.06 9.30

9 h 17.02 71.48 1.43 0.06 9.99

18 h 16.73 70.37 1.55 0.11 11.22

Diluted

initial 16.00 72.01 1.46 0.02 10.51

9 h 16.57 71.03 1.03 0.00 11.36

18 h 15.96 75.32 0.67 0.00 11.05

Photocatalytic experiments were run using the 10 ppm methylene blue aqueous
solution under UV-Vis, UV, and no irradiation (in the dark) to check the thin films’ pho-
todegradation and adsorption efficiency. The results are presented in Figure 7.

As can be noticed in Figure 7, the samples obtained using undiluted sol had improved
photocatalytic efficiency over the testing period compared to the samples using the diluted
sol. This could be due to the higher amount of TiO2 in the film, but also following the
improved stability of these films, as previously discussed.

A thicker film is preferable for enhanced photocatalytic activity since it contains more
photocatalytic mass that may absorb more radiant energy. However, in the photocatalytic
film, the transport of reagents relies on diffusion, which may become a limiting process
if the film is relatively thick and the diffusivity is low. Moreover, the thickness of the
film plays a role in determining the distribution of radiant energy intensity within it. The
availability of photons at a local level, necessary for activating the reaction, depends on
the depth they need to penetrate. As a result, when the optical path is relatively long, the
intensity of photons can be reduced, and the reaction does not take place inside the whole
film efficiently [27]. However, photocatalysis is fundamentally a surface process, and the
surface morphology of the two samples plays an important role. Higher roughness means
higher surface area, leading to improved photocatalytic efficiency.
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Figure 7. Photocatalytic efficiency of the TiO2 thin film obtained using undiluted and diluted sol
under (a) UV-Vis, (b) UV, and (c) no irradiation, as well as (d) Methylene blue photolysis with an
uncoated substrate.

Moreover, the slight differences between the photocatalytic efficiency recorded on
the samples under UV-Vis (Figure 7a) and UV (Figure 7b) can be correlated to the dye-
sensitization of the metal oxide thin film, as TiO2 is only active under UV irradiation.
Finally, it is worth mentioning that while the adsorption of methylene blue on the TiO2
surface represents the first step in photocatalysis, it has a less significant contribution to
pollutant removal as an individual process. The adsorption on both samples was almost
constant over the testing period (9 h) at 3–5% (Figure 6c).

Photodegradation experiments using the methylene blue solution, with no addition
of (photocatalytic) beads, were also performed in order to establish the amount of MB
which is degraded through irradiation. After 1 h in the dark and 8 h of UV-Vis irradiation,
following the same experimental conditions as those previously mentioned, an efficiency
of 5.5% was recorded. Therefore, the difference up to 30% (for the sample obtained using
the diluted sol) and up to 40% (for the sample obtained using the undiluted sol) can be
mainly attributed to photodegradation and only partly to the adsorption of MB by the
TiO2-covered beads. Moreover, during photolysis tests performed with the etched substrate
(1 g) but uncoated with TiO2 thin film (using the same conditions as described above), a
degradation efficiency of 7% was reached (Figure 7d). This increase from 5.5% to 7% was
most likely due to additional MB adsorption on the glass beads substrate.
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This confirms that both samples are promising photocatalysts that could potentially
lead to methylene blue mineralization under solar radiation (with higher irradiance of 1000
W/m2). Thus, it is recommended that no dilution of the sol should be applied when aiming
at depositing uniform, photoactive, and stable TiO2 photocatalyst on bead substrates.

3.3. Influence of the Number of Deposition Layers on the TiO2 Thin Film Properties

Another path to modify the film thickness is to sequentially deposit multiple layers.
Therefore, a second TiO2 layer was further deposited on the glass beads previously coated
with TiO2 using undiluted sol (previously determined as optimal).

The photocatalytic performance on methylene blue removal under UV-Vis, UV, and
no irradiation was investigated (Figure 8) and compared to the TiO2 sample with one layer
(Figure 7).

 
Figure 8. Photocatalytic (UV-VIS and UV) and adsorption (ADS) efficiency of the TiO2 thin film with
two layers obtained from undiluted sol.

It can be noticed that the addition of a second TiO2 layer does not significantly improve
the photocatalytic performance of the samples, as the overall maximum efficiencies after the
testing period (9 h) are very similar (~40% for both samples under UV-Vis and ~28% under
UV irradiation). Although the double-layered sample has a higher adsorption efficiency
(6% compared to 3% for the single-layered one), this did not improve the photocatalytic
efficiency. Also, it is likely that some aggregates containing the adsorbed pollutant are
removed from the photocatalytic surface during the testing period. In both cases, there
was no flattening of the curve even after higher testing durations, which indicates that
the photocatalyst surface is not affected by clogging with the pollutant or degradation by-
products and may potentially lead to mineralization if (a) the process duration is extended,
while maintaining the same irradiance or (b) the irradiance is increased (natural solar
radiation), thus decreasing the required process duration.

To test the stability of the samples with one or two layers, their morphology and
chemical composition were evaluated before and after photocatalysis. The highest impact
on the samples was considered under maximum irradiance; therefore, the samples were
investigated before and after testing under UV-Vis irradiation.

The results presented in Figure 9 show that both samples host surface reorganiza-
tion processes as the larger aggregates stacked before photocatalysis (Figure 9a,c) detach
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from the surface and/or are broken down into smaller aggregates after photocatalysis
(Figure 9b,d). This behavior is similar to the one noticed during the stability experiments
on the previously discussed films in water. Moreover, there were not any areas where film
washout could be detected, either for the single-layer or for the two-layered sample.

  
(a) (b) 

  
(c) (d) 

Figure 9. SEM images of the TiO2 thin films with (a,b) one and (c,d) two layers (a,c) before and
(b,d) after photocatalysis.

The chemical composition at the sample surface was evaluated through EDX mapping,
and the results are inserted in Table 4. The higher amount of Ti in the double-layered
sample compared to the single-layered one can be due to the increased film thickness. This
matches the lower substrate (Si and Na, Mg, Ca, and Al) elements contained in the double-
layered film. Before photocatalysis, sulfur presence in the single-layered sample could be
attributed to traces left over from the substrate etching step. After photocatalysis, sulfur
content increases which could be attributed to the presence of some photodegradation by-
products that were not desorbed from the photocatalyst surface. Also, after photocatalysis,
the decrease in the Ti amount may be correlated with the decrease in the film thickness
as a result of thin film reorganization at the surface and the partial transfer of the TiO2
aggregates into the solution (which is also supported by the images in Figure S2). The
SEM images of the films presented before and after the photocatalytic tests (Figure 9 and
Figure S2) give an indication of the entire film surface on the beaded substrate, as the
process of aggregates transfer could be observed all over the surface of these samples.
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Table 4. Chemical composition (at. %) of the surface of the TiO2 thin films with one or two layers
before and after UV-Vis photocatalysis (PC) of methylene blue.

No. of Layers Stability Testing Time Si O Ti S
Other Elements
(Na, Mg, Ca, Al)

1
Before PC 16.84 71.69 1.20 0.02 10.25

After PC 14.16 74.68 0.73 0.12 10.31

2
Before PC 13.12 73.72 3.90 - 9.26

After PC 17.38 70.85 1.71 0.12 9.95

The differences between the single- and double-layered TiO2 samples from a mor-
phological, chemical, and photocatalytic point of view were not significant enough to
recommend a multilayered structure. The increase in cost that the double layer involves
offsets any slight improvement that the second layer has on the overall film properties that
were investigated.

XRF measurements were performed to verify the chemical composition of the most
promising sample obtained on a substrate etched for 2 h in sulfuric acid from an undiluted
sol with a single-layer deposition (Table 5). The XRF spectra of titanium and oxygen
elements of the optimized TiO2 thin film on the bead surface illustrated in Figure 10
reveal the spectral lines of TiKα1 (4.50 eV), TiKβ1 (4.92 eV) (Figure 9a), and O Kα (0.52 eV)
(Figure 10b). As shown in Table 5, the experimental results are in good agreement with the
theoretical ones for the film, confirming that a stoichiometric TiO2 was deposited.

Table 5. Chemical composition determined by XRF for the optimized TiO2 thin film on bead surface.

Chemical
Element

Theoretical Chemical
Composition (wt.%)

Experimental Chemical
Composition (wt.%)

Absolute Error (wt.%)

Ti 59.93 60.32 +0.39

O 40.07 39.67 +0.39

  
Figure 10. XRF spectra of (a) titanium and (b) oxygen elements of the optimized TiO2 thin film on
bead surface.

The indirect bandgap energy, characteristic of anatase [28], was evaluated starting from
the UV-Vis absorption spectrum (Figure 11a) and applying the Tauc method (Figure 11b).
The obtained value was 3.15 eV and matches well with the reference literature values [29,30];
the slight differences may be the result of the surface agglomerations.
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(a) (b) 

ν

ν

Figure 11. (a) UV-Vis spectrum and (b) Tauc representation for the optimized TiO2 thin film on
bead surface.

Contact angle measurements on the thin films deposited on glass beads could not be
made due to the small diameter of the substrate, which offers only a curved surface for
baseline determination. The wetting properties were determined for a corresponding TiO2
thin film obtained from undiluted sol, with one layer on 2 h etched planar glass substrate.
The contact angle was ~15◦, decreasing to 9.5◦ after UV conditioning for 9 h, as previously
reported in the literature [31]. However, the differences between the chemical composition
and morphology of the two substrate types do not guarantee that the values obtained on
the films deposited on the planar surface would match those of the films deposited on
the bead surface. The morphology and the chemical composition (or even crystallinity)
of the two substrates can lead to different film growth mechanisms, thus changing their
morphology and their chemical composition and, therefore, their wetting properties.

4. Conclusions

The study investigated the influence of various parameters on photocatalytic TiO2
thin films deposited on glass beads applied in the degradation of methylene blue from
aqueous solutions, focusing on substrate etching duration, sol dilution, and the number of
deposited layers.

The substrate etching duration in H2SO4 was adjusted to enhance surface area and
nucleation sites. Longer etching time led to crater formation after 24 and 48 h, as observed
in the SEM images. Chemical composition analysis using EDX confirmed sulfur traces and
other elements, likely caused by H2SO4 infiltration into the pores or reactions with metal ion
impurities from the glass substrate. Longer etching durations increased surface roughness
(58 nm after 48 h) but hindered thin film ideal deposition due to crevices and cracks on
the substrate. Residual sulfuric acid traces after etching could negatively impact thin film
properties. Based on these findings, the optimum etching duration was determined to be
2 h.

This substrate was used for the deposition of TiO2 thin films using diluted or undiluted
sols, with variations in the number of deposition layers. XRD analysis indicated similar
structural properties for the thin films from undiluted and diluted sols. SEM and AFM
images showed varied aggregates on the film surface, potentially enhancing photocatalytic
efficiency through increased pollutant adsorption. However, the stability of these aggre-
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gates in water needed to be confirmed to ensure they did not detach from the film surface.
Chemical composition analysis indicated a non-uniform film thickness, with some areas
having a very thin layer of TiO2. Stability tests in distilled water outlined the removal or
breakdown of larger aggregates into smaller ones, as shown by SEM images, particularly
in the diluted sol samples, indicating reduced stability in an aqueous environment.

Photocatalysis is an advanced oxidation process that can remove trace concentration
(ppm or ppb) of organic pollutants and (ideally) using solar or UV-Vis irradiation. This
makes it an excellent option for advanced wastewater treatment. Photocatalytic experi-
ments with methylene blue solution revealed that undiluted sol samples exhibited superior
photocatalytic efficiency compared to diluted sol samples under various irradiation condi-
tions. Thicker films generally exhibited enhanced photocatalytic activity due to increased
photocatalytic mass, but diffusion limitations could occur in relatively thick films with low
diffusivity. Higher roughness and higher surface area also supported an improved photo-
catalytic efficiency. On the other hand, titanium dioxide powder has a high specific surface
area, thus allowing good pollutant adsorption. However, using powders as photocatalyst
raises challenges related to their full recovery for reuse and limiting their dispersion in the
environment. Although thin films have a smaller specific surface area than powders, they
are easier to regenerate and reuse.

In conclusion, the study provides valuable insights into the impact of etching duration
and sol dilution on the properties and photocatalytic performance of TiO2 thin films on
glass beads. The findings can guide the optimization of these parameters for more efficient
photocatalysts in applications such as pollutant degradation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma16144899/s1, Figure S1: SEM images of the TiO2 layers before
(a, b) and after 9 h (c, d) and 18 h (e, f) of stability testing for the samples obtained using undiluted
(a, c, e) and diluted sols (b, d, f), matching the points in Table 3; Figure S2: SEM images of the TiO2
thin films with one or two layers, before and after UV-Vis photocatalysis (PC) of methylene blue,
matching the points in Table 4; Table S1: Water contact angle on flat microscopic glass slides.
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Abstract: Clinobisvanite (monoclinic scheelite BiVO4, S.G.I2/b) has garnered interest as a wide-band
semiconductor with photocatalyst activity, as a high NIR reflectance material for camouflage and cool
pigments and as a photoanode for PEC application from seawater. BiVO4 exists in four polymorphs:
orthorhombic, zircon-tetragonal, monoclinic, and scheelite-tetragonal structures. In these crystal
structures, V is coordinated by four O atoms in tetrahedral coordination and each Bi is coordinated
to eight O atoms from eight different VO4 tetrahedral units. The synthesis and characterization
of doped bismuth vanadate with Ca and Cr are studied using gel methods (coprecipitated and
citrate metal–organic gels), which are compared with the ceramic route by means of the UV–vis–NIR
spectroscopy of diffuse reflectance studies, band gap measurement, photocatalytic activity on Orange
II and its relation with the chemical crystallography analyzed by the XRD, SEM-EDX and TEM-SAD
techniques. The preparation of bismuth vanadate-based materials doped with calcium or chromium
with various functionalities is addressed (a) as pigments for paints and for glazes in the chrome
samples, with a color gradation from turquoise to black, depending on whether the synthesis is by
the conventional ceramic route or by means of citrate gels, respectively; (b) with high NIR reflectance
values that make them suitable as fresh pigments, to refresh the walls or roofs of buildings colored
with them; and (c) with photocatalytic activity.

Keywords: clinobisvanite; ceramic pigment; high NIR reflectance; photocatalysis; sol–gel

1. Introduction

Monoclinic BiVO4 (I2/b) is a direct band gap (2.4 eV) semiconductor with proper align-
ment with water oxidation potential that is applied to seawater splitting in the presence
of a high ion concentration and in a corrosive environment [1]. BiVO4 exists in four poly-
morphs: orthorhombic (o-BiVO4) or pucherite, tetragonal-zircon type (t-BiVO4, I41/amd),
monoclinic-scheelite or clinobisvanite (m-BiVO4, group I2/b) and scheelite-tetragonal. Al-
though orthorhombic is the most common phase in nature (mineral pucherite), it has not
been synthesized in the laboratory. The low-temperature synthesis of BiVO4 produces the
zircon-tetragonal phase with a band gap of 2.9 eV, which, at 528 K, transforms into the
monoclinic phase, reversible to tetragonal by adjusting the temperature. In these crystal
structures, V is coordinated by four O atoms in a tetrahedral coordination and each Bi is
coordinated to eight O atoms [2]. The BiO8 polyhedron known as bisdisphenoid or do-
decadeltahedron is rather familiar in this case because all polymorphs of described BiVO4
show this typical coordination in zircon and scheelite; this polyhedron has 12 triangular
faces, 18 edges and, of course, 8 vertices with symmetry D2d in Schönflies notation [3].

Among non-titania (TiO2)-based visible-light-driven photocatalysts, monoclinic BiVO4
has proved to be an excellent material for photocatalytic water splitting and the photo-
catalytic degradation of organic compounds [4], as a high NIR reflectance material for
camouflage and cool pigments and as a photoanode for PEC application from seawater [5].

Materials 2023, 16, 3722. https://doi.org/10.3390/ma16103722 https://www.mdpi.com/journal/materials56
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BiVO4 is not classified as hazardous and is used to replace the highly toxic yellow cad-
mium sulfoselenide in ecofriendly paints applications [6]. In general, bismuth compounds
do not show classified harmful properties and are used in medical application„ e.g., the
so-called milk of bismuth [7] and or the bismuth subsalicylate (or hydrolyzed bismuth
salicylate (Bi(C6H4(OH)CO2)3)), an antacid and anti-diarrheal agent [8].

BiVO4 can be stabilized in different crystal structures, yet high PEC efficiency is found
only for the n-type-doped monoclinic phase. The theoretical description of the monoclinic
polymorph is difficult because of spontaneous transformation to a tetragonal phase. The
cause of instability of the monoclinic phase which spontaneously transforms to a tetragonal
phase has not solved yet. Laraib et al. [9] suggest a crucial role of doping in the structure
and, thus, the photoelectrochemical performance of BiVO4 because m-BiVO4 is related to
the higher photoelectrochemical activity.

A simple review of the literature about the studied systems has been carried out
analyzing the entries in WOS (Web of Science) and Google Academics. For the topic “calcium-
doped BiVO4”, there are three entries (two in WOS and another one in Google): one for
visible-light-activated (VLA) photocatalysis applied to the degradation of pharmaceutical
contaminants of emerging concern and two for photoanodes for water splitting, all based in
the semiconductor characteristics of Ca-BiVO4 solid solutions. Fatwa et al. [10] introduces
for the first time calcium as an acceptor-type dopant into BiVO4 photoelectrodes, and the
resulting Ca-doped BiVO4 photoelectrodes show anodic photocurrents with an enhanced
carrier separation efficiency. BiVO4 and Ca-BiVO4 show indirect semiconductor behavior
with band gap measured by a Tauc plot of 2.48 and 2.44 eV, respectively. Li et al. [11] prepare
micropowders of MII

xBi1−xV1−xMoxO4 (MII = Ca, Sr, x = 0.1 to 0.9) by the ceramic method;
the samples x = 0.1 in the cases of samples containing calcium and strontium afford the
highest water-splitting performance.

In the case of “chromium-doped BiVO4”, twelve entries are detected—nine in WOS and
two in Google. Seven are related to different photocatalytic systems applied to the photore-
duction of chromium (VI) in wastewater and the other four to photoelectrochemical water
splitting. The Cr-doped BiVO4 are synthesized using chromates via liquid–solid state reac-
tion obtaining Cr(VI) solid solutions in BiVO4, where Cr(VI) replaces V(V). Krysiak et al. [12]
studied photoanodes for water splitting prepared by spray printing of molybdenum-doped
BiVO4 using a liquid–solid state reaction in ethanol media by means of multicomposite
catalysts containing nickel, iron, and chromium introduced as nitrates. The formed cat-
alyst particles were not uniformly incorporated into the Mo-BiVO4 structure, but rather
creating agglomerates. This suggests phase segregation, which may be beneficial for pho-
toelectrochemical activity. Okuno et al. [13] prepared Cr6+-BiVO4 solid solutions from
Bi(NO3)3·5H2O, V2O5 and CaCrO4 in HNO3. The resulting solution was stirred for 26–168 h
in the dark and the resulting precipitate was washed and dried at 80 ◦C for 5 h. The single
phase of monoclinic scheelite BiVO4 was obtained with up to 2% Cr doping while mixtures
of monoclinic scheelite and tetragonal-zircon BiVO4 were obtained for samples with larger
amounts of doping (3–5%) even with a prolonged reaction time of up to 4 weeks.

Therefore, the literature related to Ca- and Cr-doped BiVO4 applies to the photoelec-
trochemical splitting of water and uses solid-state liquid reactions in organic media to
preserve high valence ions such as Cr(VI). Therefore, it is not applicable for the synthe-
sis of ceramic pigments that need high temperatures to be used in ceramic glazes and
earthenware (1000–1300 ◦C) in construction applications.

This work addresses the synthesis and characterization of bismuth vanadate doped with
calcium or chromium with various functionalities (a) as pigments for paints and enamels; (b)
with high NIR reflectance values that make them suitable as cool pigments, to refresh the
walls or floors of buildings colored with them; and (c) with photocatalytic activity.

2. Materials and Methods

2.1. Synthesis Methods

The synthesis methodology will be based on the ceramic method CE, the ammonia
coprecipitation method CO and the metal–organic decomposition method MOD.
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Ceramic samples (CE) were synthesized from Cr2O3, α-Bi2O3 and NH4VO3 99.9 wt%
supplied by Sigma-Aldrich. These precursors with a particle size between 0.3 and 5 μm
were mechanically homogenized in an electric grinder (20,000 rpm) for 5 min and the
mixture fired at the corresponding temperature and soaking time.

CO and MOD samples were synthesized from Cr(NO3)3·9H2O, NH4VO3 (previously
dissolved in HNO3 30 wt%) and Bi(NO3)3·5H2O (99.9 wt%, Sigma-Aldrich, St. Louis, MO,
USA). For 5 g of the product, these precursors were dissolved in 200 mL of water, then
citric acid is added with a molar ratio of Bi:Acid = 1:x (x = 0 or CO sample, 0.25, 1, 2).
This solution was continuously stirred at 70 ◦C and ammonia 17.5 wt% was dropped until
gelation occurred at approximatively pH 7.5. The gel was dried at 110 ◦C and fired at the
corresponding temperature and soaking time (500 ◦C/1 h for charring CO and MOD gels,
and 600 ◦C/3 h for CE and the previously charred CO and MOD gels).

2.2. Characterization Methods

X-ray diffraction (XRD) was carried out on a Siemens D5000 diffractometer (München,
Germany) using Cu Kα radiation (10–70◦2θ range, scan step 0.02◦2θ, 4 s per step and 40 kV
and 20 mA conditions).

L*a*b* and C*h* color parameters of glazed samples were measured following the CIE-
L*a*b* (Commission Internationale de l’Éclairage) colorimetric method using a X-Rite SP60
spectrometer, with standard lighting D65 and a 10◦ observer [14]. L* measures the lightness
(100 = white, 0 = black) and a* and b* the chroma (−a* = green, +a* = red, −b* = blue,
+b* = yellow). C* (chroma) and h* (hue angle) can be estimated from a* and b* parameters
by the Equations (1) and (2), respectively:

C* = (a2 + b2)1/2 (1)

h* = arctan (b*/a*) (2)

We can point out that the optimal chroma is obtained when lightness L* (measured by
the L*a*b* method) is high for yellow (80–90), cyan (75–85) and green (70–80), middle for
magenta (50–60) and red (45–55) and low for blue (25–35) hues.

UV–vis–NIR spectra of fired powder and the applications of the pigments were carried
out by a Jasco V670 spectrometer (Madrid, Spain) through the diffuse reflectance technique,
measuring absorbance (A in arbitrary units) or reflectance (R(%)) through the Kubelka–
Munk transformation model. A band gap energy of semiconductors was calculated by a
Tauc plot from the UV–vis–NIR diffuse reflectance spectra [15].

The solar reflectance, R or total solar reflectance, RNIR or solar reflectance in the NIR and
RVis solar reflectance in the visible spectrum are evaluated from UV–vis–NIR spectra, through
the diffuse reflectance technique, as the integral of the measured spectral reflectance and the
solar irradiance divided by the integral of the solar irradiance in the range of 350–2500 nm
for R, 700–2500 nm for RNIR and 350–700 nm for RVis as in the Equation (3):

R =

∫ 2500
350 r(λ)i(λ)dλ∫ 2500

350 i(λ)dλ
(3)

where (a) r(λ) is the spectral reflectance (Wm−2) measured from UV–vis–NIR spectra and
(b) i(λ) is the standard solar irradiation (Wm−2 nm−1) according to the American Society
for Testing and Materials (ASTM) Standard G173-03.

Microstructure characterization of powders was carried out by scanning electron
microscopy (SEM) using a JEOL 7001F electron microscope (Akishima, Japan) and transmis-
sion electron microscopy (TEM) using a HITACHI electron microscope and selected area
electron diffraction (SADP) (following conventional preparation and imaging techniques).

The photocatalytic tests were performed using a dispersion of 500 mg/L of pow-
der added to a solution 0.6·10−5 M of Orange II in pH 7.42 phosphate buffer media
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(NaH2PO4·H2O 3.31 g and Na2HPO4·7H2O 33.77 g solved in l.000 mL of water). The degra-
dation of Orange II in buffer media was followed by colorimetry at λ = 485. The UV
irradiation source was a mercury lamp of 125 W emitting in the range 254–365 nm. The sus-
pension was first stirred in the dark for 15 min to reach the equilibrium sorption of the dye.
Aliquot samples were taken every 15 min to measure the change in the dye concentration.
Control experiments with Orange II solution and without catalyst, were conducted before
the photocatalytic experiments (CONTROL). Commercial anatase P25 from Degussa was
used as a reference to compare its photocatalytic activity with the studied samples [16].

The photodegradation curves were analyzed following the Langmuir–Hinshelwood
model [16] measuring parameters such as the degradation half-time t1/2 and the correlation
of kinetic data R2.

In order to analyze the pigmenting capacity of powders as ceramic pigments, the pow-
ders were 3 wt% mixed with a double-firing frit (composition in oxides (wt%); SiO2(62.3),
B2O3(9.1), Al2O3(10.3), CaO(5.9), K2O(9.3), ZnO(3.1), ZrO2(0.1)) supplied by Alfarben S.A.,
with a maturation point at 1050 ◦C that devitrifies zircon. The mixture of the frit and
the pigment were fired applying a standard firing cycle used in the ceramic tile industry,
maintaining the maximum of temperature (1050 ◦C) for 5 min.

3. Discussion

A cooperative transition (COT) mechanism is assumed [3]. In this mechanism, the
chromophore enters the solid solution, replacing an isovalent cation but with dissimilar
size; if the chromophore is bigger than the replaced ion, it becomes “compressed” even
in small concentrations and even more if the incorporation of the chromophore ion M
occurs, with increasing covalence and polarizability of the M-O bond. The M-O distance
decreases and the high tetragonal distortion of d orbitals of the transition ion enhances the
crystalline field over de ion. Consequently, absorption bands shift to higher frequencies
and the color shifts to blue. If the chromophore is smaller than the replaced ion, it becomes
“relaxed” in the lattice site (in this case, Shannon–Prewitt Crystal Radii [17]: Bi3+(VIII) =
1.31 Å, Ca2+(VIII) = 1.26 Å, Cr3+(VIII) = 0.7 Å) and the crystalline field over the d orbitals
goes down; therefore, the absorption bands shift to higher wavelengths. In short, in this
mechanism, there is a cooperative transition between the chromophore and the replaced
ion that modifies the crystalline field over the chromophore ion.

In this case, the replacement of Bi3+ by the smaller Ca2+ or Cr3+ should relax the dopant
ions, which shifts its absorption to higher wavelengths, but aliovalent replacement with Ca2+

probably increases the concentration of charge-carrying mobile defects of oxygen [13,18].

3.1. The Effect of the Dopant Concentration

Figure 1 shows the powder samples (CaxBi1−x)VO4, x = 0, 0.1, 0.2, 0.4 (600 ◦C/3 h):
(a) aspect by binocular lens (×40), and its L*a*b*, and (b) 3 wt% washed samples glazed
in a double-firing frit (1050 ◦C). The entrance of Ca2+ replacing Bi3+ is associated with a
slight decrease in color intensity (lightness L* and yellow hue b* increase, but red hue a*
decreases). The pigments are dissolved, unstabilized in the glaze, and do not produce
coloration (Figure 1b).

Figure 2 shows the UV–vis–NIR spectra of calcium-doped samples (CaxBi1−x)VO4,
x = 0.1, 0.2, 0.4 (600 ◦C/3 h), showing a transference charge band centered at 400 nm
with a typical semiconductor performance. Table 1 shows the main characterization of
(CaxBi1−x)VO4 (600 ◦C/3 h) samples: the band gap measured from UV–vis–NIR spectra by
the Tauc procedure (Figure 3) indicates that the semiconductors show a direct performance
and the band gap increases slowly from 2.25 eV for pure BiVO4 (x = 0) to 2.31 eV for the
x = 0.4 doped sample (10). Thereby, NIR reflectance also increases continuously with x:
from 53% for pure BiVO4 to 62% for the x = 0.4 sample, improving the cool performance
of BiVO4.
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x=0 x=0.1 x=0.2 x=0.4 

   

  

  

75.1/11.2/38.2 78.6/10.6/38.7 80.0/9.5/39.4 

(b) 

Figure 1. Powder samples (CaxBi1−x)VO4, x = 0, 0.1, 0.2, 0.4 (600 ◦C/3 h): (a) aspect by binocular lens
(×40), and L*a*b* of powders; (b) 3 wt% washed samples glazed in a double-firing frit (1050 ◦C).

(a) 

(b) 

Figure 2. UV–vis–NIR spectra of (CaxBi1−x)VO4, x = 0.1, 0.2, 0.4: (a) (600 ◦C/3 h) powders; (b) 3 wt%
glazed samples.
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Table 1. Characterization of (MxBi1−x)VO4, M = Ca, Cr, x = 0, 0.1, 0.2, 0.4 (600 ◦C/3 h) samples.

x = 0 x = 0.1 x = 0.2 x = 0.4

(CaxBi1−x)VO4 powder
L*a*b* 74.2/15.0/36.0 75.1/11.2/38.2 78.6/10.6/38.7 80.0/9.5/39.4

Eg (eV) (Tauc) 2.25 2.26 2.30 2.31
RVis/RNIR/R 30/53/41 31/55/43 32/60/46 33/62/47

(CrxBi1−x)VO4 powder
L*a*b* 74.2/15/36 50.3/12.2/37.2 47.6/11.6/35.1 46.0/10.5/34.7

Eg (eV) (Tauc) 2.25 2.18 2.13 2.13
RVis/RNIR/R 30/53/41 27/47/37 23/44/32 19/41/30

(CrxBi1−x)VO4 glazed
L*a*b* white 59/−7.9/3.3 52.2/−10.1/−2 53.8/−5.8/−8.9

Eg (eV) (Tauc) 3.26 1.50 1.53 1.56
RVis/RNIR/R 77/89/82 33/76/54 26/70/47 22/67/44

Figure 3. Tauc plots of (CaxBi1−x)VO4, x = 0.1, 0.2, 0.4 (600 ◦C/3 h) powders.
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All XRD of these Bi1−xCaxVO4 ceramic samples show clinobisvanite (V) as a single
phase, except the x = 0.4 sample, which shows residual peaks of CaV2O6 (see Figure 4). There-
fore, it can be pointed out that the limit of the solid solution of Ca2+ in Bi1−xCaxVO4−x/2 is
lower than x = 0.4 and stabilizes the monoclinic polymorph (11).

Figure 4. XRD of Bi1−xCrxVO4 ceramic samples. Crystalline phases: V (m-BiVO4), C (hexagonal Cr2O3),
and S (Scherbinite V2O5). The homologous Bi1−xCaxVO4 ceramic samples show clinobisvanite (V) as a
single phase except the x = 0.4 sample, which shows residual peaks of CaV2O6.

Figure 5 shows the ceramic CE powders with chromium (CrxBi1−x)VO4, x = 0, 0.1,
0.2, 0.4 fired at 600 ◦C/3 h). Figure 5a shows the aspect through binocular lens (×40) and
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L*a*b* of yellow–green-colored samples; macroaggregates of homogeneous microcrystals
can be observed and the entrance of chromium produces a more intense color (L* decreases
with x) and less red and yellow hues (both a* and b* parameters decrease with x).

X=0 x=0.1 x=0.2 x=0.4 

   

   

50.3/12.2/37.2 47.6/11.6/35.1 46.0/10.5/34.7 

59/-7.9/3.3 52.2/-10.1/-2 53.8/-5.8/-8.9 

(a) 

(b) 

Figure 5. Samples (CrxBi1−x)VO4, x = 0, 0.1, 0.2, 0.4 (600 ◦C/3 h): (a) aspect through binocular lens
(×40), and L*a*b* of powders; (b) 3 wt% washed samples glazed in a double-firing frit (1050 ◦C).

When washed powders were 3 wt% glazed in a double-firing frit (1050 ◦C) (Figure 5b)
an interesting turquoise color is developed by chromium-doped samples, more intense with
the chromium amount x: L* decreases, green (negative a*) decreases and blue (negative b*)
increases, respectively, resulting x = 0.4 (L*a*b* = 53.8/−5.8/−8.9). The optimum turquoise
sample. Figure 5 shows the XRD of chromium doped Bi1−xCrxVO4 ceramic samples: all sam-
ples show clinobisvanite (V on figure) as majoritarian phase with residual peaks associated
with hexagonal Cr2O3 (C) and Scherbinite V2O5 (S), which slightly increase in intensity with
the amount of doping agent x (best observed in the highly doped sample (x = 0.4)).

The UV–vis–NIR spectra of (CrxBi1−x)VO4, x = 0.1, 0.2, 0.4 (600 ◦C/3 h) powders (see
spectra on Sections 3.2 and 3.3 for sample x = 0.4) show optical absorption bands that can
be associated with Cr3+ (3d3) in the dodecadeltahedral position (D2d symmetry group),
with a multiband at 220–520 nm integrated almost for the overlap of bands centered at
270, 380 and 480 nm, respectively, and a shoulder at 750 nm (that confers a semiconductor
appearance to the spectrum) with bands at 680 and a shoulder at 760 nm. The electronic
configuration for Cr3+(d3) may be described as d x

2−y
21d z

21 dxz,yz
1dxzdxy [19]. Table 1

shows the characterization of these chromium-doped (CrxBi1−x)VO4 (600 ◦C/3 h) samples:
the band gap measured from UV–vis–NIR spectra by the Tauc procedure indicates that the
semiconductor shows a direct performance, decreasing its band gap slowly from 2.25 eV
for pure BiVO4 (x = 0) to 2.13 eV for the x = 0.4 doped sample. Likewise, NIR reflectance
also decreases continuously with x: from 53% for pure BiVO4 to 41% for the x = 0.4 sample,
reducing the cool performance of BiVO4.

Figure 6 shows the UV–vis–NIR spectra of chromium-doped (CrxBi1−x)VO4, x = 0.1,
0.2, 0.4 (600 ◦C/3 h) glazed samples. It is detected as an intense band centered at 270 nm to
the charge transfer band of the frit used in the glaze, and relatively intense bands in the
visible range at 380, 500 and 620 with a shoulder at 720 nm; a minimum of absorbance at
520 nm is detected, indeed a maximum of light reflected, that explains the turquoise color
of the sample. These bands can be considered the same as that of the powders shifting to
lower wavelengths.
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Figure 6. UV–vis–NIR spectra of CrxBi1−xVO4 glazed samples.

Figure 7 shows the Tauc plots of chromium-doped (CrxBi1−x)VO4, x = 0, 0.1, 0.2, 0.4
(600 ◦C/3 h) glazed samples showing a direct type semiconductor behavior. For the pure
BiVO4 (x = 0) that unstabilizes in the glaze and produces white color associated with the
glaze (see Figures 1b and 2b), its Tauc plot indicates a direct band gap of 3.26 eV in the UV
range due to the frit mixed with the pigment in the glaze. The band gap of turquoise glazes
with chromium-doped BiVO4 increases slowly from 1.50 eV for x = 0.1 to 1.56 eV for the x
= 0.4 sample in the vis–NIR range.

Figure 7. Cont.
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Figure 7. Tauc plots of (CrxBi1−x)VO4, x = 0, 0.1, 0.2, 0.4 (600 ◦C/3 h) glazed samples.

Since Ca-doped samples do not produce coloration and the solid solution is complete
in this case, optimization studies with mineralizers and the use of the coprecipitation and
MOD routes to obtain inks for glazes were performed only on chromium-doped samples.

3.2. The Effect of the Addition of Mineralizers in Cr-Doped Samples

Figure 8 shows the effect of the addition of three mineralizers in order to activate the
synthesis improving the ionic diffusion on the system [20,21] of the optimum composition
Cr0.4Bi0.6VO4: 3 wt% NH4Cl (min 1), 3 wt% 3NaF·2MgF2·Li2CO3 (min 2) and 2 wt%
CaCO3·KCl +1 wt% NaF.Na4B2O7 (min 3). The DTA and TG analyses of the employed
mineralizers (Figure 9) chosen with thermal activity at progressive temperatures show:
(a) (min 1) melts and decomposes at 290 ◦C, showing an intense endothermic band (a very
week endothermic band at 100 ◦C is detected also associated with water elimination) with
an associated weight loss at TG of 100%; (b) (min 2) endothermic bands at 140, 460 and
625 ◦C as main DTA bands, and the band at 460 ◦C is associated with a weight loss of
approximately 20% in TG pattern, due to carbonate decomposition, and finally (c) (min 3)
shows the main endothermic bands at 140, 580 and 640 ◦C as main DTA bands with a weight
loss in TG approximately 10% at 580 ◦C associated with carbonate decomposition.

Figure 8b shows the photographs of powders by binocular lens (×40) and the corre-
sponding 3 wt% washed powders glazed in a double-firing frit (1050 ◦C) (L*a*b*parameters
are included); the low-temperature mineralizer NH4Cl (min 1) is greenish (L* increases, a*
decreases and b* increases) but the turquoise shade obtained in glazed samples is similar to
the unmineralized sample, the middle mineralizer 2 produces green shades in both powder
and glazed samples, and the higher-temperature mineralizer (min 3) is also greenish in pow-
der but shows a high turquoise intensity in glazes (L* decreases and negative b* increases).
The addition of mineralizers only shows a significant improvement of the turquoise shade
of the glazed sample with mineralizer 3 with a near thermal activity (580 ◦C) to the firing
employed temperature (600 ◦C) (20).
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Figure 8. Effect of mineralizers on the Cr0.4Bi0.6VO4 sample: (a) photos of powders by binocular lens
(×40); (b) 3 wt% washed samples glazed in a double-firing frit (1050 ◦C) (L*a*b*parameters are included).

Figure 9. Cont.
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Figure 9. DTA (red) and TG (blue) of employed mineralizers.

Figure 10 shows the XRD diffractogram of some mineralized samples: mineralizer 1
shows m-BiVO4 and residual peaks of S (scherbinite V2O5) and C (hexagonal Cr2O3). In the
case of mineralizer 2, C (hexagonal Cr2O3) and very weak peaks of W (CrVO4) are detected;
finally, for mineralizer 3 only residual peaks of W (CrVO4) are detected. Therefore, the
relative high-temperature mineralizer 3 shows the cleaner diffractogram (with minimal
residual phases) and the best turquoise result in the glaze.

 

Figure 10. XRD of the Cr0.4Bi0.6VO4 mineralized samples. Crystalline phases: V (m-BiVO4), S (Scherbi-
nite V2O5), C (hexagonal Cr2O3), and W (CrVO4).

Figure 11 shows the UV–vis–NIR of Cr0.4Bi0.6VO4 powders and glazed mineralized
samples, respectively. As described above, powders show the optical absorption bands
associated with Cr3+ (3d3) in the dodecadeltahedral position but the absorbance is higher in
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mineralized samples; and in the case of min 3, the shoulder at 680 nm practically disappears.
Likewise, glazed samples show an intense band centered at 300 nm due to the charge
transfer band of the frit used in the glaze and relatively intense bands in the visible range
at 500, 610 and the shoulder at 680 nm; a minimum of absorbance at 500 nm is detected;
indeed a maximum of light reflected, which explains the turquoise color of the sample. The
band gap of powders (measured by the Tauc method) decreases for mineralized samples;
2.11 eV for min 1 and 2.09 eV for min 2 and min 3 (Table 2). On the other hand, the band
gap associated with the shoulder at 680 nm for glazed samples indicates similar values for
mineralizer 2 (1.56 eV) whereas those for mineralizers 1 and 3 are slightly lower (1.55 and
1.54 eV, respectively) (Table 2).

Figure 11. UV–vis–NIR spectra of the Cr0.4Bi0.6VO4 mineralized samples.

Table 2. Characterization of mineralized samples of Cr0.4Bi0.6VO4 composition (600 ◦C/3 h).

CE min 1 min 2 min 3

POWDERS
L*a*b* 46/10.5/34.7 49.3/6.6/37.2 41.3/4.9/22.1 39.8/4.3/24.5

Eg (eV) (Tauc) 2.13 2.11 2.11 2.09
RVis/RNIR/R 19/41/30 18/39/28 16/37/26 13/35/21

GLAZED
L*a*b* 53.8/−5.8/−8.9 54.9/−6.2/−7.3 49.3/−8.2/−0.7 49.6/−9.4/−9.4

Eg (eV) (Tauc) 1.56 1.55 1.56 1.56
RVis/RNIR/R 22/67/44 22/68/44 21/67/44 23/66/43

Finally, the reflectance RVis and RNIR of powders decrease in all mineralized samples
associated with a greenish turn and as the intensity of the color increases (lower L*) (Table 2).
On the other hand, for glazed samples, the total reflectance is very similar in all mineralized
samples and the CE sample (R = 43–44) (Table 2), in agreement with the very similar band
gap and absorbance spectra on Figure 11.
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3.3. The Effect of Non-Conventional Methods and Ink Application in Cr-Doped Samples

Figure 12 shows the coprecipitated sample (CO) and the effect of citric acid (MOD): (I,II)
show the photographs of powders by binocular lens (×40) charred at 500 ◦C/1 h and succes-
sively fired at 600 ◦C/3 h, respectively, (III,IV) show the screen printing (48 threads/cm) of
direct colloidal emulsion and the 500 ◦C/1 h powder mixed with diethylenglycol (weight ra-
tio 2:5), and (V,VI) show the 3 wt% washed samples glazed in a double-firing frit (1050 ◦C) of
powders fired at 500 ◦C/1 h and 600 ◦C/3 h, respectively (L*a*b*parameters are included).

CO (x=0) Citric 0.25 Citric 1 Citric 1.5 Citric 2 

     

     

     

  
 

  

     

      

(I)500°C/1h 

(II) 600°C/3h 

(III) Direct print screen of raw emulsions 
71.7/-1.7/16.1       76.6/-0.7/17.2      70.1/-2.8/14.4           69.5/-2.2/8.5       73.8/-2.9/12 

(IV) 500°C/1h Diethylenglycol (2:5) medium print screen 
68.3/-2/17.2          68.3/-2.1/15.1       65.9/-2.6/14.2       69.8/-2.8/13.7      68.6/-2.3/13.1 

(V) 500 C/3h single firing 1050°C 
49.4/0.6/10.7    45.9/-0.2/8.7         43.3/1.8/9.5        41.4/1.0/6.6          41.6/-0.4/0.6 
 
 
 
 
(VI) 600°C/3h single firing 1050°C 
46.6/-1.3/9.1    48.9/-0.5/9.8          50.4/-0.5/9.5       48.4/0.4/8.9           44.7/1.1/3.9   
 

48.7/12.0/33.7     49.7/11.2/36.7     46.7/9.6/30.2             47.0/10.9/27.4    45.8/12.0/25.2   

46.5/11.7/35.8   46.6/10.7/ 34.4     44.1/11.2/30.2          42.3/6.6/22.1         40.2/9.7/16.3 

Figure 12. Coprecipitated sample (CO) and effect of citric acid (MOD) of Cr0.4Bi0.6VO4 composition:
(I,II) photos of powders by binocular lens (×40) fired at 500 ◦C/1 h and 600 ◦C/3 h, respectively,
(III,IV) print screen (48 threads/cm) of direct colloidal emulsion and the 500 ◦C/1 h powder mixed
with diethylenglycol (weight ratio 2:5), and (V,VI) 3 wt% washed samples glazed in a double-firing
frit (1050 ◦C) fired at 500 ◦C/1 h and 600 ◦C/3 h, respectively (L*a*b*parameters are included).
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The charred powders at 500 ◦C/1 h (Figure 12I) are of dark green shades in MOD
samples associated with the remaining graphitic residue in the material. The stabilized
samples fired at 600 ◦C/3 h (Figure 12II), free of carbon, are of yellow–green shades with
L*a*b* of approximately 47/10/35, similar in all samples. The screen-printing depositions
on ceramic support (Figure 12III,IV) show brown shades for CO and citric 0.25 samples
and greenish shades for samples citric 1, 1.5 and 2 (b* approximately −2.5). Finally, glazed
samples (Figure 12V,VI) show grey shades which darken with x: the sample with x = 2
shows a dark-grey (black) shade with very low chroma C* (L*a*b* = 41.6/−0.4/0.6 for
500 ◦C/1 h and 44.7/1.1/3.9 for stabilized sample 600 ◦C/3 h).

Figure 13 shows the XRD diffractograms of CE, CO (x = 0) and citric MOD samples
fired at 500 ◦C/1 h and 600 ◦C/3 h, respectively. At 500 ◦C, only broad peaks of m-BiVO4
are detected. At 600 ◦C, as in the CE sample, the CO and MOD samples show clinobisvanite
m-BiVO4 with residual peaks associated with S (scherbinite V2O5) and C (hexagonal Cr2O3);
in the CO and MOD samples, the intensity of residual phases slightly decreases.

Figure 13. XRD spectra of CITRIC MOD samples of Cr0.4Bi0.6VO4 composition. Crystalline phases:
V (m-BiVO4), S (Scherbinite V2O5), C (hexagonal Cr2O3).

CE and mineralized yellow powders produce turquoise colors in the glaze and greenish
CO and MOD powders give grey-black colors in the glaze. Figure 14 shows the UV–vis–
NIR representative spectra of a yellow powder (CE sample, turquoise in glaze) and a
greenish powder (citric x = 2 MOD sample, grey-black in glaze). As described above, the
optical absorption bands associated with Cr3+ (3d3) in the dodecadeltahedral position (D2d
symmetry group) are detected in the case of the yellow powder (CE sample, turquoise in
glaze). For the greenish powder (citric x = 2 MOD sample, grey-black in glaze), the spectrum
is similar, but the absorbance in the 580–1500 nm range increases. Figure 15 shows the Tauc
plots of these representative samples; the band gap increases from 2.13 eV for yellow powder
to 2.20 eV for greenish MOD powder (Table 3).
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Figure 14. UV–vis–NIR spectra of CE and CITRIC x = 2 powder samples of Cr0.4Bi0.6VO4 composition.

 

Figure 15. Tauc plots of CE and CITRIC x = 2 powders of Cr0.4Bi0.6VO4 composition.

Figure 16 shows UV–vis–NIR spectra of glazed samples of Cr0.4Bi0.6VO4 composition:
(a) CITRIC MOD glazed samples 500 ◦C/1 h; (b) CE and CITRIC x = 2 samples 600 ◦C/3 h.
(including sample CE). Bands at 270, 320,420, 580 and 670 nm can be detected, showing
a shift at lower wavelengths relative to ceramic samples and a significant increase in
absorption to approximately 500 nm associated with the darkening of glazes. The direct
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band gap of the semiconductors measured from Tauc plots, as shown in Figure 17, for the
edge of absorbance in the NIR range (3 in Figure 16b) shows that all MOD samples show a
band gap of 1.53 eV slightly lower than the homologous CE sample (1.56 eV) (Table 3).

Table 3. Characterization of CO and MOD samples of Cr0.4Bi0.6VO4 composition (600 ◦C/3 h).

CE CO MOD 0.25 MOD 1 MOD 1.5 MOD 2

POWDERS
L*a*b* 46/10.5/34.7 46.5/11.7/35.8 46.6/10.7/34.4 44.1/11.2/30.2 42.3/6.6/22.1 40.2/9.7/16.3

Eg (eV) (Tauc) 2.13 2.14 2.14 2.16 2.18 2.20
RVis/RNIR/R 19/41/30 18/38/28 17/39/28 16/37/27 15/38/27 14/38/26

GLAZED (600 ◦C)
L*a*b* 53.8/−5.8/−8.9 46.6/−1.3/9.1 48.9/−0.5/9.8 50.4/−0.5/9.5 48.4/0.4/8.9 44.7/1.1/3.9

Eg (eV) (Tauc) 1.56 1.53 1.53 1.53 1.53 1.53
RVis/RNIR/R 22/67/44 20/71/46 20/71/46 19/70/45 19/69/44 20/69/45

 
Figure 16. UV–vis–NIR spectra of glazed samples of Cr0.4Bi0.6VO4 composition: (a) CITRIC MOD
glazed samples 500 ◦C/1 h; (b) CE and CITRIC x = 2 samples 600 ◦C/3 h. (the analyzed absorbance
inflection points are shown in the numbered boxes).
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Figure 17. Tauc plots of glazed samples of Cr0.4Bi0.6VO4 composition considering the absorption 3
on Figure 16b.

Finally, the RVis and RNIR reflectance of the powders decrease slightly in CO and MOD
samples associated with greenish hue (lower L*) (Table 3). On the other hand, for glazed
samples, the reflectance is very similar in all CO and MOD samples, with a lower RVis
than the CE sample associated with the darkening of samples, but higher RNIR (Table 3), in
agreement with the absorbance spectra on Figure 16 and despite the darkening of samples.

Figure 18 presents the photodegradation test over Orange II of powders (Cr0.4Bi0.6VO4)
fired at 600 ◦C/3 h (CE and CITRATE (x = 2) samples) with the Langmuir–Hinshelwood
kinetics parameters t1/2 (degradation half-time and data correlation R2) which for the
commercial reference P25 of Degussa and for the control (without powder addition) are
t1/2/R2= 25 min/0.898 and 497 min/0.945, respectively. The ceramic samples show an
interesting degradation half-time of 85 min that increases to 150 min for the citrate sample
(lower than 497 min for the simple photolysis of the CONTROL test).

 

Figure 18. Photodegradation test over Orange II of powders (Cr0.4Bi0.6VO4) fired at 600 ◦C/3 h (CE
and CITRATE (x = 2) samples) with the Langmuir–Hinshelwood kinetics parameters (degradation
half-time t1/2 and data correlation R2).

Figure 19 shows the SEM micrographs of representative powders of Cr0.4Bi0.6VO4
composition: the CE powder, which produces a turquoise color on glazes, shows well-
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developed prismatic crystals of approximately 3 μm in length together with other irregular
particles of 0.5 μm in size. The coprecipitated sample CO, which produces a grey color
on glazes, shows very fine nanoparticles, forming agglomerates of 3–15 μm of size, finally
MOD x = 0.25, which produces a grey color on glazes, shows microcrystals between 0.5 and
1 μm, forming big agglomerates of 10–20 μm. The decrease in the active surface due to the
agglomeration of the fine particles of BiVO4 of the CO and MOD methods, observed by
SEM, is probably associated with the decrease in the degradation half-time detected in the
photodegradation test of these samples (12).

Figure 19. SEM micrographs of representative samples of Cr0.4Bi0.6VO4 composition.

Figure 20 shows the TEM micrographs and selected area electron diffraction (SADP)
of powders MOD x = 0.25 charred at 500 ◦C/1 h used in the preparation of inks IV;
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nanoparticles of 10–80 nm and a SADP compatible with polycrystals of clinobisvanite
m-BiVO4 are detected.

 

Figure 20. TEM micrographs and selected area electron diffraction (SADP) of powders MOD x = 0.25
(Cr0.25Bi0.75VO4) charred at 500 ◦C/1 h used in the preparation of inks IV.

4. Conclusions

Doped bismuth vanadate was synthesized using gel methods (coprecipitated and
citrate metal–organic gels) and compared with the ceramic route.

The limit of the solid solution of Ca2+ in Bi1−xCaxVO4−x/2 is lower than x = 0.4, in
the case of Cr3+ fired at 600 ◦C, and residual Cr2O3 and V2O5 always remained, indicating
an incomplete solid solution of chromium in clinobisvanite (m-BiVO4), but both cations
stabilize the monoclinic polymorph. NIR reflectance increases continuously with Ca doping
from 53% for pure BiVO4 to 62% (Eg = 2.31 eV) for Ca0.4Bi0.6VO4 samples, improving
the cool performance of BiVO4; conversely, the entrance of chromium decreases the NIR
reflectance of clinobisvanite. The band gap of clinobisvanite increases for Ca-doped samples
and decreases for Cr-doped samples in agreement with NIR reflectance evolution.

The yellow samples doped with Ca do not produce coloration in glazes but the
yellow–green Cr-doped samples produce interesting turquoise shades in a double-firing
frit (1050 ◦C) resulting in the optimum turquoise of the Cr0.4Bi0.6VO4 sample (L*a*b* =
53.8/−5.8/−8.9) that maintains NIR reflectance at approximately 67% (band gap 2.13 eV).
The use of mineralizer 3 (2 wt% CaCO3·KCl +1 wt% NaF·Na4B2O7) with a near thermal
activity (580 ◦C) to the employed firing temperature (600 ◦C) produces a significant im-
provement in the turquoise shade of the glazed sample (L*a*b* = 49.6/−9.4/−9.4) with
similar NIR reflectance (66%) and band gap (2.09 eV).

Cr-doped samples prepared by gel methods (CO and citrate MOD routes) produce
yellow–green powders that darken with the amount of chromium, decreasing NIR re-
flectance and increasing the band gap. The corresponding glazed samples produce black
shades with high NIR reflectance (69–71%) associated with a shift in the absorbance bands
of Cr probably in dodecadeltahedral site to lower wavelengths relative to the ceramic
sample and a significant increase in absorption at approximately 500 nm associated with
the darkening of glazes.

The Cr-doped ceramic samples show an interesting degradation half time of 85 min
that increases to 150 min for the citrate sample (lower than the 497 min for the simple
photolysis of the CONTROL test).

To the best of our knowledge, Ca- or Cr-doped polyfunctional BiVO4 pigments have
been prepared for the first time for paints, and for glazes in the case of chromium, producing
colors from turquoise to black depending on whether the synthesis is a conventional ceramic
route or through citrate gels, showing a high NIR reflectance that makes them suitable as
cool pigments, to refresh the walls and roofs of buildings colored with them, and gives
them photocatalytic activity.
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4. Jovanovića, S.D.; Babićc, K.S.; Porobića, M.M.; Dramićanin, M.D. A comparative study of photocatalytically active nanocrystalline
tetragonal T zircon type and monoclinic scheelite-type bismuth vanadate. Ceram. Int. 2018, 44, 17953–17961. [CrossRef]

5. Luo, W.; Yang, Z.; Li, Z.; Zhang, J.; Liu, J.; Zhao, Z.; Wang, Z.; Yan, S.; Yu, T.; Zou, Z. Solar hydrogen generation from seawater
with a modified BiVO4 photoanode. Energy Environ. Sci. 2011, 4, 4046–4051. [CrossRef]

6. Telpande, D.V.P.H.D. Stability Testing of Non-Toxic Bismuth Vanadate According to Pharmaceutical Criteria. Int. J. Innov. Res. Sci.
Eng. Technol. 2015, 4, 5350–5354. [CrossRef]

7. Parker, S.P. McGraw-Hill Dictionary of Scientific & Technical Terms, 6th ed.; The McGraw-Hill Companies, Inc.: New York, NY,
USA, 2003.

8. Gorbach, S.L. Bismuth therapy in gastrointestinal diseases. Gastroenterology 2003, 99, 863–875. [CrossRef] [PubMed]
9. Laraib, I.; Alves-Carneiro, M.; Janotti, A. Effects of Doping on the Crystal Structure of BiVO4. J. Phys. Chem. C 2019, 123, 26752–26757.

[CrossRef]
10. Abdi, F.F.; Starr, D.E.; Ahmet, I.Y.; Van De Krol, R. Photocurrent Enhancement by Spontaneous Formation of a p–n Junction in

Calcium-Doped Bismuth Vanadate Photoelectrodes. ChemPlusChem 2018, 83, 941–946. [CrossRef] [PubMed]
11. Li, S.L.; Bychkov, K.L.; Butenko, D.S.; Terebilenko, K.V.; Zhu, Y.; Han, W.; Baumer, V.N.; Slobodyanik, M.S.; Ji, H.; Klyui, N.I.

Scheelite-related MII
xBi1−xV1−xMoxO4 (MII–Ca, Sr) solid solution-based photoanodes for enhanced photoelectrochemical water

oxidation. Dalton Trans. 2020, 49, 2345–2355. [CrossRef] [PubMed]
12. Krysiak, O.A.; Junqueira, J.R.C.; Conzuelo, F.; Bobrowski, T.; Wilde, P.; Wysmolek, A.; Schuhmann, W. Tuning Light-Driven

Water Oxidation Efficiency of Molybdenum-Doped BiVO4 by Means of Multicomposite Catalysts Containing Nickel, Iron, and
Chromium Oxides. ChemPlusChem 2020, 85, 327–333. [CrossRef] [PubMed]

13. Okuno, K.; Kato, H.; Vequizo, J.J.M.; Yamakata, A.; Kobayashi, H.; Kobayashi, M.; Kakihana, M. Expansion of the photoresponse
window of a BiVO4 photocatalyst by doping with chromium(VI). RSC Adv. 2018, 8, 38140–38145. [CrossRef] [PubMed]

14. Commission International de L’Eclairage (CIE). Recommendations on Uniform Colour Spaces, Colour-Difference Equations, Psychomet-
rics Colour Terms; CIE: Paris, France, 1978.

15. Tauc, J.; Grigorovici, R.; Vancu, A. Optical Properties and Electronic Structure of Amorphous Germanium. Phys. Status Solidi 1996,
15, 627–637. [CrossRef]

16. Kumar, K.V.; Porkodi, K.; Rocha, F. Langmuir–Hinshelwood kinetics—A theoretical study. Catal. Commun. 2008, 9, 82–84. [CrossRef]
17. Shannon, R.D. Revised effective ionic radii and systematic studies of interatomic distances in halides and chalcogenides. Acta

Cryst. 1976, A32, 751–766. [CrossRef]
18. Adeli, P.; Bazak, J.D.; Huq, A.; Goward, G.R.; Nazar, L.F. Influence of aliovalent cation substitution and mechanical compression

on Li-ion conductivity and diffusivity in argyrodite solid electrolytes. Chem. Mater. 2020, 33, 146–157. [CrossRef]
19. Burdett, J.K.; Hoffmann, R.; Fay, R.C. Eight-Coordination. Inorg. Chem. 1978, 17, 2553–2567. [CrossRef]
20. Gargori, C.; Cerro, S.; Galindo, R.; García, A.; Llusar, M.; Monrós, G. Iron and chromium doped perovskite (CaMO3 M = Ti, Zr)

ceramic pigments, effect of mineralizer. Ceram. Int. 2012, 38, 4453–4460. [CrossRef]
21. Enríquez, E.; Reinosa, J.J.; Fuertes, V.; Fernández, J.F. Advanced and challenges of ceramic pigments for inkjet printing. Ceram.

Int. 2022, 48, 31080–31101. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

76



Citation: Wojtasik, K.; Zięba, M.;
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Abstract: Zinc oxide layers on soda-lime glass substrates were fabricated using the sol-gel method and
the dip-coating technique. Zinc acetate dihydrate was applied as the precursor, while diethanolamine
as the stabilizing agent. This study aimed to determine what effect has the duration of the sol aging
process on the properties of fabricated ZnO films. Investigations were carried out with the sol that
was aged during the period from 2 to 64 days. The sol was studied using the dynamic light scattering
method to determine its distribution of molecule size. The properties of ZnO layers were studied
using the following methods: scanning electron microscopy, atomic force microscopy, transmission
and reflection spectroscopy in the UV-Vis range, and the goniometric method for determination
of the water contact angle. Furthermore, photocatalytic properties of ZnO layers were studied by
the observation and quantification of the methylene blue dye degradation in an aqueous solution
under UV illumination. Our studies showed that ZnO layers have grain structure, and their physical–
chemical properties depend on the duration of aging. The strongest photocatalytic activity was
observed for layers produced from the sol that was aged over 30 days. These layers have also the
greatest porosity (37.1%) and the largest water contact angle (68.53◦). Our studies have also shown
that there are two absorption bands in studied ZnO layers, and values of optical energy band gaps
determined from positions of maxima in reflectance characteristics are equal to those determined
using the Tauc method. Optical energy band gaps of the ZnO layer fabricated from the sol aged
over 30 days are Eg

I = 4.485 eV and Eg
II = 3.300 eV for the first and second bands, respectively. This

layer also showed the highest photocatalytic activity, causing the pollution to degrade 79.5% after
120 min of UV irradiation. We believe that ZnO layers presented here, thanks to their attractive
photocatalytic properties, may find application in environmental protection for the degradation of
organic pollutants.

Keywords: sol-gel; dip-coating; zinc oxide; thin layers; energy band gap; hydrophilicity; photocat-
alytic activity

1. Introduction

Zinc oxide (ZnO) has attractive physicochemical properties for many applications
in modern technology, which determines its high application potential. It is a wide-
band gap oxide semiconductor with a direct energy gap. The wide energy gap of bulk

Materials 2023, 16, 1898. https://doi.org/10.3390/ma16051898 https://www.mdpi.com/journal/materials77



Materials 2023, 16, 1898

zinc oxide (Egdir = 3.37 eV) causes it to have good transmission properties in the visible
range of electromagnetic radiation. It has high exciton binding energy (~60 meV) at room
temperature [1]. It is a non-toxic, chemically stable material with sensor properties and
high photocatalytic activity [2]. Depending on manufacturing technology, fabricated ZnO
samples can have different morphology. Zero-dimensional, 1D, 2D, and 3D dimensional
structures can be produced [3–6]. ZnO films are currently being intensively developed for
applications in optoelectronics [7], in chemical sensors as sensor layers [8], and for use as
protective coatings [9]. Considering optoelectronics, photovoltaics is currently the primary
area of ZnO application. ZnO layers are used as photoanodes of DSSCs (Dye-Sensitized
Solar Cells) [10]. Moreover, ZnO layers in solar cells, thanks to their good transmission
properties and appropriate electrical properties, are used as TCO (Transparent Conductive
Oxide) layers [11]. They are successfully replacing the previously used ITO layers. Finally,
zinc oxide layers are used as ETL (Electron Transport Layer) in perovskite solar cells [12].
This article focuses on the fabrication and characterization of zinc oxide thin layers, with
particular emphasis put on investigations of the effect sol aging has on the morphology,
optical, and photocatalytic properties of ZnO layers.

Many methods are used to produce ZnO thin layers, including atomic layer deposition
(ALD) [13], sputtering [14], spray pyrolysis [8], electrodeposition [15], microwave assisted
synthesis [16], and sol-gel [17]. Innovative methods are also used, e.g., simultaneous etching
and Al doping of H2O-oxidized ZnO nanorods to generate Al-doped ZnO nanotubes [18]. The
applied method affects the morphology and properties of the ZnO layers produced [19,20].
The sol-gel method offers the greatest opportunities in terms of shaping the structure of
the produced material. From a technical point of view, the sol-gel method may seem like a
simple method, however, the development of layers with the desired properties requires an
understanding of the phenomena occurring in the processes of sol synthesis and layering [21].
It is necessary to carry out many time-consuming studies on the influence of the composition
of the sols, the parameters of the hydrolysis and condensation processes, the conditions of
layer deposition (e.g., the withdrawal speed, which is the fundamental parameter of the
dip-coating method), and the conditions of their annealing on the final properties of the
layers. The subjects of the research are the type of precursor and its concentration, chelating
and stabilizing agents, the temperature of sol synthesis, annealing of sol layers, the nature
of the solvent, and the conditions of sol aging [22–25]. All these factors affect the structure,
properties, and morphology of materials produced by the sol-gel method. This paper presents
the results of our research on the production of ZnO layers by the sol-gel method and the
dip-coating technique, with particular emphasis on the influence of the sol aging time on
their properties.

Numerous research groups have reported results of studies on the influence of the
duration of sol aging processes on properties of ZnO layers fabricated from sols [17,23,26–30].
As one can notice, studies were carried out for sols aged from several days [17] to several
dozen days [23]. Aghkonbad et al. [29] studied the influence of the duration of sol aging
processes, lasting in the range of 0–36 h, on the properties of layers produced from aged sols.
They reported that ZnO layers, deposited on glass substrates, fabricated from the sol aged
in this range of time, have high quality and were characterized by the highest transmission
in the UV-Vis range, while their optical bandgap was broadened. Marouf et al. in Ref. [27]
reported the synthesis of a sol without the addition of a stabilizing agent. They examined the
sol during the period of 13 days. They found that the optimal aging time is 7 days, after which
the sol reached stability, and the layers from that day were characterized by high transmittance
(exceeding 70% in the visible range) and smooth surface. Toubane et al. reported in Ref. [23]
studies in which sols were aged over the longest period, 30 days. They concluded that, as a
result of increasing the duration of the sol aging process, fabricated ZnO layers have better
transmittance in the UV-Vis range (up to 96%), increased optical band gap Eg, and improved
smoothness. That group also reported investigations of the influence of the duration of sol
aging on the photocatalytic activity, as well as the results of their visual assessment during
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their aging. Considering sols, they were synthesized from zinc acetate dihydrate (precursor),
both without a stabilizing agent [27] and with the addition of DEA [23].

Zinc oxide has very good photocatalytic properties. It is frequently used by researchers
for the photodegradation of pollutants because it has very good stability and availability,
and the mobility of electrons in ZnO is high [19]. The latest literature reports indicate
a wide interest in modified ZnO materials due to the possibility of shifting the spectral
range of absorbed electromagnetic radiation in the presence of a certain photocatalyst.
This is achieved by doping ZnO with metals or non-metals [31], or by producing hybrid
structures with other metal oxides [32] or nanocomposites [33–35]. Excellent photocatalytic
and antibacterial activity was also observed for hybrid systems of zinc oxide nanoparticles
with reduced graphene oxide and gold nanoparticles [36]. However, the knowledge of the
dependence of photocatalytic activity on the structure of pure ZnO is crucial to conduct
more complex experiments.

This work presents the results of research on the influence of the duration of the sol
aging process on the properties of ZnO layers. The sol was aged for 64 days, and ZnO layers
were fabricated during this period. The sol was synthesized using zinc acetate dihydrate
as the precursor, ethanol as the solvent, and DEA as a stabilizing agent. Glass substrates
were coated with the single sol layer using the dip-coating technique. The subjects of
research presented in this paper are the temporal stability of the sol, the optical properties
of pure ZnO layers, produced from that sol, as well as their morphology and photocatalytic
activity. The latter was determined from observations of the degradation of methylene
blue (MB) using the Langmuir–Hinshelwood method. The influence of sol aging time
on transmittance, optical band gap, Urbach energy, porosity, morphology, and surface
roughness of produced ZnO layers was determined. The diameters of the nanocrystals
were estimated from the transmission spectra in the absorption region by the analysis of
the quantum size effect. The hydrophilic properties of the produced ZnO films were also
studied. So far, investigations of the aforementioned properties of ZnO layers carried out
for so lengthy duration of the sol aging process have not been published. We found that
parameters of the ZnO layer fabricated from the sol aged for 30 days, take extreme values.

2. Materials and Methods

2.1. Materials

Zinc oxide layers were produced by the sol-gel method and the dip-coating tech-
nique. The sol was prepared by a procedure similar to that reported by Liu et al. in
Ref. [37]. Zinc acetate dihydrate (Zn(CH3COO)2·2H2O, ZAD, purchased from Sigma-
Aldrich, Steinheim-Germany) as a precursor of zinc oxide, nonaqueous ethanol (EtOH,
99.8%, Avantor Performance Materials, Gliwice-Poland) as a solvent, and diethanolamine
(DEA, Sigma-Aldrich, Steinheim-Germany) as a chelating agent. Deionized water was used
directly from the deionizer (Polwater DL2-100S613TUV, Labopol Solution&Technologies,
Kraków, Poland). All reagents were used without prior purification. The sol obtained
in this way was filtered through a 0.2 μm PTFE syringe filter (Puradisc 25 TF, Whatman,
Maidstone, UK).

2.2. Methods

If zinc acetate dihydrate (ZAD) is used as the precursor of ZnO, sols can be prepared
in two ways. One can form them in (i) an acid medium in the system ethanol-acetic acid-
water-ZAD [38], or (ii) a mild alkaline medium ethanol–DEA–ZAD [39]. The choice of
the reaction method (method (i) or (ii)) affects the structure of the material produced, the
surface morphology, and the surface properties of the produced layers [1]. In the studies
reported here, we used method (ii) due to the slower gelation time, which probably results,
among others, from the complexation of Zn(II) ions by DEA [23]. A strong, stable bond is
formed between DEA and Zn2+, so the gelation process is slower.

The scheme of the ZnO layer fabrication process is shown in Figure 1. A portion
of ZAD was added to 50 mL of ethanol and stirred at (50 ◦C) for 30 min, resulting in a
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0.6 mol/L solution, to which DEA and H2O were added. The molar ratios of ZAD:DEA and
ZAD:H2O were 1:0.6 and 1:2, respectively. The solution was then stirred in an ultrasonic
bath for 2.5 h at 50 ◦C. A clear solution was obtained. It was subsequently filtered through
a 0.2 μm PTFE syringe filter. The sol prepared in this way, closed in a vessel, was stored
at a temperature of 18 ◦C. Soda-lime glass microscope slides (Menzel Gläser, Thermo
Scientific), of dimensions 76 × 26 × 1 mm3, were coated with sol films after a certain
elapsed time. Glass substrates were cleaned according to the procedure described in
Ref. [30]. All ZnO layers were produced at the same withdrawal speed of the substrates
from sol of 4.7 cm/min. Each substrate after deposition of the layer was annealed at 485 ◦C
for 60 min.

Figure 1. The course of the procedure for producing thin ZnO films.

ZnO powder was prepared for FTIR measurements. For this purpose, 3 mL of the sol
was annealed at 485 ◦C for 60 min. The resulting powder had a gray color.

The size distribution of particles in sol was determined using the dynamic light
scattering (DLS) method. The DLS was measured at a fixed angle of θ = 173◦ using a Zeta-
sizer Nano (Malvern, Worcestershire, UK) with a laser beam of wavelength λ0 = 633 nm.
The IR spectra of ZnO powder were recorded in the frequency range of 400–4000 cm−1

using the Thermo Nicolet i-5 apparatus (Thermo Fisher Scientific, Waltham, MA, USA)
with an ATR attachment. The thicknesses and refractive indices of ZnO layers were mea-
sured by monochromatic ellipsometry using the SE400 ellipsometer (Sentech, model 2003,
λ = 632.8 nm, Berlin, Germany). Transmittance and reflectance spectra were recorded
using the UV-Vis AvaSpec-ULS2048LTEC Spectrophotometer (Avantes, Apeldoorn, The
Netherlands) and Lab-grade Reflection Probes QR400-7-SR (Ocean Optics, Orlando, FL,
USA). The AvaLight-DH-S-BAL (Avantes, Apeldoorn, The Netherlands) was used as a
light source. The spectra were recorded in the wavelength range of 200–1100 nm at room
temperature. The surface morphology of the ZnO layers was studied by atomic force
microscopy (AFM), using the N_TEGRA Prima platform (NT-MDT, Moscow, Russia) and
NOVA SPM software license number 1.1.120108. In addition, the layer surfaces and their
cross-sections were imaged by scanning electron microscopy (SEM) using SEM Supra 35
(Zeiss, Oberkochen, Germany). The layers were observed at magnifications of 100 × 103,
200 × 103, and 300 × 103 at an accelerating voltage of 2–10 kV. Surface morphology obser-
vations and layer thickness measurements were performed in the InLens mode (objective
lens). A 10 μm aperture was used for observation. The chemical composition of the lay-
ers was investigated using energy dispersive spectroscopy (EDS) UltraDry EDS Detector
(Thermo Fisher Scientific EDS, Waltham, MA, USA). Measurements of the chemical com-
position were carried out with accelerating voltage varying between 3 and 15 kV. The
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working distance WD for secondary electron SE imaging was 14 mm according to EDS
calibration. Apertures of 20 and 30 μm were used for the analysis. The results of the
chemical composition were corrected using the Phi-Rho-Z method. The water contact
angles of the surfaces of the produced ZnO layers were determined by the goniometric
method using the goniometer Ossila (L2004A1, Ossila Ltd., Sheffield, UK). The contact
angles were measured in five repetitions for each layer. The obtained values were averaged.
To determine the photocatalytic activity of produced ZnO layers, their influence on the
decomposition of an organic dye imitating organic impurities in an aqueous solution was
examined. Following the Langmuir–Hinshelwood procedure, the tests were carried out
on layers corresponding to different durations of the sol aging process. Methylene blue
(Merck, Darmstadt-Germany) at a concentration of 5 mg/L was used as a dye. A UV diode
M365LP1 operating at a wavelength of λ = 365 nm (THORLABS Industriemontagen GmbH
& Co. KG, Erfurt, Germany) was used as the light source.

3. Results and Discussion

3.1. Sol Properties
3.1.1. DLS

The results of DLS measurements, carried out after 2, 14, 30, 41, and 64 days counted
from the day the sol was synthesized, are shown in Figure 2. Samples were marked
with labels ZnO-2, ZnO-14, ZnO-30, ZnO-41, and ZnO-64, respectively. Distributions of
hydrodynamic diameters of solid particles by the intensity and by volume, respectively,
were recorded. The measurement results for the ZnO-2 sol are shown in Figure 2a,b. In both
cases, high peaks are visible. Maximum values are reached for the hydrodynamic diameter
equal to 2 nm. One can observe in Figure 2a, a low-intensity peak with a maximum
for hydrodynamic diameter of 300 nm. The presence of this peak is associated with the
formation of agglomerates composed of nanocrystals. The analogous peak is not visible in
Figure 2b, which proves the negligible concentration of these agglomerates in the sol.

Figure 2. Hydrodynamic diameters of particles in ZnO sol; size distribution by intensity (a,c), and
size distribution by volume (b,d).

The results of measurements for longer durations of the sol aging process are shown
in Figure 2c,d, respectively. One can see that similar hydrodynamic diameter distributions
were recorded, both in terms of intensity and volume. The position of the main peak in
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the particle size distribution after the intensity is slightly shifted by ca. 1 nm towards
larger diameters. In some distributions, one can observe additional peaks above 300 nm,
resulting from particle agglomerates, similar to Figure 2a. The particle size distribution by
volume is monomodal in each case, which indicates that, despite an increasing duration
of aging, the share of agglomerates is negligible. The presented results show that there
was a slight increase in particle diameters during the process of sol aging, which indicates
slow hydrolysis and condensation processes. The sol was stored at the temperature of
18 ◦C during the aging. In addition, the resulting particles do not show a clear tendency to
form aggregates.

3.1.2. FTIR

The FTIR spectrum recorded for the ZnO powder is shown in Figure 3. The interpre-
tation of the visible absorption bands was carried out based on the FTIR spectrum of the
same material as presented in Refs [24,40–42].

Figure 3. FTIR spectrum for the ZnO powder in the range of 400–4000 cm−1.

The characteristics show absorption peaks at frequencies of 430, 510, and 670 cm−1,
which is the effect of Zn-O bond vibrations [42]. Whereas, the absorption band at 2366 cm−1

is related to the absorption of atmospheric CO2. The spectrum does not reveal the presence of
bands resulting from vibrations of bonds in the water molecule, nor the characteristic C=O
bands. This means that the applied annealing temperature (485 ◦C) is suitable for removing
organic residues and water from the sol and, consequently, from the powder [40,42].

3.2. ZnO Layers
3.2.1. Optical Properties

Thin ZnO layers were produced after the following periods: 2, 14, 30, 41, and 64 days.
These periods were measured from the day on which the sol was produced. Glass substrates
were coated with sol layers using the dip-coating technique. The substrate withdrawal speed
from sol was equal to 4.7 cm/min. Subsequently, the layers were annealed at 485 ◦C for 1 h.
In the following part of the manuscript, these layers will be referred to as ZnO-ta, where ta is
the aging time. Table 1 summarizes the determined parameters of the produced films.

One can observe from the data in Col. 3, that thickness of ZnO layers varies non-
monotonously with the sol aging time. For aging times up to 30 days, an increase in layer
thickness is observed, while for longer times, thickness is decreasing. The refractive index
(Col. 4) shows exactly the opposite dependence on the aging time of the sol. One can
see from the comparison of the data in Col. 3, 4, and 5 that the increase in thickness is
accompanied by an increase in porosity and a decrease in refractive index. Subsequent
aging results in the opposite direction of changes. Namely, thickness and porosity are
decreasing, while the refractive index is increasing.

82



Materials 2023, 16, 1898

Table 1. Parameters of the films corresponding to different sol aging times (d—thickness of layers;
n—refractive index of layers; P—porosity; Eg

II—second of the energy band gap; Eg
I—first of the

energy band gap; ΔEg
I = Eg

I − Eg
bulk; D—diameter of nanocrystals; k—degradation rate).

Sol Aging
Time (Day)

Name d (nm)
n

(λ = 632.8
nm)

P
(%)

EII
g (eV) EI

g (eV) ΔEg
I D (nm)

Contact
Angle (◦)

k (min−1) × 10−3

1 2 3 4 5 6 7 8 9 10 11

2 ZnO-2 42 1.631 28.2 3.293 4.455 1.085 0.64 65.27 7.5

14 ZnO-14 45 1.605 30.6 3.290 4.431 1.061 0.65 59.99 11.1

30 ZnO-30 52 1.537 37.1 3.300 4.485 1.115 0.61 68.53 12.3

41 ZnO-41 46.5 1.572 33.7 3.282 4.428 1.058 0.65 63.35 5.4

64 ZnO-64 45.5 1.570 33.9 3.290 4.414 1.044 0.68 49.61 4.4

Transmittance characteristics in the UV-Vis spectral range of all ZnO-ta structures
are presented in Figure 4. The transmittance of a soda-lime glass substrate is also plotted
for comparison. In a wide spectral range (λ > 400 nm), all structures show slightly lower
transmittance than soda-lime glass substrate. A slight decrease in transmittance is the result
of the difference between the refractive indices of ZnO and soda-lime glass substrate. The
ZnO has a higher refractive index than soda-lime glasses.

 
Figure 4. Transmittance characteristics of the layers formed in subsequent days of aging of the ZnO sol.

Within this spectral range, the transmittance decreases with increasing duration of sol
aging time despite the observed decrease in the refractive index (Table 1). The thickness
of layers is also initially increasing with the duration of aging and, as will be shown later,
their roughness also increases. Thus, as the aging time increases, despite the decrease in
refractive index, both thickness and surface roughness have a decisive influence on the
reduction in transmission in the spectral range above 400 nm.

One can observe two sharp drops of transmittance in the spectral range below 400 nm.
They are the result of strong light absorption in ZnO films. The widths of the optical band
gaps were determined using the Tauc relationship [43]:

α·hν = B
(
hν − Eg

)r, (1)

where α is the absorption coefficient, hν is the photon energy, B is the constant, Eg is the
determined width of the optical band gap, and r = 1/2 results from the direct optical band
gap. The absorption coefficient α was determined taking into account the light absorption
of Ags in the soda-lime glass substrate, the reflectance of the tested structure R, and the
fact that, in transmission measurements, the light passes through two layers of the same
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thickness. In the dip-coating technique, two identical layers are deposited on both sides of
the substrate. Hence, the absorption coefficient was calculated using the formula [44]:

α = − 1
2de f f

ln
T

(1 − R)
(
1 − Ags

) , (2)

where deff = d × (1 − P). The porosity P was determined from the Lorentz-Lorenz
formula [45]:

n2 − 1
n2 + 2

=

(
1 − P

100%

)
n2

d − 1
n2

d + 2
, (3)

where nd = 1.9888 is the refractive index of wurtzite at λ = 632.8 nm. Wurtzite is one of
the three ZnO crystallographic systems [46]. The wurtzite structure is the only one that is
stable at room temperature and atmospheric pressure [47]. The calculated porosities are
presented in Table 1 in Col. 5.

The plot of (α·hν)2 versus photon energy for the ZnO-64 is presented in Figure 5. One
can find on this characteristic two ranges where the dependency on photon energy is linear.
Zeros of the lines determined by the linear approximation in these ranges are values of
optical band gaps. As one can observe, therefore, there are two values of energy. Both of
them are different from the value of the optical band gap for the bulk ZnO crystal which
equals ca. 3.37 eV. This fact indicates the presence of two types of absorption in our ZnO
films. The first one, for photon energy equal to energy band gap, Eg

I = 4.414 eV > 3.37 eV
is connected with the charge transfer excitations in ZnO nanocrystals, and the blue shift
of the energy band gap is caused by the quantum size effect. The second absorption type
for photon energies below the band gap of bulk ZnO crystal (Eg

II = 3.290 eV < 3.37 eV) is
caused by free exciton. This exciton absorption is responsible for the occurrence of minima
in the transmittance characteristics shown in Figure 4 for the wavelength of about 365 nm.
Due to the high absorption of photons at this wavelength, a large fraction of the excitations
of free excitons may be bound to surface defects. Excitation of free excitons is observed in
bulk ZnO, as well as in polycrystalline layers [48–51].

Figure 5. Plots of (αhν)2 versus photon energy for the structure ZnO-64.

The determined values of optical band gaps for individual ZnO films are listed in
Table 1, Col. 6, and 7, respectively. For each absorption case, the band gaps determined have
similar values, and the differences are at the level of 10−2 eV. For both absorption bands,
the highest Eg value was determined for ZnO-30. In the calculations of the absorption
coefficient α (Equation (2)), the influence of the soda-lime glass substrate absorption was
taken into account. However, since the determined band gap Eg

I = 4.414 eV lies in the
spectral range of the strong absorption of the substrate, we fabricated ZnO films on silica
substrates (SiO2) to confirm the existence of this absorption band. In Figure 6, the solid blue
line shows the transmittance, and the solid red line shows the reflectance. The reflectance
characteristics show a clear maximum at the wavelength of λ = 377 nm, which corresponds
to the excitation wavelength of free excitons (Eg

II = 3.290 eV). A more detailed analysis
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also showed slight disturbances in the reflectance characteristics near the wavelength
λ = 290 nm. An enlarged fragment of the reflectance characteristics is presented in the
insert chart. In this spectral range, the reflectance characteristics were differentiated with
respect to the wavelength. The dR/dλ plot has a clear minimum with a value slightly
greater than zero at the wavelength of λ~290 nm (~4.28 eV). By compensating the slope
of the transmittance characteristic, we determined the location of this maximum at the
wavelength of λ = 282 nm (4.40 eV). The obtained results confirm for the tested ZnO layers
the presence of the absorption band at the wavelength of λ~281 nm and the optical band
gap of Eg = 4.41 eV. In addition, the analysis of the reflectance characteristics showed that
its local maxima occur at wavelengths corresponding to the positions of the absorption
bands, and that the energies calculated from them exactly correspond to the values of the
band gaps determined by the Tauc method.

Figure 6. Transmittance and reflectance of ZnO-64 structure.

3.2.2. Quantum Size Effect

The quantity ΔE of blue-shift of the energy band gap is in a relationship with a
diameter D of nanocrystals. For the parabolic energy band near the band gap, the average
value of D may be estimated from the formula [44,52,53]:

ΔE =
2π2 2

m∗D2 − 0.893e2

πεε0D
− 0.248E∗

Ry, (4)

where h̄ is the reduced Planck constant, h̄ = 1.0545·10−34 J·s; m* is the reduced effective
mass of the electron–hole pair, m* = memh/(me+mh); me and mh are the effective mass of the
electron and hole, respectively; ε0 is the electric permittivity in a vacuum; ε is the dielectric
constant for zinc oxide; E*

Ry is the effective Rydberg energy, E*
Ry = (m*/(2h̄2))·(e2/4πε0ε)2.

Calculations were carried out by accepting values of me, mh,, and ε the same as in Ref. [52]:
me = 0.24m0, mh = 0.45m0, and ε = 3.7 (m0 = 9.11·10−31 kg). Dimensions of crystallites in
the ZnO layers were determined by comparing obtained values of Eg with the literature
values for the bulk material Eg

bulk = 3.37 eV [1]. They are presented in Table 1, Col. 9. The
diameters of ZnO nanocrystals determined in this way are consistent with the results of
DLS measurements.

3.2.3. Urbach Energy

The data presented in Table 1 (Col. 9) shows that the size of the nanocrystals in ZnO
films practically does not change as sol aging time increases. The Urbach energy was
determined to track changes in the structure of the layer material. This way, variations in
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the material structure can be assessed. [54]. The Urbach energy was determined by plotting
the relation in the spectral range close to the first absorption band [43]:

α(hν) = α0·exp(
hν
EU

), (5)

where α0 is a constant and EU is the Urbach energy. The high value of the Urbach energy
proves that the structure of the material is varying in terms of the size or shape of nanocrys-
tals. The highest Urbach energy values are obtained in amorphous materials or materials
with a large number of defects [55,56]. The determined Urbach energy values for individual
ZnO films are shown in Figure 7. The presented data show that, since the beginning of
the sol aging process during the first 30 days (ZnO-2, ZnO-14 and ZnO-30), the value of
the Urbach energy increases. These structures have lower porosity and presumably fewer
defects. The Urbach energy for the ZnO-30 structure is EU = 16.7 meV, and is the highest
value among the tested layers. This is probably related to the fact that the ZnO-30 has the
highest porosity, and the nanocrystals have the smallest diameters. After this time, there is
a clear decrease in the Urbach energy for the ZnO-41 and ZnO-64 layers, which may be
related to the lower porosity of the layer material and greater compactness.

 

Figure 7. Urbach energy of the films formed in successive days of aging of the ZnO sol.

3.2.4. SEM and EDS

SEM images of the upper surface of ZnO films, recorded in the in-lens mode, are
presented in Figure 8. On the other hand, Figure 10 presents SEM images of cross-sections
of these layers. Based on these images, we can conclude that zinc oxide layers produced on
soda-lime glass substrate have a granular structure. We can also conclude that the ZnO
layer is built of grains with a diameter of <70 nm, while from the quantum size effect, it
was found that these grains are built of nanocrystals with a diameter less than 0.65 nm. One
can observe in Figure 8a that the ZnO-2 layer does not cover uniformly the glass substrate.
The SEM image shows the incoherence of the layer and areas of the substrate covered with
single ZnO grains.

A similar inhomogeneity of the substrate coverage is presented in Ref. [57]. Authors
reported similar behavior for the layer fabricated after 4 days since the production of their
sol. Authors of Ref. [29] also reported such a case for the layer fabricated after 2 days of
production of their sol. Obtained EDS spectra are presented in Figure 9. The two peaks
at 1.01 keV and 0.53 keV validate the presence of zinc and oxygen, respectively. Besides
peaks from the soda-lime glass substrate, the EDS spectra reveal the presence of Zn and O
elements, which confirms that the ZnO layer has a grain structure.
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(a) (b)

(c) (d)

(e)

Figure 8. Top view SEM images of the ZnO films, respectively: ZnO-2 (a), ZnO-14 (b), ZnO-30 (c),
ZnO-41 (d), and ZnO-64 (e).

One can observe from SEM images (Figure 8b–e) that ZnO layers are uniformly
covering the substrates if they are fabricated from the sol which was aged for longer
periods. As can be seen, these layers are crack-free and have other structural defects.
Moreover, the diameter of the ZnO grains does not change as the duration of the sol
aging process increases. Presumably, the sol obtained according to the tested procedure
has, immediately after its synthesis, too high surface tension, which in turn lowers the
wettability of the substrate. As a result, some areas of the soda-lime glass substrate are
not covered with the ZnO layer [58,59]. The uniformity of substrate coverage with the
ZnO layer would be improved if the sol was enriched with a surfactant, or some kind of
substrate conditioning procedure was applied before the coating process. The images of
cross-sections of the ZnO-2, ZnO-14, and ZnO-30 layers (Figure 10a–c) show their grain
structure with spherical grain shapes with clearly outlined grain boundaries. In addition,
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it is noteworthy that the value of film thickness obtained from the analysis of the SEM
cross-section image is in good agreement with the one measured using monochromatic
ellipsometry. On the other hand, in the SEM images of the ZnO-41 and ZnO-64 layers
(Figure 10d,e), grain boundaries are less clear, and the layers are more compact. These
observations correlate with the determined decrease in their porosity (Table 1, Col. 5).

Figure 9. EDS analysis of a thin film of ZnO-2.

3.2.5. AFM

Figure 11 shows the AFM images of the surface of the ZnO-2 (Figure 11a), ZnO-30
(Figure 11c), and ZnO-64 (Figure 11e) layers and their profiles along the selected scans.
These images confirm the grainy structure of ZnO films. Moreover, they illustrate the
influence of the duration of the sol aging process on the magnitude of the ZnO layer’s
surface roughness. The analysis of the ZnO layer’s surface profiles showed that the largest
difference in height between the highest and lowest point on the surfaces of 1 × 1 μm2

occurs for the ZnO-64 layer and equals 50.3 nm. Calculated values of root mean square
(rms) surface roughness, over the area of 1 × 1 μm2, for the ZnO-2, ZnO-30, and ZnO-64
layers, are 5.02 nm, 3.36 nm, and 8.91 nm, respectively. Similar rms values, not so clearly
correlated with the sol aging time, were reported in Ref. [23].

Based on results obtained by SEM and AFM methods, we can conclude that the
duration of the sol aging process affects the structure of ZnO layers fabricated from that
sol. Layers produced from the sol after the shortest duration of the aging process are
characterized by discontinuities, while for longer duration, produced layers (ZnO-41, ZnO-
64) are characterized by greater compactness. ZnO layers fabricated on every stage of the
sol aging process are grainy.

3.2.6. Contact Angles

The measured water contact angles for ZnO layers are presented in Col. 10 of Table 1.
One can observe that all layers, regardless of the duration of sol aging, are hydrophilic in
nature, as the contact angle in each case is less than 90◦. Depending on the time of sol aging,
the hydrophilic character of ZnO layers changes slightly, except for the layer made of the
longest aged sol. The highest value of the contact angle was obtained for the ZnO-30 layer.
It equals 68.53◦. Presumably, this is related to the porosity of the layer material, which is
also the highest for this layer [60]. The lowest value of the water contact angle, 49.61◦, was
obtained for the ZnO-64 layer.
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(a) (b)

(c) (d)

(e)

Figure 10. Cross-section SEM images of the ZnO films, respectively: ZnO-2 (a), ZnO-14 (b), ZnO-30
(c), ZnO-41 (d), and ZnO-64 (e).

(a) (b)

Figure 11. Cont.
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(c) (d)

(e) (f)

Figure 11. AFM images and corresponding line profiles for ZnO-2 (a,b), ZnO-30 (c,d), and ZnO-64
(e,f) films.

3.2.7. Photocatalytic Activity

The photocatalytic activity of the fabricated ZnO layers was investigated by the decom-
position of methylene blue (MB) in an aqueous solution. MB was used as a representative
impurity. The concentration of the MB solution used was 5 mg/L. ZnO layers, whose
photocatalytic activity was investigated, were fabricated on glass substrates of dimensions
20 × 20 × 1 mm3. These structures were placed horizontally in a 30 mm diameter beaker
filled with 45 mL of MB solution. The solution was agitated magnetically for 30 min in
the dark, to achieve equilibrium between the adsorption and desorption processes. Sub-
sequently, the examined structures were irradiated using the LED operating at a central
wavelength of λ = 365 nm, driven by an electric current of intensity 700 mA. The distance
between the ZnO layer and the light source was 6 cm. The total exposure time for each
sample was 120 min. The MB degradation process started due to the exposure of sub-
merged ZnO layers to UV light. Subsequently, dye samples of 1 mL were collected from
the solution, at regular time intervals of 30 min, and analyzed using UV-Vis spectroscopy.
The intensity of the MB absorption band for the collected portion of the dye was measured
at the wavelength of λ = 664 nm. The intensity of the absorption band for the MB solution
recorded at the wavelength of λ = 664 nm decreased with the time of its exposure to UV
radiation. This is evidence of the degradation of MB dye molecules under the influence of
UV irradiation. The processes of dye degradation under the influence of UV radiation are
described by the photocatalytic efficiency:

η(%) =

(
1 − c

c0

)
·100%, (6)
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and the degradation rate k, which, according to the Langmuir–Hinshelwood [61] model, is
defined by the equation:

ln
(

c
c0

)
= −kt. (7)

The degradation rate k is also called the first-order reaction rate constant. In the
equations above, c0 denotes the concentration of the dye before irradiation, and c denotes
its concentration after irradiation. Results of the experiment on MB dye degradation are
shown in Figures 12 and 13. The characteristic of photocatalytic efficiency as a function
of UV irradiation time is presented in Figure 12, while linearized characteristics of the
rate of change of the relative MB concentration are presented in Figure 13. As can be
seen from the presented data, the presence of the ZnO film during MB dye exposure in
each case contributes to the increase in photocatalytic performance. The determined MB
dye degradation rates k are shown in Col. 11 of Table 1. The MB dye degradation rate
without the presence of ZnO is k = 1.4 × 10−3 min−1. According to Ref. [22], differences
in photocatalytic activity largely depend on the thickness of the tested layers. However,
our research indicates that the highest k was obtained for the structure ZnO-30, which has
the highest porosity. One can observe that structures ZnO-41 and ZnO-46, which are only
slightly thinner than ZnO-30 and thicker than ZnO-2 and ZnO-14, have significantly lower
photocatalytic activity than much thinner structures ZnO-2 and ZnO-14. Presumably, the
photocatalytic activity depends mainly on the specific surface area (BET) which increases
with increasing porosity and diversity of material structure reflected by a value of the
Urbach energy. One can observe that the ZnO-30 structure has the highest Urbach energy
value (Figure 7), while the structures ZnO-41 and ZnO-46 have lower Urbach energy values,
comparable with values for ZnO-41 and ZnO-46. In addition, the ZnO-30 structure has the
largest contact angle. These features determine its best photocatalytic properties.

 

Figure 12. Plots of photodegradation efficiency (η) as function time for the degradation of MB dye
without (orange empty diamonds) and with the presence of the catalyst.

 

Figure 13. Plots of −ln(c/c0) as a function of reaction time for the degradation of MB dye without
(orange empty diamonds) and with the presence of the catalyst.
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In Table 2 are presented results of the literature survey, which is covering the scope
and results of investigations on the influence of the duration of the sol aging process on
various physicochemical properties of ZnO thin films. The scope and results presented in
this paper are juxtaposed with those obtained by other research groups.

Table 2. Comparison of the present article with published articles based on sol aging time and thin
layers ZnO.

Sol Aging Time Sol Composition
Methods, T (◦C),

Substrates
Results Ref.

0–36 h
zinc acetate dihydrate,

monoethanolamine,
2-methoxyethanol

spin-coating, 300,
500, glass substrates

the optimal aging time is 24 h, the
ZnO films were of high quality and

had the best properties
(transmission in the UV-Vis range,

bandgap broadening)

[30]

0–13 days zinc acetate dihydrate,
methanol

dip-coating
(multilayers), 500,
glass substrates

the optimal aging time is 7 days, the
layers were characterized by high
transmittance (above 70% in the

visible range) and a smooth surface

[27]

0–30 days
zinc acetate dihydrate,

diethanolamine,
ethanol

dip-coating, 450,
glass substrates

the longer the sol aging time, the
ZnO layers having better

transmittance in the UV-Vis range
(up to 96%), increased optical band
gap Eg, and improved smoothness

[23]

2–64 days
zinc acetate dihydrate,

diethanolamine,
ethanol

dip-coating
(monolayer), 485,
glass substrates

the optimal sol aging time is 30 days,
the ZnO layers are characterized by
the best optical and photocatalytic

properties, after this time the layers
have weaker optical and
photocatalytic properties

this work

4. Conclusions

This paper presents the results of investigations on ZnO layers fabricated using the
sol-gel method and dip-coating technique. In the course of sol synthesis, zinc acetate
dihydrate was applied as the precursor, while diethanolamine was the stabilizing agent.
ZnO layers were produced on soda-lime glass substrates. The layers were annealed at the
temperature of 485 ◦C for 60 min. The maximum duration of sol aging was 64 days. The sol
was kept at the temperature of 18 ◦C throughout the whole aging process. At the end of that
process, the gelation process had not ended, and sol was still suitable for coating processes.

Presented studies aimed at the determination of the effect which has the duration of
the sol aging process on the properties of produced ZnO layers. They have a thickness
varying in the range from 42 nm to 52 nm. The DLS investigations showed that synthesized
sol was very stable during the whole aging process. FTIR studies of ZnO powder showed
that there are no organic remnants in ZnO layers after the annealing process. The surface
morphology of ZnO layers was investigated using SEM and AFM microscopy. Both of
these methods revealed that ZnO layers have a granular structure. The spectrophotometric
studies showed that the absorption in the UV range has two components: first, below the
band gap of bulk ZnO crystal (Eg

II = 3.290 eV), which is caused by excitation of free exciton
and second, connected with the charge transfer excitations in ZnO nanocrystals. The blue
energy shift is observed in the second case as a result of the quantum size effect. Moreover,
we showed that the optical energy band gaps determined from positions of maxima in
reflectance characteristics are equal to those determined using the Tauc method.

The obtained results indicate that there is an optimum duration of the sol-gel aging
process that results in the fabrication of layers having extreme values of optical and mor-
phological parameters. All produced ZnO layers showed photocatalytic activity against the
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aqueous solution of methylene blue dye, however, the most efficient dye degradation was
observed in the solution characterized by k = 12.3·10−3 min−1 and η = 79.5% for ZnO layers
aged for 30 days. It is to be noted that ZnO layers aged for this period have the greatest
porosity (p = 37.1%), the weakest hydrophilicity (water contact angle 68.53◦), and the great-
est optical energy band gaps (Eg

I = 4.485 eV and Eg
II = 3.300 eV). The high photocatalytic

activity of produced ZnO layers allows us to conclude that they may find their applications
in environmental applications where the degradation of organic pollutants is required.
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44. Karasiński, P.; Gondek, E.; Drewniak, S.; Kajzer, A.; Waczyńska-Niemiec, N.; Basiaga, M.; Izydorczyk, W.; Kouari, Y.E. Porous

titania films fabricated via sol gel rout—Optical and AFM characterization. Opt. Mater. 2016, 56, 64–70. [CrossRef]
45. Millán, C.; Santonja, C.; Domingo, M.; Luna, R.; Satorre, M.Á. An experimental test for effective medium approximations (EMAs).

Astron. Astrophys. 2019, 628, A63. [CrossRef]

94



Materials 2023, 16, 1898

46. Ozgür, Ü.; Alivov, Y.I.; Liu, C.; Teke, A.; Reshchikov, M.A.; Doğan, S.; Avrutin, V.; Cho, S.-J.; Morkoç, H. A comprehensive review
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Abstract: In this study, an environmentally friendly sol-gel synthetic approach was used for the
preparation of yttrium-doped MgFe2O4. Two series of compounds with different iron content were
synthesized and A-site substitution effects were investigated. In the first series, the iron content
was fixed and the charge balance was suggested to be compensated by a partial reduction of Fe3+

to Fe2+ or formation of interstitial O2− ions. For the second series of samples, the iron content was
reduced in accordance with the substitution level to compensate for the excess of positive charge,
which accumulates due to replacing divalent Mg2+ with trivalent Y3+ ions. Structural, morphological
and magnetic properties were inspected. It was observed that single-phase compounds can only form
when the substitution level reaches 20 mol% of Y3+ ions and iron content is reduced. The coercivity
as well as saturation magnetization decreased with the increase in yttrium content. Mössbauer
spectroscopy was used to investigate the iron content in both tetrahedral and octahedral positions.

Keywords: magnesium spinel; sol-gel synthesis; ferrite spinel; solid solutions; magnetic properties

1. Introduction

Spinel ferrites with general formula MFe2O4 (where M = Fe, Co, Mn, Ni, Mg, Cu,
Zn) are considered to be an important class of inorganic materials displaying a large
variety of properties, including mechanical hardness, chemical stability, high electrical
resistivity and good thermal stability [1]. In addition, these compounds are soft magnetic
materials with low coercivity, high magnetization saturation and remnant magnetization
at room temperature [2]. A variety of physical, electrical, dielectric, magnetic, optical and
catalytic properties make ferrite spinels applicable in medicine [3], water and wastewater
treatment [4], nonvolatile memory devices [5], catalysis [6], gas sensing [7], microwave
absorption [8] etc.

Amongst all the spinel ferrites, magnesium ferrite (MgFe2O4) attracted considerable at-
tention from the scientific community due to its high adsorption capacity, suitable bandgap
and non-toxicity [9,10]. This compound has a partially inverse spinel structure, where
divalent Mg2+ ions partly fill the tetrahedral site. It is known to be ferrimagnetic below
Neel temperature; however, in the case of nanoscale particles depending on preparation
conditions it can also be superparamagnetic [11,12]. Various synthesis approaches, such
as co-precipitation [13], solvothermal [14], one-pot solution combustion [15], hydrother-
mal [16] and microwave-assisted ball milling [17] were utilized for the preparation of
magnesium ferrite. Another widely applied synthesis technique is the aqueous sol-gel
method [18–20]. Using different complexing agents allows the preparation of phase-pure
magnesium ferrite spinel at a low processing temperature in a relatively short time. More-
over, the mixing of starting materials at the atomic level leads to the ease of doping with
other elements [20].

One of the ways to tune the physical properties of spinel ferrites is doping with
different monovalent, divalent or trivalent cations. For example, Mg2+ substitution by Zn2+
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led to an increase in magnetization and magnetic moments [21]; the introduction of 80% of
Co2+ ions into the MgFe2O4 structure resulted in the smallest core losses [22]. In particular,
the effects of substitution by Y3+ ions were investigated for many ferrite spinels, including
MnFe2O4 [23], Mn0.5Zn0.5Fe2O4 [24], CoFe2O4 [25], CdFe2O4 [26] and ZnFe2O4 [27]. In
most cases, trivalent Fe3+ ions were substituted, while the amount of A-site cation remained
the same. While yttrium has a larger ionic radius than other cations in the spinel crystal
lattice, previous works [23–27] have shown that up to 30% can be successfully introduced
into the ferrite spinel structure without the formation of any impurity phases.

To the best of our knowledge, there is only one work regarding MgFe2O4 spinel
substituted with yttrium, where a double sintering technique was applied [28]. In this
study, the introduction of Y3+ in favor of Fe3+ ions resulted in increased resistivity, decreased
dielectric constant and reduced particle size. Additionally, it was shown that only 2 mol%
of iron can be substituted since a higher yttrium amount resulted in the formation of the
YFeO3 impurity phase.

In this work, we investigated Mg2+ substitution with Y3+ ions by preparing two dif-
ferent series of Mg1−xYxFe2−δO4 powders applying an environmentally friendly sol-gel
method. Since divalent ion is substituted by trivalent, in the first series (with δ = 0) the
amount of Fe amount was fixed, while in the second (δ = x/3) the charge was compensated
by an appropriately reduced amount of Fe. The structural, morphological and magnetic
properties of the obtained spinels were evaluated. Moreover, the maximal yttrium substitu-
tion level, when monophasic compounds form, was also inspected.

2. Materials and Methods

For the preparation of yttrium-doped MgFe2O4 spinels, magnesium (II) nitrate hex-
ahydrate (Mg(NO3)2·6H2O, ≥98%, Chempur, Karlsruhe, Germany), iron (III) nitrate non-
ahydrate (Fe(NO3)3·9H2O, 99.9%, Alfa Aesar, Haverhill, MA, USA) and yttrium (III) nitrate
hexahydrate (Y(NO3)3·6H2O, 99.9%, Sigma-Aldrich, St. Louis, MO, USA,) were used as
starting materials. During the first step, the appropriate amounts of nitrates required for
the synthesis of 1 g of material were dissolved in 20 mL of deionized water. After that, citric
acid monohydrate (C6H8O7·H2O, 99.9%, Chempur) and ethylene glycol (C2H6O2, ≥99.5%,
Sigma-Aldrich) were added to the mixture (the molar ratio between total metal ions, citric
acid and ethylene glycol was 1:1:2, respectively). The temperature of magnetic stirrer was
set at 90 ◦C and the above solution was homogenized for 1 h under constant mixing. After
that, the temperature was increased up to 120 ◦C for complete solvent evaporation and the
gel was obtained. The acquired gel was left to dry overnight at 130 ◦C in the oven, carefully
ground in agate mortar and annealed in air at 800 ◦C for 5 h with a heating rate of 5◦/min.

PerkinElmer STA 6000 Simultaneous Thermal Analyzer was used to perform ther-
mogravimetric and differential scanning calorimetric (TG/DTG-DSC) analysis. A small
amount of dried gel (5–10 mg) was heated at a 10 ◦C/min heating rate from 30 to 850 ◦C in
dry flowing air (20 mL/min). Rigaku Miniflex II diffractometer using a primary beam Cu
Kα radiation (λ = 1.541838 Å) was used for X-ray diffraction (XRD) analysis. The 2Θ angle
of the diffractometer was selected in 20◦–80◦ range while moving 5◦/min. To calculate the
crystallite size the Scherrer’s equation (D = Kλ

βcosΘ , where K—shape factor 0.89, λ—X-ray
wavelength, β—full width at half maximum in radian, Θ—Bragg diffraction angle) was
used. To determine the instrumental broadening, the β was measured for corundum stan-
dard. Fourier-transform infrared spectroscopy (FT-IR) was performed using an Alpha
FT-IR spectrophotometer (Bruker, Ettlingen, Germany) in the range of 4000–400 cm−1.
The morphology of solid solutions was examined using the Hitachi SU-70 (Tokyo, Japan)
scanning electron microscope (SEM). Magnetometer consisting of the lock-in amplifier
SR510 (Stanford Research Systems, Sunnyvale, USA), the gauss/teslameter FH-54 (Magnet
Physics, Cologne, Germany) and the laboratory magnet supplied by the power source
SM 330-AR-22 (Delta Elektronika, Zierikzee, The Netherlands) were applied to record
magnetization dependences on the applied magnetic field. Mössbauer spectra were mea-
sured using 57Co(Rh) source and Mössbauer spectrometer (Wissenschaftliche Elektronik
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GmbH, Starnberg, Germany). For low temperature measurements, closed cycle He cryostat
(Advanced Research Systems, Macungie, USA) was applied. One or two hyperfine field
distributions, separate sextet and singlet/doublet were used to fit to Mössbauer spectra
applying WinNormos Dist software. Isomer shift is given relative to α-Fe.

3. Results

The thermal decomposition behavior of the obtained gels as well as possible minimal
annealing temperature were investigated by thermogravimetric analysis. TG/DTG/DSC
curves of two xerogels with different compositions (Mg-Fe-O and Mg-Y-Fe-O) are depicted
in Figures 1 and 2. The first degradation stage for both samples takes place in 50–130 ◦C
range, where negligible weight loss (around 2%) can be seen. At these temperatures, the
removal of adsorbed water occurs. Two degradation steps can be witnessed for Mg-Fe-
O xerogel at 200–330 ◦C, while (0.8)Mg-(0.2)Y-(1.933)Fe-O xerogel has only one in this
temperature range. These decomposition steps (where around 50% of the initial weight
was lost) could be related to the decomposition of metal complexes with ethylene glycol
and citric acid. A small exothermic peak found in DSC curve at around 250 ◦C supports
the combustion reaction. Moreover, the next step centered around 370 ◦C in the DTG
curve for both xerogels could be attributed to the thermal decomposition of metal nitrates
and organic species. The last degradation step, in the 440–500 ◦C range for Mg-Fe-O
xerogel and 380–470 ◦C range for (0.8)Mg-(0.2)Y-(1.933)Fe-O is related to pyrolysis as well
as combustion of intermediates species formed during gelation and residual organic parts.
Both xerogels lose around 80 ◦C of total weight according to TG curves. Interestingly, the
sample containing 20 mol% of yttrium has a lower decomposition temperature compared
to the sample with only magnesium and iron ions.

 
Figure 1. TG/DTG/DSC curves of Mg-(2)Fe-O xerogel.

 
Figure 2. TG/DTG/DSC curves of (0.8)Mg-(0.2)Y-(1.933)Fe-O xerogel.

98



Materials 2022, 15, 7547

While 460 ◦C was determined to be the lowest possible annealing temperature for
the synthesis of Mg0.8Y0.2Fe1.933O4 spinel, only 800 ◦C temperature was sufficient for the
formation of the spinel phase. Two different compositions of yttrium-doped spinels were
prepared at this temperature and the results of the X-ray diffraction analysis are presented
in Figure 3.

 
Figure 3. XRD patterns of Mg1−xYxFe(2−δ)O4, where δ = 0 (a) and δ = x/3 (b). An asterisk represents
the diffraction peaks ascribed to YFeO3 impurity phase.

The undoped MgFe2O4 sample seems to be nearly monophasic with only a negligible
amount of Fe2O3 as a neighboring phase. The phase purity of solid solutions depends
on the iron content. In the first case, when Mg2+ was substituted with Y3+ ions and the
iron content remained fixed throughout the whole series (Figure 3a), the formation of the
hexagonal YFeO3 (#00-048-0529) impurity phase occurred. The amount of neighboring
yttrium ferrite phase increased with the increase of Y3+ content. For the second series of
samples (Figure 3b), since Mg2+ and Y3+ ions have different valencies, the excess of positive
charge was compensated with appropriate reducing of the Fe3+ content. Mg1−xYxFe(2−δ)O4
(δ = x/3) solid solutions were monophasic until x = 0.2. With the increase of yttrium
content, these materials demonstrated considerably broader diffraction peaks, indicating
the formation of smaller particles. The crystallite size decreased from ca. 40 nm for
MgFe2O4 to 10–13 nm for yttrium-containing solid solutions. This effect can be assumed
as evidence of the introduction of yttrium ions into the crystal lattice. Moreover, only a
slight shift of diffraction peaks to lower 2Θ can be seen, due to the difference in ionic radii
between magnesium and yttrium ions (0.72 Å vs. 0.9 Å in VI-fold coordination) [29]. It
should be noted that yttrium ions may also be located in Fe-sites at the octahedral position,
since the iron amount in Mg1−xYxFe(2−δ)O4 (δ = x/3) solid solutions was also reduced.
While the orthorhombic YFeO3 phase is considered to be a thermodynamically stable
one, the hexagonal perovskite phase can be prepared with a similar sol-gel methodology
at lower temperatures [30,31]. It can be summarized that the compensation of excess of
positive charge by reducing iron content was crucial for the preparation of single-phase
spinel ferrites.

FT-IR spectroscopy was additionally performed to investigate the structural changes
caused by the introduction of Y3+ ions into the spinel structure; the spectra of
Mg1−xYxFe(2−δ)O4 (δ = x/3) solid solutions are demonstrated in Figure 4. Since a rel-
atively high annealing temperature was used for the preparation of ferrite spinels, no
absorption bands were observed in the 4000–800 cm−1 range, which could be related to
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hydroxide, carbonate or residual organic species. According to the previous study of
various spinel ferrites [32], the FT-IR spectrum of MgFe2O4 contains two bands assigned to
the Fe-O bond centered at 565 and 406 cm−1. The first band is associated with the intrinsic
vibrations in the tetrahedral site, while the latter is attributed to octahedral groups. In
our case, the position of absorption bands is slightly different, which could indicate a
redistribution of cations between A and B sites. A similar inversion of cations between
both sites was previously observed for nanosized MgFe2O4 spinel prepared via sol-gel
synthesis technique [33]. The absence of change in the position of the lower intensity band
and monotonous, but a non-significant shift of the most intense absorption band with
increasing yttrium content could suggest that Y3+ ions occupy tetrahedral positions in
the lattice.

 
Figure 4. FT-IR spectra of Mg1−xYxFe(2−δ)O4 (δ = x/3) specimens.

Scanning electron microscopy (SEM) was employed to evaluate surface morphology
as well as the particle size of two different yttrium-containing solid solutions and the
results are presented in Figure 5. In both cases, samples consist of smaller particles, which
are connected to each other forming larger aggregates. For Mg0.95Y0.05Fe1.983O4 sample
(Figure 5a) the size of these aggregates varied in the 200–400 nm range, while for the
sample containing 10 mol% of yttrium (Figure 5b), assemblies of particles were larger
(200–600 nm). Interestingly, while the increase in Y3+ content resulted in the formation
of larger aggregates, for individual particles the opposite effect can be seen. ImageJ was
used to estimate the size of separate particles for both solid solutions, and most particles of
Mg0.9Y0.1Fe1.967O4 spinel lay in the range of 30–100 nm, while Mg0.95Y0.05Fe1.983O4 sample
was comprised of slightly larger particles varying from 50 to 150 nm.

 
Figure 5. SEM images of Mg0.95Y0.05Fe1.983O4 (a) and Mg0.9Y0.1Fe1.967O4 (b) solid solutions.

With an increase of Y amount the saturation magnetization (at maximal applied
field) of hysteresis loops of Mg1−xYxFe2−δO4 (Figure 6) decreased from 26 emu/g to
16 emu/g (δ = 0) or 20 emu/g (δ = x/3), while the coercivity decreased from 70 to 17 Oe
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(δ = 0) or 5 Oe (δ = x/3). Cations in Mg ferrite are distributed between tetrahedral A
and octahedral B sublattices which are denoted in formula (FeαMg1−α)[Fe2−αMgα]O4
by round and square brackets, respectively. The cation redistribution is also known for
other compounds with spinel structures, such as MgAl2O4 [34]. The Mg ferrite inversion
degree is high (α ≈ 0.9) with Mg occupying predominantly octahedral sublattice [35–37].
The magnetization of Mg ferrite is determined by the difference in magnetic moments of
Fe in tetrahedral and octahedral sublattices. By changing the chemical composition, Fe
cations may redistribute between A and B sublattices of Mg1−xYxFe2−δO4 in a way causing
a change in magnetization. However, the major factor causing a decrease in magnetization
could be a decrease in grain (nanoparticle) size and an increase in the contribution of a
magnetically disordered, magnetically dead intergranular layer. The decrease in coercivity
can also be explained by the formation of smaller superparamagnetic nanograins [38].

 

 
Figure 6. Magnetization hysteresis loops of Mg1−xYxFe2−δO4 (a,b) and their parameters (c): satura-
tion magnetization mH = 4.4 Oe and coercivity Hc.

Mössbauer spectra of the MgFe2O4 sample (Figure 7a) showed broader spectral lines
as compared to those of previously studied polycrystalline Mg ferrite [35,36]. The broaden-
ing of room temperature Mössbauer spectra and the relative area of superparamagnetic
doublet increased with an increase of Y3+ content (Table 1). Two broad overlapping sub-
spectra expressed by hyperfine field distribution P(B) attributable to octahedral A and
tetrahedral B sublattices were distinguished by different isomer shifts: δA ≈ 0.15 mm/s
and δB ≈ 0.4 mm/s for Mg1−xYxFe2−δO4 samples with x ≤ 0.1. However, at larger spectral
broadening, when x ≥ 0.1, only one P(B) distribution having an isomer shift of ≈0.30 mm/s
was used, which was an average isomer shift of two A and B subspectra. The isomer
shift ≈ 0.30 mm/s was characteristic of the superparamagnetic doublet. The decrease in
average hyperfine field and increase of doublet area can be explained by the increase of
the superparamagnetic relaxation rate of Fe spins in case of a decrease in grain size. The
average hyperfine field of the whole spectrum <Ball> decreased up to 50% (Table 1) with an
increase of x. It was the smallest for Mg0.9Y0.1Fe1.967O4 having the largest contribution of
doublet in the spectrum. It can be noted that Mössbauer spectra do not indicate that Fe2+

ions may form as there were no characteristic shifts of spectral shape while increasing the
substitution of Mg2+ by Y3+.
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Figure 7. Mössbauer spectra of Mg1−xYxFe2−δO4 at 296 K (a) and 10 K (b).

Table 1. Mg1−xYxFe2−δO4 Mössbauer spectra parameters at 293 K: average hyperfine field <B>,
subspectra A and B area ratio IA/IB, singlet relative area Is, isomer shifts δ. Indexes A, B and s
indicate tetrahedral, octahedral sublattices and singlet, respectively.

x δ <BA>, T <BB>, T IA/IB Is, % δA, mm/s δB, mm/s

0 0 45.0 45.0 0.62 0 0.16 ± 0.01 0.39 ± 0.01

0.05 0 41.6 43.4 0.7 1 0.14 ± 0.01 0.40 ± 0.01

0.05 0.017 41.2 42.3 0.7 2 0.16 ± 0.01 0.40 ± 0.01

0.1 0 39.6 40.8 0.74 1 0.15 ± 0.01 0.40 ± 0.01

<BAB>, T <Ball>, T δAB, mm/s δs, mm/s

0.1 0.034 31.4 21.8 - 31 0.30 ± 0.01 0.31 ± 0.01

0.2 0 35.3 28.4 - 20 0.29 ± 0.01 0.31 ± 0.01

0.2 0.067 34.1 29.4 - 14 0.29 ± 0.01 0.29 ± 0.01

At 10 K the width of hyperfine distributions of two major subspectra shrank (Figure 7b).
The additional subspectrum of 5% spectral area (Table 2) was distinguished for yttrium-
containing samples. The additional subspectrum with an average hyperfine field of 42–43 T
can be attributed to Fe-disordered sites because of Y presence in the neighborhood of Fe
sites or the formation of hexagonal YFeO3. We were not able to find previously published
low-temperature Mössbauer data for hexagonal YFeO3. However, for Fe in hexagonal
YMnO3, the positions of the lines in the Mössbauer spectrum (hyperfine field of 40–44.5 T)
at 12 K [39] are in rather good agreement with those of additional subspectra.
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Table 2. Mg1−xYxFe2−δO4 Mössbauer spectra parameters at 10 K: subspectra relative intensity I,
isomer shift δ, quadrupole shift 2ε and average hyperfine field <B>.

x δ I, % δ, mm/s 2ε, mm/s <B>, T

0 0 37 0.27 ± 0.01 0.01 ± 0.01 51.3 Tetrahedral A
63 0.51 ± 0.01 0.05 ± 0.01 52.3 Octahedral B

0.1 0.034 34 0.27 * 0.10 ± 0.01 51.0 Tetrahedral A
61 0.51 * −0.01 ± 0.01 51.7 Octahedral B
5 0.39 ± 0.02 0.54 ± 0.05 42.7 Disordered/h-YFeO3

0.2 0.067 36 0.27 ± 0.01 0.03 ± 0.01 51.2 Tetrahedral A
59 0.51 ± 0.01 0.03 ± 0.01 51.9 Octahedral B
5 0.45 ± 0.02 0.63 ± 0.05 42.6 Disordered/YFeO3

0.2 0 35 0.27 * 0.12 ± 0.01 51.2 Tetrahedral A
60 0.51 * 0.01 ± 0.01 51.7 Octahedral B
5 0.33 ± 0.03 0.55 ± 0.07 43.4 Disordered/YFeO3

* Fixed.

4. Conclusions

A sol-gel synthetic approach using ethylene glycol and citric acid was successfully
utilized for the preparation of Mg1−xYxFe2−δO4 (δ = x/3) solid solutions. The iron content
played a key role in the phase purity of the final products and only when δ = x/3 monopha-
sic spinels could be obtained. At fixed iron content (δ = 0), the formation of a secondary
YFeO3 phase occurred. While the size of individual particles was smaller with the increase
in yttrium amount, the size of aggregates was larger. Intercalation of Y3+ ions caused a
decrease in the saturation of magnetization and coercivity. According to the Mössbauer
spectroscopy studies, with the increase in yttrium amount for Mg1−xYxFe2−δO4 solid solu-
tions the amount of iron located in the tetrahedral position increased. Low-temperature
Mössbauer measurements revealed the formation of hexagonal YFeO3 or disordered phase.
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Abstract: Nanostructured catalysts of platinum (Pt) supported on commercial TiO2, as well as TiO2-
CeO2 (1, 5 and 10 wt% CeO2), were synthesized through the Sol-Gel and impregnation method doped
to 1 wt% of Platinum, in order to obtain a viable photocatalytic material able to oxidate organic pollu-
tants under the visible light spectrum. The materials were characterized by different spectroscopy
and surface techniques such as Specific surface area (BET), X-ray photoelectron spectroscopy (XPS),
XRD, and TEM. The results showed an increase in the diameter of the pore as well as the superficial
area of the supports as a function of the CeO2 content. TEM images showed Pt nanoparticles ranking
from 2–7 nm, a decrease in the particle size due to the increase of CeO2. The XPS showed oxidized
Pt2+ and reduced Pt0 species; also, the relative abundance of the elements Ce3+/Ce4− and Ti4+ on the
catalysts. Additionally, a shift in the Eg band gap energy (3.02–2.82 eV) was observed by UV–vis,
proving the facticity of applying these materials in a photocatalytic reaction using visible light. Finally,
all the synthesized materials were tested on their photocatalytic oxidation activity on a herbicide used
worldwide; 2,4-Dichlorophenoxyacetic acid, frequently use in the agriculture in the state of Jalisco.
The kinetics activity of each material was measured during 6 h of reaction at UV–Vis 190–400 nm,
reaching a removal efficiency of 98% of the initial concentration of the pollutant in 6 h, compared to
32% using unmodified TiO2 in 6 h.

Keywords: nanocatalysts; photocatalysts; band gap energy; sol-gel and impregnation method

1. Introduction

As the population continues to grow, pollution has increased in all water resources,
producing an urgent need to create solutions to remediate it. Studying the literature
regarding a reliable technology for water treatment able to oxidate persistent organic
molecules heterogeneous catalysts, it has been proven to be able to remove a wide range
of contaminants [1–3]. By doping the reaction with metallic and nanometric catalysts
helps to increase the surface energy of the individual particles, increasing the probability of
aggregation, which can reduce the specific surface area of the catalyst and its efficiency since
they are widely used materials due to their relatively low cost, and they can be reused [4,5].
To avoid aggregation, it is important to immobilize the active metal nanoparticles on
mesoporous solid support, as well as to transform the metal into its oxide form [6].

The morphological structure of the catalyst support determines the dispersion of the
nanoparticles and the surface area of the catalytic active sites. Various semiconductor
materials including titanium dioxide (TiO2), zinc oxide (ZnO), vanadium pentoxide (V2O5),
cerium oxide (CeO2) and tungsten trioxide (WO3) have been extensively studied by photo
catalysis reaction [1,7,8]. One of the most researched compositions for a support system
is TiO2 because it is an effective, inexpensive, and stable photocatalyst used for the de-
composition of organics [1,4]. However, TiO2 can only absorb the ultraviolet portion and
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can only take advantage of about 4% of the intensity of the sunlight spectrum due to its
high bandgap (3.0–3.2 eV) [1,9]. This represents a major limitation since its photocatalytic
properties are not fully used; even so, an alternative that has been explored to extend its
photo response range to the region is to dope the surface with metallic nanoparticles or
combine it with another support [4]. Selected methods like doping and composites have
been attempted to achieve photo-initiation into the visible spectrum, therefore decreasing
cost and increasing efficiency [6]. Another support that has gained importance recently
and that can be used as a photocatalyst is CeO2. This is due to its unique redox properties
that consist of reversibly creating and eliminating oxygen vacancies on the surface [10].

The relation between the photocatalytic activity of TiO2 and CeO2 composite under UV
and visible light has been studied [8,11–13]. Liu et al. in 2005 found that TiO2-CeO2 under
visible illumination exhibits more photocatalytic activity than pure TiO2 and CeO2 films.
Another study reported by Tian et al. in 2013, who prepared heterostructures of CeO2/TiO2
nanobelts using a hydrothermal method. These authors found that both UV and visible
photocatalytic activities of CeO2/TiO2 nanobelt heterostructures were enhanced compared
to TiO2 nanobelts and CeO2 nanoparticles. More recently, Henych et al. (2021) found the
strong interaction of Ti with Ce within the composites led to the formation of Ce3+ and
Ti<4+ states, reduction of titania crystallite size, change of acid-base and surface properties,
and synergetic effects that are all responsible for highly improved degradation efficiency
of organophosphorus compounds. In addition, the thermocatalytic, photocatalytic, and
photothermocatalytic oxidation of some volatile organic compounds, 2-propanol, ethanol,
and toluene, were investigated over brookite TiO2-CeO2 composites [11]. Other studies
have focused on improving catalyst synthesis methods using green methods [14] or adding
doping of TiO2-CeO2 supports to improve photocatalytic properties [15,16].

In order to improve the combination of TiO2 and CeO2 supports, the incorporation of
platinum nanoparticles was studied in this research. Platinum nanoparticles are advanta-
geous in biological, biosensor, electro-analytical, analytical, and catalytic applications [17].
They are unique because of their large surface area and their numerous catalytic applica-
tions, such as their use as automotive catalytic converters and as petrochemical cracking
catalysts [18]. As mentioned above, the present work takes advantage of the combined
photoactivity properties of two semiconductors TiO2-CeO2 supports and the platinum
nanoparticles forming Pt/TiO2-CeO2 photocatalyst. The TiO2-CeO2 supports were prepared
by sol-gel method at different contents of the cerium oxide (2–10 wt%) and the platinum
nanoparticles (1.0 wt%) were prepared by the impregnation method to obtain Pt/TiO2-CeO2
photocatalysts. This project is innovative because it will use the semiconductor, TiO2 mixed
with CeO2, mechanically alloyed, to shift photo-initiation into the visible range.

2. Materials and Methods

2.1. Materials

Cerium (IV) oxide reagent grade, 97%, was used as a support for the catalyst in the
sol-gel method. The TiO2 P25 reagent grade 99.5%, commercial salt of hexachloroplatinic
for a precursor of nanoparticles of Pt at 37.5% purity (H2PtCL6 * 6H2O), the reactive used
to reach pH in the preparation methods was nitric acid (HNO3) reagent at 65%, ethanol
(C2H5OH) at 99.8% hydrochloric acid (HCl) at 99.9%. All reagents were obtained from
Sigma-Aldrich (Toluca, México).

2.2. Support Preparation
2.2.1. Impregnation Synthesis

The TiO2 supports was prepared using TiO2 Degussa P25 (Aldrich, 99.5%) it was first
placed in a thermal treatment at 500 ◦C for 2 h with an airflow of 50 mL/min. The CeO2 was
incorporated into the TiO2 with different contents (1, 5, and 10% by weight of CeO2) with
an aqueous solution of Ce (NO3)3 * 6H2O. This solution was added to the TiO2 that was
placed in a ball flask. The mixture was stirred for 3 h on a rotary evaporator. Afterwards,
the samples were dried under vacuum in a 60 ◦C water bath. Subsequently they were dried
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in an oven at 120 ◦C for 12 h and calcined at 500 ◦C for 4 h with an air flow (50 mL/min)
and a heating ramp of 2 ◦C/min. This process was performed in duplicate.

2.2.2. Sol-Gel Synthesis

To prepare the TiO2 support material by sol-gel, titanium IV butoxide (Aldrich, 97%)
was used as a TiO2 precursor with water, ethanol, and a few drops of HNO3 to fix the pH in
the solution to 3. The preparation of the supports was made in a three-necked flask, mixing
dropwise the n-Butoxide into the mix in the water/alkoxide solution (8:1 molar ratio). Then
the mixture was placed to reflux and stirred vigorously for 24 h. The temperature of the
preparation was maintained in a range between 75–80 ◦C. The samples were dried under
vacuum on a rotary evaporator with a 75 ◦C water bath. Finally, the supports were calcined
at 500 ◦C for 4 h with an airflow (50 mL/min) and a heating ramp of 2 ◦C/min [19].

The process to add the CeO2 into the support web was the same as described previous
for the TiO2 sol-gel, with the difference of adding the reagent Ce (NO3)3 * 6H2O by previ-
ously preparing a solution in order to obtain the desired percentages in the support web.
This process was performed in duplicate and in parallel.

2.3. Pt Catalysts Preparation

The catalysts were prepared by wet impregnation, using the support material pre-
viously synthesized with TiO2 and CeO2. Prior to catalyst preparation, both TiO2 and
TiO2-CeO2 supports were previously air-dried at 100 ◦C for 24 h. Subsequently, the sup-
ports were added to a ball flask to which a 0.001 M hydrochloric acid solution was used to
adjust the pH. Then the mixed solution with the support was left stirring until it became
homogenized, after which the Pt solution was added, and commercial salt of H2PtCl6 *
6H2O at 37.5% purity was employed as a precursor for Pt in order to obtain a semiconductor
material with a 1% weight metal content. The suspended solution was heated to 60 ◦C with
vigorous stirring for 4 h. The leftover solids were dried in the oven at 120 ◦C for 24 h and
calcined at 500 ◦C with an airflow of 1 cm3/s and heating rate of 2 ◦C/min. Finally, the
samples were placed in a vacuum desiccator in amber glass vials wrapped in foil paper to
mitigate the exposure to light [20].

2.4. Characterization Techniques

The TiO2-CeO2 supports and the platinum nanoparticles that form the Pt/TiO2-CeO2
photocatalyst synthesized by sol-gel and impregnation at different concentrations were
characterized to determine which method improved their photocatalytic properties. The
determination of the specific surface area was carried out using the standard Brunauer,
Emmett and Teller (BET) method using nitrogen physisorption in Micromeritics ASAP 2020.
The X-ray diffraction (XRD) was used to determine their phases and crystallinity. This was
carried out using an Empyrean by Malvern Panalytical, Almelo, equipped with Cu-Kα

radiation (λ = 0.154 nm). The phase content of anatase and rutile were calculated with the
XRD intensity of the characteristic peaks of the phases [21,22], as shown in Equation (1).

WA =
KAIA

(KAIA + IR)
(1)

where WA is the mole fractions of anatase, IA and IR are the X-ray integrated intensities of
the anatase and the rutile, respectively, and KA = 0.886.

The presence of elements in the catalyst and the percentage of each element were
determined using X-ray photoelectron spectrometry (XPS) Phoipos 150 (ESCALAB 210, VG
Scientific Ltd., East Grinstead, UK) and Raman spectroscopy (Cora 5500 Anton Paar, Anton
Paar, Germany). Transmission Electron Microscopy (TEM) has been used to explicate the
innermost structure, morphology, and exact particle size of the composite system (FEI
TITAN G2 80–300, Hillsborough, OR, USA) operated at 300 keV. The UV–Vis (UV–Visible)
spectrophotometer (Shimadzu UV-2600, Kyoto, Japan) was used to determine the energy
level of the band gap for all composites of Pt/TiO2-CeO2 photocatalyst synthesized.
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2.5. Photocatalytic Reaction

The photodegradation experiments of 2,4-D was carried out at room temperature,
using a slurry reactor, a glass beaker of 200 mL capacity with 150 mL of a mother solution
with 200 ppm of 2,4-Dimethylamine salt, and 200 mg of catalyst mixed with air (BOYUS air
pump 4000 B, with pressure of 0.012 MPa and an output of 3.2 L per minute). The reaction
was kept in agitation for 30 min in complete darkness until the adsorption desorption
equilibrium had reached light striking the reactor with a UV lamp (4 watts). The run time
for adsorption tests was 6 h under darkness, at the natural pH of the slurry. An example
was obtained every 30 min, using a filtrating syringe to extract 4 mL of the slurry and
using a membrane to separate the suspension material. Every example was measured
in a UV–Vis (UV-2600 Shimadzu) at 190–400 nm. To obtain the kinetics activity of each
material. The concentration of the reaction was calculated from the absorption band at
282 nm, applying the equation of Beer–Lambert. The conversion percentage was calculated
using the Equation (2).

X2,4D =
2,4D0 − 2,4Df

2,4D0
× 100% (2)

where X2,4D is the percentage of the 2,4-D conversion, 2,4D0 is the concentration of the
pollutant at the beginning of the reaction, and 2,4Df is the concentration of the pollutant at
the end of the reaction.

The heterogenous photocatalysts were carried out by employing the following catalyst:
Aeroxide P-25® Commercial TiO2, TiO2-CeO2 (5, 10 wt%), Pt-TiO2-CeO2 (5, 10 wt%) syn-
thesis by impregnation and TiO2-CeO2 (1, 5, 10 wt%), Pt-TiO2-CeO2 (1, 5, 10 wt%) synthesis
by sol-gel.

3. Results and Discussion

3.1. Specific Area by the BET Method

In order to investigate the effect that was created in the surface of the support with the
addition of CeO2 in different concentrations, several material characterization techniques
were made. Starting with the specific area determined by the BET method, as well as the
average pore diameter of the TiO2 and TiO2-CeO2 supports, we can observe that the effect
of adding CeO2 to TiO2 increased the pore diameter and the specific area decreased. The
impregnation method generated a higher diameter of pores and low specific surface area
than the sol-gel method, probably because the sol-gel method had better dispersion of
CeO2 in the TiO2. Similar effects have been reported by other authors [23]. Table 1 shows
the results of the specific surface area, and the pore diameter of the catalyst support.

Table 1. Specific surface area, and pore diameter for TiO2-CeO2 catalysts support.

Support Method Diameter Pore (Å) Specific Surface Area (m2/g)

TiO2 Sol-gel 52.54 185.59
TiO2-CeO2 1% Sol-gel 53.08 181.46

TiO2-CeO2 10% Sol-gel 77.51 104.36
TiO2-CeO2 1% Impregnation 295.06 43.56

TiO2-CeO2 10% Impregnation 304.05 43.61

3.2. X-ray Diffraction (XRD)

An X-ray diffraction characterization test was performed to evaluate the content of the
anatase and rutile phases in the supports for both methods. The crystalline phases of TiO2
and TiO2-CeO2 can be seen in the diffraction patterns found in Figure 1. For the Pt-TiO2
catalyst and the mixed oxides TiO2-CeO2 synthesized by sol-gel and impregnation, the
presence of the peaks 2θ = 25.19, 37.60, 53.95, 54.36, 62.68, 75.04, and 82.7 are attributed to
the anatase phase, corresponding to the plane (JCPDS no. 21-1272). Sol-gel presented the
rutile phase whose peaks associated with the phase are 2θ = 70.16 and impregnation in
2θ = 35.81, 41.04, and 70, according to JCPDS with reference number 23-0278. The anatase
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phase is dominant in both methods due to the heat treatment to which the material was
subjected. This is good since the anatase phase is a better photocatalyst than rutile because
the exciton diffusion is twice as long [6]. In addition, in the sol-gel method it is possible
to observe a decrease in the peaks of the anatase phase due to the increase of CeO2 in the
network of the support. For CeO2 the peaks 2θ = 47.80, are associated with the cerenite
phase that corresponds to a cubic packing of CeO2. With the impregnation method, CeO2
was observed at 2θ = 27.29, 47.80, and 56.54. In Pt/TiO2-CeO2 catalysts, the cerenite phase
was observed very little, probably because it is very dispersed within the TiO2 structure,
this can be observed in the shift to the right of the characteristic peaks of the TiO2 (JCPDS,
no. 04-0802).

 
(a) (b) 

Figure 1. XRD of the catalysts Pt/TiO2 and Pt/TiO2-CeO2: (a) Sol-gel and (b) Impregnation.

3.3. Raman Spectroscopy

On the other hand, as seen in Figure 2, in the Raman spectra of the TiO2 supports
and the mixed oxides TiO2-CeO2, which were prepared by the sol-gel and impregnation
method, peaks corresponding to the anatase phase 398–400, 518–520, and 640 cm−1 are
observed. Observing a slight Raman shift, which means that CeO2 has been integrated
into the structure of the TiO2 support. It is assumed that the ≡ Ti-O-Ti ≡ bonds of the
corresponding TiO2 network of the anatase phase are disturbed by the presence of cerium
oxide, which suggests some substitutions of the Ti4+ by Ce4+ that form ≡ Ti-O-Ce ≡ bonds
in the structure of titanium oxide.

 
(a) (b) 

Figure 2. Raman spectrum for the support system TiO2, TiO2-CeO2 (1, 5, 10 wt%): (a) Sol-gel and
(b) Impregnation.
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3.4. Transmission Electron Microscope (TEM)

In the transmission electron microscope (TEM) information obtained is the particle
size by analyzing the images in software capable of measuring the diameter of the particle
on a nanometric scale. Their respective alpha images of each of the elements and how it is
dispersed inside and outside the support is shown in Figure 3. The particle size dispersion
histograms were obtained by analyzing the series of data obtained in the TEM images, as
shown in Figure 3.

 
   

(a) (b) (c) (d) 

 
   

(e) (f) (g) (h) 

Figure 3. Transmission electron microscopy images of the Pt/TiO2-CeO2 10%: (a) Sol-gel to
100 nm scale, (b) Sol-gel take α of the Ti, (c) Sol-Gel take α of the Ce, (d) Sol-Gel take α of the
Pt, (e) Impregnation to 100 nm scale, (f) Impregnation take α of the Ti, (g) Impregnation take α of the
Ce, and (h) Impregnation take α of the Pt.

Figure 4 shows how the particle size decreases, with the addition of CeO2 to the
network of the support, that can suggest an increment of the specific surface area of the
support. The micrographs reveal that the sizes of the metallic particles for the photocatalysts
ranged from 2 to 6 nm. The smallest Pt particle size was observed in Pt/TiO2 CeO2 10 wt%.

3.5. X-ray Photoelectron Spectrometry (XPS)

The binding energy and the atomic ratios of Pt, Ti and Ce, for the Pt/TiO2-CeO2
catalysts (5 and 10 wt%) prepared by impregnation and sol-gel are reported in Table 2.
The relative abundance of the Pt0− Pt2+ and Ce3+ Ce4+ species were calculated from the
area under the curve of the respective peaks of the XPS spectra for the different catalysts
(Figure 5). In Table 2, the corresponding binding energies for Pt 4f(7/2) are shown; the
values of the binding energies for the Pt/TiO2 and Pt/TiO2-CeO2 catalysts are around 73.0
to 75.9 eV corresponding to Pt0 and Pt2+. A shift in the binding energy towards higher
energies can be observed with an increase the amount of cerium oxide in the Pt/TiO2-CeO2
catalysts (5% by weight and 10%). This is due mainly to the fact that CeO2 is considered as
an oxygen supplier which makes the platinum species in the reduced state Pt0 transform to
the oxidized species of Pt2+ [24–26].
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Figure 4. Size particle distribution of the Pt determinates by TEM for the photocatalyst Pt/TiO2-CeO2

10 wt% (a) Sol-gel and (b) Impregnation.

  
(a) (b) 

 
 

(c)  (d) 

Figure 5. XPS spectra (Ce 3d region) for photocatalyst (a) Sol-gel Pt/TiO2-CeO2 5%, (b) Sol-gel
Pt/TiO2-CeO2 10%, (c) Impregnation Pt/TiO2-CeO2 5%, and (d) Impregnation Pt/TiO2-CeO2 10%.
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Table 2. Binding energy and relative abundance of the different species obtained by XPS of the catalysts.

Support Method
Binding Energy (eV) Relative Abundance (%)

Pt (4f7/2) Ti (2p3/2) Ce (3d5/2) Pt0− Pt2+ Ti4+ Ce3+ Ce4+

Pt/TiO2 Sol-gel 73.0
75.9 458.1 - 80–20 100 -

Pt/TiO2-CeO2 5% Sol-gel 75.4
77.09–78.09 458 880–900 53–47 100 56–44

Pt/TiO2-CeO2 10% Sol-gel 75.9
77.09–78.09 458.1 881–900.1 47–53 100 52–47

Pt/TiO2-CeO2 5% Impregnation - 457.7 880–900 - 100 48.8–51.19
Pt/TiO2-CeO2 10% Impregnation - 465 880–900 - 100 38–62

Table 2 reports the binding energies for TiO2, which can have values ranging between
457.7–458.1 eV [27], as shown in Figure 6, which indicates that there was no modification
due to the doping effect with the CeO2 content, nor with the preparation method of the
Pt supports. The binding energy was also determined for the Ce 3d5/2 level (Table 2 and
Figure 6); it was found in the region of 870–920 eV [28]. Relative abundance calculated
from these XPS spectra showed that Ce4+ (oxidized) species increased with increasing
CeO2 content relative to Ce3+ (reduced). Coinciding with Rocha et al. (2015), it is possible
to observe that at a lower concentration of CeO2, a greater number of atoms in the Ce3+

oxidation state will be obtained.

Figure 6. UV–vis spectra for the TiO2-CeO2 supports Sol-Gel and Impregnation.

3.6. UV–Vis for Band Gap

The photophysical properties UV–Vis absorption spectra of the catalysts were evalu-
ated to investigate the effect of CeO2 on the support network. Figure 6 shows the spectra of
UV–Vis materials by diffuse reflectance for sol-gel and impregnation methods. All samples
have a shift between these wavelengths, which can be attributed to the transitions of the
Ti-O electrons of the TiO2 and TiO2-CeO2 nanocrystals.

Table 3 shows the results where a change in activation energy (3.02–2.8 eV) was
observed for the TiO2-CeO2 samples from 1% to 5% by weight of CeO2, compared to the
reference TiO2 in anatase phase (3.4 eV). The band gap energies were calculated by a linear
fit of the slope to the abscissa and are reported in Table 3. It diminished from 3.45 eV, for
the bare TiO2, to 2.82 eV, for the TiO2-CeO2 (at 5 wt%) sample. It is evident that cerium
oxide modifies the bulk semiconductor properties of TiO2. The shift of the Eg band gap
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to a lower energy can be attributed to the incorporation of Ce4+ cations, which substitute
some Ti4+ cations.

Table 3. Band Gap Energy and Wavelengths.

Catalyst ID Name Band Gap (eV) Wavelengths (nm)

TiO2 3.45 359
Pt/TiO2 3.39 365

Pt/TiO2-CeO2- 1% 3.05 406
Pt/TiO2-CeO2- 5% 2.82 439

3.7. Photocatalysts Degradation of 2,4-Dichlorophenoxyacetic Acid

The photocatalytic degradation reactions of 2,4-D acid were carried out at room
temperature at 298 K for 6 h, with a concentration of 200 ppm of the reagent, followed by
the UV absorption band of 283 that corresponds mainly to the transition electron n → π*,
which is mainly attributed to the C-Cl bond [29,30]. The percentage conversion as a function
of time for both supports and catalysts impregnated and prepared by the sol-gel method at
360 min of reaction are shown in Figure 7 and Table 4.

 

(a) (b) 

Figure 7. Photocatalysts degradation of 2,4-Dichlorophenoxyacetic acid. (a) Impregnation and
(b) Sol-Gel materials.

Table 4. Photocatalysts degradation of 2,4 Dichlorophenoxiacetyc acid.

Catalysts Method Pt (wt%) X% Cf (ppm)

TiO2 Commercial - 38 160
TiO2-CeO2 5% Impregnation - 49 128

TiO2-CeO2 10% Impregnation - 45 138
Pt-TiO2-CeO2 5% Impregnation 1 62 95
Pt-TiO2-CeO2 10% Impregnation 1 56 110

TiO2 Sol-Gel - 38 155
TiO2-CeO2 1% Sol-Gel - 61 98
TiO2-CeO2 5% Sol-Gel - 61 66

TiO2-CeO2 10% Sol-Gel - 45 138
Pt-TiO2-CeO2 1% Sol-Gel 1 95 11
Pt-TiO2-CeO2 5% Sol-Gel 1 97 7
Pt-TiO2-CeO2 10% Sol-Gel 1 89 27

Photolysis - - 32 169
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The photocatalytic degradation of 2,4-D in the absence of support or catalyst had a con-
version of 32% while the maximum conversion reached was 95% and 97% for the Pt/TiO2-
CeO2 1% and Pt/TiO2-CeO2 catalysts 5% prepared by the sol-gel method (Figure 7B), and
the catalysts prepared by the impregnation method reached a maximum of 62% conversion.
On the other hand, the supports prepared by impregnation reached a maximum of 49%
TiO2 while those prepared by the sol-gel method reached up to 61% (Figure 7A). The highest
yield achieved in the catalysts prepared by sol-gel Pt/TiO2-CeO2 1% and Pt/TiO2-CeO2 5%
could be attributed to an optimal concentration of CeO2, which allows the insertion within
the CeO2 of the TiO2 and leads to the deformation of the lattice, modifying the mobility of
the oxygen atoms and favoring the oxidation-reduction process [26]. In contrast, the results
of XPS in the Pt/TiO2-CeO2 1% and Pt/TiO2-CeO2 5% catalysts showed that the proportion
of oxidized species of Pt 2+ and Ce 4+ are essential to function as oxygen scavengers, which
are important in oxidation-reduction processes. Additionally, the smallest particle size in
the catalysts prepared with the supports by sol-gel was in a range of 2 to 6 nm. This is due
to a greater specific area due to a good integration of CeO2, which favors a better dispersion
of the metallic nanoparticles on the surface of the supports, favoring the catalytic activity
in the degradation of 2,4-D.

4. Conclusions

In the present work, the TiO2 and TiO2-CeO2 supports, prepared by the sol-gel method
and increasing the CeO2 concentration in a 1–10 ratio in the TiO2 support network, sig-
nificantly increased the pore diameter, affecting the specific surface area for the catalyst.
On the other hand, in the supports prepared by impregnation, no important modification
was observed, either in the area or in the pore diameter due to the addition of CeO2, since
these remained constant. However, when comparing the results of both materials we can
conclude that sol-gel supports can obtain pore diameters four times smaller than those
obtained with impregnation. By having less exposed area, the Pt catalyst particles will be
larger because they tend to agglomerate, as they do not have enough space to disperse effi-
ciently. Affecting the catalytic activity of the material, the Pt particles, being well dispersed,
favored the catalytic activity of the material. Another important fact is that it was possible
to obtain Pt nanoparticles on the sol-gel supports in the order of 2 and 6 nm, dependent of
the CeO2 content in the support. A cerium oxide shift in the energy band gap was observed
in the Pt/TiO2-CeO2 photocatalysts. It is proposed that the high activity showed by the
Pt/TiO2-CeO2 photo-catalysts can be due to a synergetic effect between the cerium oxide
and the platinum of oxidizing agent.
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Abstract: Zirconium oxide (ZrO2) is a well-studied and promising material due to its remarkable
chemical and physical properties. It is used, for example, in coatings for corrosion protection layer,
wear and oxidation, in optical applications (mirror, filters), for decorative components, for anti-
counterfeiting solutions and for medical applications. ZrO2 can be obtained as a thin film using
different deposition methods such as physical vapor deposition (PVD) or chemical vapor deposition
(CVD). These techniques are mastered but they do not allow easy micro-nanostructuring of these
coatings due to the intrinsic properties (high melting point, mechanical and chemical resistance).
An alternative approach described in this paper is the sol-gel method, which allows direct micro-
nanostructuring of the ZrO2 layers without physical or chemical etching processes, using optical or
nano-imprint lithography. In this paper, the authors present a complete and suitable ZrO2 sol-gel
method allowing to achieve complex micro-nanostructures by optical or nano-imprint lithography
on substrates of different nature and shape (especially non-planar and foil-based substrates). The
synthesis of the ZrO2 sol-gel is presented as well as the micro-nanostructuring process by masking,
colloidal lithography and nano-imprint lithography on glass and plastic substrates as well as on
plane and curved substrates.

Keywords: zirconium oxide; sol-gel; optical lithography; nano-imprint lithography; non-planar
substrates; plastic

1. Introduction

Zirconium oxide (ZrO2) is an intensively studied and used material due to its many
remarkable physical and chemical properties. It has a high melting point (2700 ◦C), high
hardness (between 11 and 18 GPa depending on the phase) [1,2], good chemical resis-
tance [2,3], biocompatibility [4], high refractive index (2.1 at 633 nm) [5], wide band gap
(5 eV) [6], high transparency in the visible and near-infrared range [7] and photolumines-
cence properties [8,9]. Due to its numerous properties, zirconium oxide is used in many
applications such as protective coatings against corrosion, wear and oxidation [10,11], in
optical applications (mirror, filters, etc.) [12–15], in anti-counterfeiting solutions [9] and in
health applications such as the dental field [16,17].

There are many methods to synthesize ZrO2, among which we can mention reactive
sputtering [18–20], chemical vapor deposition [21,22] and atomic layer deposition [23–25].
These techniques are well known in thin film deposition processes and are widely described
in the literature. However, they do not allow micro- and nano-structuring in a simple way
(without etching step) of these coatings to obtain complex patterns (according to the shapes,
micro-nanostructures, etc.), which limits their use as well as their properties. Another
process to elaborate ZrO2 thin films is the sol-gel method [26–31]. The sol-gel method has
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the advantage of micro-nanostructuring the films by optical lithography [29,31] or by nano-
imprint lithography [32,33]. The optical lithography presents the advantage of being able to
micro-nanostructure variable substrates of various shapes [29,30] and sizes [34,35] without
having to resort to etching processes. Among the lithography processes, the masking
lithography consists in obtaining a pattern by exposing it through a mask, letting the light
pass through in the opened areas. This allows to structure quickly patterns on planar and
non-planar substrates. The colloidal lithography consists in using silica nano-spheres to
create photonic nano-jets underneath the layer of nano-spheres. These photonic nano-jets
allow a field enhancement of the incident field, allowing the thin film micro-structuration
according to the hexagonal and periodic pattern whose period is equal to the sphere
diameter. If the material behaves like a positive resist, we achieve micro-holes [36] and if
it behaves like a negative photoresist, we obtain nano-pillars [35,37]. Another method is
nano-imprint lithography (NIL), which consists of patterning a layer by pressing a stamp
(mould) on it [33]. This method has the advantage of being very fast, low cost and being
able to adapt to a great number of supports and patterns. Nevertheless, it requires a sol-gel
solution which can be patterned and stabilized by a thermal or UV treatment.

In this paper, we demonstrate how our ZrO2 sol-gel can be used to obtain both complex
patterns (shapes, micro-nanostructures, etc.) by optical lithography (mask lithography,
colloidal lithography) and by nano-imprint lithography. We also show the possibility of
using this versatile sol-gel and the associated structuring methods to structure complex
patterns on variable substrates in their nature and geometry.

2. Materials and Methods

2.1. Sol-Gel

To elaborate photo-patternable films, a mixture of two sols with different reactivities
has been prepared. The first sol (sol 1) presents low chemical reactivity due to chelation of
the alkoxide groups by BzAc. The second sol (sol 2) was prepared according to the proce-
dure described thereafter, which yielded to sols very stable over time when stored, but very
reactive when used for the fabrication of metallic oxide thin films. Sol 1 was prepared by re-
acting Zirconium (IV) propoxide (Zr(OPr)4 from Fluka) with 1-Benzoylacetone (BzAc from
Aldrich) in anhydrous ethyl alcohol (EtOH from Aldrich). The Zr(OPr)4/BzAc/EtOH mo-
lar composition was 1/0.9/20. Sol 2 was obtained by mixing Zr(OPr)4 with deionized water,
hydro-chloric acid (HCl from Roth), and butyl alcohol (BuOH from Merck) as a solvent.
The Zr(OPr)4 concentration in the solution was 0.4 M, and the Zr(OPr)4/H2O/HCl/BuOH
molar composition was 1/0.8/0.13/24. The sol was aged at room temperature for 2 days
before being used. Finally, the photo-sensitive solution was prepared by mixing sols 1 and
2 to obtain a final sol with a Zr(OPr)4 concentration of 0.6 M and a BzAc/Zr(OPr)4 molar
ratio of 0.6.

Then, the sol was deposited by using the spin-coating technique at a speed of 3000 rpm
for 60 s, before being heated at 110 ◦C for 90 min, resulting in a so-called xerogel film,
i.e., an inorganic polymer film made of Zr-O-Zr chains with organic chain-end groups
arising from the sol formulation, mainly Zr-BzAc complexed species. The xerogel films are
soluble in alcohol as far as BzAc stays complexed with Zr(OPr)4. The main interest of this
protocol relies on the properties of BzAc, which makes the film soluble in a solvent while
being sensitive to UVA light. Indeed, under UVA illumination, the Zr-BzAc complex is
partially degraded into insoluble species. Therefore, it will create a contrast of solubility,
widely described in the literature [38], between illuminated and non-illuminated areas
when it is selectively exposed to UVA light, allowing us to easily structure our films at
different scales.

2.2. Optical Lithography
2.2.1. Macroscopic Mask Lithography

The pattern-based masks are macroscopic patterns made from a binary black-and-
white image printed on a transparent plastic sheet using an inkjet printer, allowing various
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macroscopic patterns. In the first step, a ZrO2 xerogel layer was deposited by spin coating
at 3000 rpm for 1 min. The mask was positioned above the xerogel layer during exposure
to UV light. The whole area was irradiated using a UV lamp at a wavelength of 365 nm for
5 min at 200 mW/cm2. Only the transparent areas of the mask let the UV light pass through,
thereby allowing the pattern to be transferred onto the xerogel film after development

2.2.2. Colloidal Lithography

Silica microspheres of 1 μm diameter (in ethanol suspension (96% v/v) micro-mod)
functionalized with a hydrophobic acrylate surface were deposited on ZrO2 xerogel thin
films covered with a poly(methyl methacrylate) (PMMA) layer according to the Langmuir
Blodgett (LB) approach [39]. To achieve this monolayer of silica microspheres deposited on
the xerogel film, an LB machine (KSV NIMA LB) (Biolin Scientific) was used. The silica
microsphere monolayer was spread on the aqueous sub-phase at room temperature and left
for 10 min in order to let the solvent evaporate. After compression of the silica microsphere
monolayer at a barrier speed of 3 mm/min using the LB machine, the microspheres were
deposited on the thin film at a surface pressure of 40 mN·m−1 using the dipping method
with a withdrawal speed of 3 mm/min. The ZrO2 xerogel layer was deposited by spin
coating at 3000 rpm for 1 min and the PMMA layer was deposited by spin coating at
6000 rpm for 1 min. The PMMA layer was used to protect the ZrO2 thin film from water
and to allow UV to pass through during film exposure. After deposition, the microspheres
were illuminated at a wavelength of 365 nm for 90 s at 100 mW/cm2 in order to obtain
ZrO2 nano-pillars with a 2D hexagonal arrangement [35].

2.3. Nano-Imprint Lithography

Polydimethylsiloxane (PDMS) stamps with sinusoidal micro-nanostructures of 800 nm
period and 60 nm deep are used to micro-nanostructure the ZrO2 xerogel films. After
deposition of the ZrO2 xerogel films by spin-coating at 4000 rpm for 30 s, PDMS stamp was
applied to the ZrO2 xerogel films in a humidity- and temperature-controlled environment
(20 ◦C and 50% humidity) under 1 bar of pressure for 3 min. Afterwards, a UV illumination
at a wavelength of 365 nm for 5 min at 200 mW/cm2 is used to stabilize the patterned
ZrO2 films.

2.4. Characterizations

The film structure was analyzed using Raman micro-spectroscopy (LabRam ARAMIS
from Horiba Jobin Yvon company, Kyoto, Japan) with an excitation wavelength at 633 nm
(He-Ne laser) and with a He-Cd laser (325 nm). The micro-nanostructured thin films were
characterized by atomic force microscopy (AFM) measurements (Dimension Icon from
Bruker company, Billerica, MA, USA)) in tapping mode with a tip AppNano (ACTA) and
by scanning electron microscopy (SEM) using low vacuum mode coupled and LVSED
detector with a JSM-IT80 from JEOL. The film thicknesses were measured by a profilometer
Veeco Dektak 3 ST.

3. Results and Discussion

3.1. ZrO2 Layers

After spin-coating and drying at room temperature to evaporate solvents, the ZrO2
layer was analyzed using Raman spectroscopy. Figure 1 shows the Raman spectrum
of the ZrO2 xerogel thin film deposited on silica substrate after annealing at 110 ◦C for
90 min. One can observe that the ZrO2 layer has an amorphous phase. Moreover, no peaks
characteristic of a ZrO2 crystal phase were observed by XRD analysis (figure not shown),
confirming the amorphous nature of the films. Indeed, the corresponding Raman spectrum
(Figure 1) shows multiple peaks but no features of crystallized ZrO2. According to Oda
et al. [37], the strong peaks at 1598 and 1000 cm−1 are assigned to 8b and 12 vibration
modes of the phenyl group of BzAc and the peaks at 1297 and 1310 cm−1 are assigned to
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C=C=C symmetric vibrations in chelating rings [40]. The others small Raman peaks are
supposed to be related to a BzAc or ZrO2/BzAc complex.

Figure 1. Raman spectrum of a ZrO2 xerogel thin film deposited on SiO2 substrate.

Apart from Raman spectroscopy, the ZrO2 amorphous thin film was also analyzed
with UV-Vis-NIR spectroscopy in the wavelength range of 200–2000 nm. Figure 2 shows the
ZrO2 xerogel thin film spectra. The black and blue curves are, respectively, the transmission
and reflection spectra of ZrO2 xerogel film deposited on silica substrate. The ZrO2 layers
are transparent and slightly yellowish (Figure 2). Transmittance analyses carried out
reveal a transparent oscillating region in the visible and near infrared with a maximum
transmittance higher than 85% on the one hand, and a typical absorption of ZrO2 around
380 nm, where the transmittance decreases drastically, on the other hand [41]. The signal at
290 nm originates from the chelate ring (Zr(OC4H9)4 + BzAc) [41]. The reflectance curve
of the ZrO2 film is in agreement with the results in transmission, with a reflectance lower
than 15% and a slight purple color in reflection. The thickness of the layer was measured
with a profilometer close to 300 nm.

Figure 2. UV–Visible-NIR transmittance (in blue) and reflectance (in black) spectra of ZrO2 xerogel
thin film deposited on SiO2 substrate. Inset: black and blue represent optical photographs of the
ZrO2 layers in transmission and specular reflection, respectively.

3.2. Micro-Nanostructuration of ZrO2 Xerogel Films
3.2.1. Optical Lithography

One way to obtain micro-nanostructured layers is to use the colloidal lithography tech-
nique in order to obtain amorphous ZrO2 nano-pillars, according to the process described
in [35] (Figure 3).
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Figure 3. Illustration of the micro-nanostructuring process by colloidal lithography.

After homogeneous deposition of the silica microspheres following a 2D periodic
hexagonal arrangement (in both x and y directions), the substrate was then illuminated
with homogeneous UV light to create the nano-pillars (cylinder-shaped in the z direction)
with an arrangement also following a 2D hexagonal pattern (Figure 4C). Each microsphere
behaves like a micro-lens by focusing incident UV light and creates a photonic nano-jet
that emerges underneath the microsphere in the ZrO2 layer [35]. After development and
thermal stabilization of the ZrO2 layer at 110 ◦C for 1 h, a nano-structuring composed of
nano-pillars is obtained within the hexagonal arrangement imposed by the nano-sphere
deposition.

Figure 4. (A,B) Three-dimensional AFM image and profile of nano-structured ZrO2 thin film. (C) SEM
top view image of the ZrO2 nano-pillars with an inset picture showing the hexagonal arrangement of
the nano-pillars.
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Figure 4C shows the nano-structured ZrO2 xerogel thin film after UV (λ = 365 nm)
illumination and development of the xerogel layer, revealing periodically organized nano-
pillars within a hexagonal arrangement. It is important to note that the 1 μm silica spheres
used to make these films are not really mono-dispersed in size, which induces disloca-
tions between small periodically well-arranged nano-sphere areas visible on the SEM
image (Figure 4C). These nano-pillars appear to be fairly regular, with an average plot
diameter calculated to 540 ± 30 nm with a periodicity of 1 μm corresponding to the micro-
sphere diameter. From the 3D AFM image and profile of nano-structured ZrO2 thin film
(Figure 4A,B), the nano-pillars have a cylindrical shape with a height of about 280 nm.

To extend the demonstration, the process was adapted to non-conventional substrates
such as non-planar substrates. The versatile macro- and micro-structuring techniques
described above have been applied to standard planar substrates. However, as shown in
Figure 4, the process is also suitable for use on non-conventional substrates, such as lenses
with varying degrees of curvature, or on flexible and bendable plastic sheets, while retaining
their optical properties. Figure 5A shows a convex lens with a multiscale structured ZrO2
coating by combining macro- and micro-structuring (using colloidal lithography and UV
illumination through a macroscopic mask before development and stabilization). Figure 5B
presents a macroscopic ZrO2 pattern on a plastic sheet.

Figure 5. Examples of structuring on unconventional substrates: (A) ZrO2 multiscale pattern on a
convex glass optical lens and (B) ZrO2 pattern on flexible plastic.

3.2.2. Nano-Imprint Lithography

Another method for structuring this ZrO2 xerogel is to use the direct UV nano-
imprinting process to obtain, for example, amorphous ZrO2 diffraction grating. Figure 6
shows an example of structured ZrO2 xerogel thin layers obtained by nano-imprint. From
PDMS stamps with a sinusoidal 1D grating of 800 nm period and 60 nm deep, it is possible
to obtain replicas based on ZrO2 xerogel with similar characteristics to the ones of the
stamp. AFM analysis illustrated in Figure 6A,B show that the ZrO2 replica has a period of
around 800 nm with a depth close to 50 nm. Figure 6C shows the grating pattern obtained
with the nano-imprint method demonstrating the good uniformity of the ZrO2 replica from
both the microscopic SEM image and the good colored diffraction observed in the far field
(in the −1st diffracted order direction) as shown in the inset.
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Figure 6. Example of structuring on planar glass substrates: ZrO2 xerogel sub-micronic diffraction
grating. (A,B) AFM 3D image and profile of the nano-structured ZrO2 thin film. (C) SEM top view
image of the ZrO2 diffraction grating with an inset picture showing the iridescence phenomenon of
the structured ZrO2 layer.

Figure 7 is an illustration summarizing the different possible methods of sol-gel micro-
nanostructuring.

Figure 7. Illustration of the different methods of ZrO2 sol-gel micro-nanostructuring.
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4. Conclusions

In conclusion we firstly demonstrated that the same ZrO2 sol-gel can be used both
by optical and by nano-imprint lithography to realize complex patterns. This patterning
by lithography is possible thanks to the presence of BzAc in the sol, which makes this
xerogel layer photosensitive under UVA. The degradation of the BzAc makes the exposed
areas insoluble in a solvent, thus inducing a contrast of solubility between the exposed
and non-exposed areas. The xerogel then behaves as a negative photoresist, allowing its
structuring at different scales by optical lithography or by nano-imprint lithography. We
have also shown that after degradation of BzAc the ZrO2 films are amorphous.

Secondly, we have shown the possibility to micro-nanostructure ZrO2 xerogel films
at different scales using optical mask or nanosphere lithography or a combination of both
methods. Different patterns were realized on substrates varying in nature (plastic, glass,
paper) and also in shape (planar and non-planar). Thirdly, patterns at different scales (mil-
limeter and micrometer) were realized by nano-imprint lithography on planar substrates,
opening the route to a cost-effective, fast, and direct micro-nanostructuring approach (with-
out any etching processes) of functional coatings. This can allow an industrial development
and an economic valorization of this sol-gel based process.
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Abstract: Infection is one of the most common causes that leads to joint prosthesis failure. In the
present work, biodegradable sol-gel coatings were investigated as a promising controlled release of
antibiotics for the local prevention of infection in joint prostheses. Accordingly, a sol-gel formula-
tion was designed to be tested as a carrier for 8 different individually loaded antimicrobials. Sols
were prepared from a mixture of MAPTMS and TMOS silanes, tris(tri-methylsilyl)phosphite, and
the corresponding antimicrobial. In order to study the cross-linking and surface of the coatings, a
battery of examinations (Fourier-transform infrared spectroscopy, solid-state 29Si-NMR spectroscopy,
thermogravimetric analysis, SEM, EDS, AFM, and water contact angle, thickness, and roughness
measurements) were conducted on the formulations loaded with Cefoxitin and Linezolid. A for-
mulation loaded with both antibiotics was also explored. Results showed that the coatings had
a microscale roughness attributed to the accumulation of antibiotics and organophosphites in the
surface protrusions and that the existence of chemical bonds between antibiotics and the siloxane
network was not evidenced.

Keywords: antibiotics-loaded sol-gel coatings; AFM; SEM; solid-state 29Si-NMR spectroscopy;
Fourier-transform infrared spectroscopy

1. Introduction

Orthopedic implant-associated infections (IAI) are especially challenging for orthope-
dic trauma services [1]. Infections are caused by bacteria or fungi attached to the implant
surface, leading to biofilm formation on the implant surface. Orthopedic IAI can have
devastating consequences for patients and represents a significant economic cost in hospital
expenses. When IAI occurs, the traditional protocol can include surgery (irrigation and
debridement, obliteration of dead space, intravenous administration of antibiotics, and
biomaterial removal) associated with a prolonged systemic antibiotic treatment [2]. The
recovery chances of limb functionality, even if the infected implant is successfully removed,
are quite limited. Sometimes, these procedures usually lead to a bad outcome, such as
arthrodesis, amputation, suppressive treatment, and even death [3–5]. Therefore, avoid-
ing the growth of nosocomial pathogens can be more effective than trying to eliminate
the biofilm [6].

The orthopedic IAI prevention by systemic administration of antibiotics probably has
reached its limit in its effectiveness, and the increasing number of resistant organisms could
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be a problem in the future. To overcome this problem, possibly will be necessary to use a
broader spectrum antibiotics with, in some cases, an increased number of side effects [6].
In addition, after prosthetic implantation, the tissue may be damaged, avascular, or even
necrotic. These consequences locally decrease the antibiotic concentration systemically
supplied and require the administration of local antibiotics for hours or days [7]. This
solution achieves optimal concentrations for prevention and minimizes the adverse effects
of systemic treatment. The use of surface coatings has been extensively investigated to
prevent/treat orthopedic IAI, using either a non-degradable antibacterial surface or local
release of antibiotics as solutions to coat the implant [3,8–11]. Local release of antibiotics
from the biodegradable polymer coating requires sustained and controlled release of the
antibiotic to inhibit microbial adhesion, colonization, and subsequent biofilm formation. In
addition to its biodegradability and desired antibiotic release profile, the polymer system
needs to have adequate mechanical strength and matrix formation [12].

Some of the approaches that have been widely used to prevent orthopedic IAI using
local antibiotic release from coatings are calcium or silicon bone cements [13,14] and
polymer hydrogels [7,8,15,16]. However, they have their limitations. Antibiotic-loaded
cements have a burst release and limited release of embedded antibiotics (only 10% of
the antibiotics, estimated) because of the diffusion through surface roughness, superficial
pores, and surface erosion. However, the release of the antibiotic in the hydrogels is steady
and is closely related to the crosslinking structure [3].

Hybrid sol-gel coatings are an example of this last-mentioned alternative. Sol-gel
technology is a versatile method used to produce a wide diversity of materials. Among
the advantages it offers are the simple sol-gel processing conditions and the possibility of
tuning organic-inorganic hybrid materials for specific requirements [17,18]. Some studies
have previously been conducted in which antibiotics are introduced into biodegradable
sol-gel coatings, but these investigations are very scarce [19,20]. T. Nichol et al. [21]
developed a sol-gel coating loaded with gentamicin for cementless hydroxyapatite-coated
titanium orthopedic prostheses. They controlled the release of the antibiotic within the
desirable time frame of 48 h. S. Radin et al. [19] synthesized sol-gel coatings loaded with
vancomycin and studied the effect of the processing parameters on the coating degradation
and antibiotic release.

In previous works, we have studied the effect of adding fluconazole and anidulafungin
to a sol-gel coating in terms of electrochemical [22] and microbiological characterization [23].
Besides, in vitro studies and an in vivo model have been carried out on a moxifloxacin-
loaded sol-gel coating [24]. However, the effect of adding antibiotics on the sol-gel network
has not been addressed. The addition of large organic molecules to a sol-gel synthesis
can act in detriment to the cross-linking of the network, resulting in poor adhesion of the
coating to the substrate. For this reason, this work systematically studies the incorporation
of eight antimicrobials of different natures into sol-gel coatings. This first step in knowing if
it is possible to successfully incorporate these antibiotics into sol-gel coatings is important
to develop a technology with personalized treatments based on each patient’s infection.

We also investigated the simultaneous incorporation of two antibiotics into the coating
to broaden the antibacterial spectrum against Gram-positive and Gram-negative bacteria.
This objective addresses the prevention of both monomicrobial and polymicrobial infec-
tions; moreover, introducing antibiotics with different mechanisms of action can lead to a
synergistic effect that increases their action against the bacteria to be prevented, reducing
the possibility of antibiotic-resistance emergence [5,25,26].

For optimal design and synthesis of the coatings used for the desired application, this
research focuses on studying the following two key factors: crosslinking and the surface of
the coatings.

Achieving a controlled and constant antibiotic release rate is essential for the tar-
geted applications. In these coatings, the release rate of the antibiotics is conditioned by
the coating degradation [18]. Therefore, the design and study of the crosslinking of the
formulations are very important to estimate and control the release rate of the antibiotics.
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The surface of the coatings is also an important factor and must be studied. The
hydrophobicity and roughness of these have an important effect on the initial bacterial
attachment as well as the osseointegration capacity [27]. In most previous studies, it
has been determined that surface roughness is directly related to the degree of bacterial
adhesion. In addition, hydrophobicity influences each microbe differently depending on
its nature. For instance, S. aureus, the most common bacteria in orthopedic IAI, prefers
hydrophobic surfaces to adhere to, according to some research [3].

This research pursues the main objective of studying the influence of the addition of
different antimicrobials (especially cefoxitin and linezolid) on the chemical and surface
properties of the sol-gel coatings. Achieving the incorporation of these antimicrobials
without compromising the sol-gel network will allow us to propose this technology as
a versatile processing method to synthesize personalized coatings to prevent local joint
prosthesis infections.

2. Materials and Methods

2.1. Biofunctionalized Coatings Using Antibiotics: Materials and Sample Preparation

Organic–inorganic hybrid coatings were synthesized from methacryloxypropyltrimethoxy
silane (MAPTMS, 98%, Acros Organics, Thermo Fisher Scientific, Waltham, MA, USA) and
tetramethyl orthosilane (TMOS, 98%, Acros Organics). Sols were prepared from a mixture
of MAPTMS and TMOS with a 1:2 molar ratio as described by El Hadad et al. [28]. To
enhance cellular proliferation, as demonstrated in a previous work [29], tris(tri-methylsilyl)
phosphite (92%, Sigma Aldrich, St. Louis, MI, USA) was added to the sol. The molar ratio
of silanes to phosphorus precursor was fixed at 50. Ethanol was added as a solvent to avoid
phase separation and water as a reagent to initiate the hydrolysis reaction. Ethanol and
water were added in stoichiometric amounts. All species were mixed before addition of
water. After the dropwise addition of the aqueous solution, suspensions were stirred for
24 h in a glove box.

Coatings were made by adding different antimicrobials to the formulation. Eight
antimicrobials (7 antibiotics and 1 antifungal) were used as biofunctionalizers in the coat-
ings. Antibiotics: gentamicin sulfate salt (GEN, Sigma Aldrich), cefoxitin sodium salt (FOX,
Sigma Aldrich), vancomycin hydrochloride hydrate (VAN, Sigma Aldrich), dicloxacillin
sodium salt monohydrate (DCX, Sigma Aldrich), clindamycin hydrochloride (CLI, Sigma
Aldrich), ampicillin (AMP, Sigma Aldrich), and linezolid (LNZ, 98%, Acros Organics).
Antifungal: Amphotericin B (AMB, Sigma Aldrich). The used concentration was correlated
with the maximum amount of water solubility of the antibiotic for most incorporated
antibiotics. However, AMP, LNZ, and AMB antibiotics are insoluble or poorly soluble in
water, so ethanol was used to dilute them, and the used concentration was the highest
without producing supersaturation. The concentrations used in the formulations are sum-
marized in Table 1. These antimicrobials were previously dissolved or suspended in water
before adding them to the mixture (part of the ethanol volume was used to dissolve them
or improve the antimicrobial agent solubility). All reagents were used as received from
Sigma-Aldrich and Acros Organics.

Table 1. Molar ratio between the concentration of the silanes and the antibiotics used in the sol-gel
formulations.

Antibiotic Molar Ratio Silanes:Antibiotic

GEN 540:1
FOX 166:1
VAN 550:1
DCX 185:1
CLI 172:1

AMP 682:1
LNZ 165:1
AMB 902:1
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Titanium sample pieces of 15 mm diameter × 25 mm thickness, prepared by a conven-
tional powder metallurgy route, described in a previous work [30], were used as substrates
(TiPM). The variation in surface roughness affects the coating distribution, so substrates
were treated before the film deposition to achieve homogeneous surface conditions. Prior
to the application of the sol-gel coating, the substrates were ground with successively finer
SiC paper up to 1000 grit size, cleaned ultrasonically with acetone and alcohol, and dried.

A dipping device (KSV instrument-KSV DC) with a controlled withdrawal speed
was used for the film deposition. Plates were immersed into the dissolution at a rate of
200 mm/s and were immediately removed at the same rate.

Finally, samples were dried at 60 ◦C for 60 min inside an oven. An example of the
visual appearance of the coated pieces is shown in Figure S1. During the thermal treatment,
the condensation of the remaining OH groups was promoted, and evaporation of the
solvents occurred, resulting in the final network (xerogel).

The surface morphology and composition of the as-prepared coatings were assessed
by scanning electron microscopy (Teneo FEI, W filament, Lincoln, NE, USA). The lateral
area of the samples was covered by a Cu layer to increase the conductivity. Images were
taken at low vacuum and applying 2 kV and 0.2 nA. Energy dispersive spectrometry
(EDS) measurements were performed using an X-ray microanalysis system along with an
Octane Plus detector (EDAX, Pleasanton, CA, USA) of 30 mm2 area, which allowed for
semi-quantitative analysis of the chemical composition by applying 5 kV and 0.2 nA.

Thickness of films was measured using an ultrasonic thickness NEURTEK instrument
(Eibar, Spain).

2.2. Biofunctionalized Sol-Gel Coatings with FOX and LNZ: Materials and Sample Preparation

The following two antibiotics were chosen to perform a more detailed characterization:
FOX and LNZ. The selection was based on the broadening of the antibacterial spectrum of
the coatings for gram-positive and gram-negative bacteria and the pursuit of a synergistic
effect with the administration of both antibiotics. Three coatings were prepared for each
antibiotic with different antibiotic concentrations. A coating including the maximum
concentrations of the two antibiotics was also prepared. A coating without antibiotics
was synthesized for comparison. The concentrations of the prepared coatings are listed
in Table 2.

Table 2. List of the identifying names of the coatings according to the doped antibiotic and
its concentration.

Denotation 1 Antibiotic Concentration (mmol)

Control Non-Antibiotic
lc.FOX 0.037 mmol FOX

mc.FOX 0.073 mmol FOX
hc.FOX 0.147 mmol FOX
lc.LNZ 0.037 mmol LNZ

mc.LNZ 0.074 mmol LNZ
hc.LNZ 0.148 mmol LNZ

hc.FOX-LNZ 0.147 mmol FOX + 0.148 mmol LNZ
1 lc: lowest concentration, mc: medium concentration, hc: highest concentration.

2.3. Chemical Characterization

The evolution of the hydrolysis-condensation reaction was monitored by Fourier-
transform infrared (FT-IR) spectroscopy. Each sample was prepared by adding a drop
of the synthesis to a pressed KBr disc. Spectra were recorded with a Thermo Scientific
NICOLET iS50 FT-IR System (Waltham, MA, USA) at room temperature in absorbance
mode, covering the mid-infrared range from 500 to 4000 cm−1 and with 4 cm−1 resolution.
For each sol, three measurements were carried out.
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Sols were dried at room temperature for 7 days and ground into powder in an agate
mortar before the characterization by 29Si-NMR and TGA [31].

Solid-state 29Si-NMR spectroscopy was used to determine the Si-O-Si crosslinking
densification after curing treatment. The spectra were recorded in a Bruker AVANCE
400 spectrometer (Billerica, MA, USA) equipped with fast Fourier transform unit. The
frequency used was 79.48 MHz (9.4 T). Samples were spun at 10 kHz around an axis
inclined 54◦44′ with respect to the external magnetic field. The used pulse length was 5 μs
(90◦ pulse), the relaxation delay was 10s and 6000 accumulations were acquired. Spectra
were referenced to TMS.

For the thermogravimetric analysis (TGA), around 30 mg of the xerogel was placed
on alumina crucibles. Spectra were recorded from 30 to 900 ◦C at a rate of 10 ◦C/min
in air atmosphere (PerkinElmer, STA 6000 instrument, Waltham, MA, USA). Duplicate
measurements were made on each sample.

2.4. Surface Characterization

The surface morphology, composition, and thickness of the produced coatings were
evaluated using SEM, EDS, and ultrasonic transducer respectively as described in Section 2.1.

The wettability of the coatings was determined by measuring the static contact angle
of Phosphate-Buffered Saline (PBS) (pH = 7.4) onto sol–gel surfaces using an automatic
contact angle meter (DATAPHYSICS OCA 20 Goniometer, DataPhysics Instruments GmbH,
Filderstadt, Germany). A sessile drop of 3 μL was deposited on the surfaces at room
temperature. The water contact angle was determined by the half-angle method. The value
given is the mean of 6 measurements.

For the calculation of thickness and contact angle values, a statistical analysis was
performed. Mean and standard deviation values were calculated using the one-way
ANOVA statistical technique using as error protection method the Tukey HSD method,
which provided a confidence limit of 95%.

The topographical features of the coated samples were inspected by atomic force
microscopy (AFM) for scan area sizes of 5 × 5 and 40 × 40 μm2 with 512 × 512 pixels reso-
lution. The AFM instrument used was an XE-150 Park System operated under non-contact
mode in ambient conditions at a scan rate of 0.3 Hz. The used silicon cantilever tip (N-type,
μmasch, USA) had a nominal radius of 8 nm. XEI software version 4.3.0 (Park System Corp.,
Suwon si, Korea) was used for surface roughness analysis and Gwyddion software version
2.54 (gwyddion.net (accessed on 30 October 2021)) was used for image treatment. Statistical
comparisons were made using the one-way ANOVA test, with p = 0.05 as the minimal level
of significance and Tukey test was used to identify differences between groups.

3. Results

3.1. Synthesis and Characterization of Biofunctionalized Coatings

The obtained sol in most of the formulations was transparent, but the sols with GEN,
VAN, and FOX showed some turbidity. Besides having an adequate viscosity that facilitates
the uniform coverage of the substrate, sols did not evidence the separation of phases.

Dried coatings were simple sight observed obtaining coatings without imperfections
such as cracks or macropores. A more thorough inspection was performed using SEM.
Figure 1 shows the micrographs of all formulations using the Backscatter Detector (Teneo
FEI, Lincoln, NE, USA).

Inspection of the surfaces showed the formation of smooth, uniform, homogeneous,
and crack-free coatings on the substrates in most formulations. In coatings containing AMP
and AMB, isolated cracks were found throughout their surfaces.
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Figure 1. Micrographs obtained with CBS detector by SEM of the biofunctionalized coatings with
different antibiotics: (a) gentamicin, (b) cefoxitin, (c) vancomycin, (d) dicloxacillin, (e) clindamycin,
(f) ampicillin, (g) linezolid, and (h) amphotericin B at the concentrations described in Table 1.

On some of the surfaces of coatings, bright spots were observed distributed in a darker
matrix, suggesting the presence of two well-differentiated phases. These coatings are those
containing GEN, FOX, VAN, DCX, CLI, and LNZ. These bright spots change in size and
quantity with each coating. The micrograph in Figure 2 is an example of such a surface
observation on a FOX-containing coating.
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Figure 2. Micrograph of the biofunctionalized coating with the antibiotic cefoxitin (FOX) at a
silanes:antibiotic molar ratio of 166:1 obtained with CBS detector by SEM.

When EDS analyses were performed in dark areas, the C, Si, and O elements were
identified, corresponding to the organic precursors of the synthesis. EDS analyses on bright
spots revealed the presence of P, corresponding to the organophosphite compound. In
coatings containing FOX and DCX, Na was also identified in the bright spots, while in
coatings with FOX, GEN, VAN, CLI, and LNZ, N was also detected in these spots.

Figure 3 shows the thickness of each coating and the molecular weight of the used
antibiotics. Thicknesses ranged between 10 and 20 μm, with a median value of 12.5 μm.
Significant differences between the obtained thicknesses were observed.

 

Figure 3. Correlation between the incorporated-antibiotics molecular weight in the coatings and
their thicknesses.

3.2. Chemical Characterization of Coatings Loaded with FOX and LNZ

From this section, the characterization results carried out on the coatings loaded with
FOX and LNZ at different concentrations are shown.

The sensitive analytical method of FTIR was used to study the polysiloxane network
obtained in sols loaded with FOX and LNZ. Identification of the functional groups present
in the formulations is possible with this technique. Furthermore, the detection of possible
structural changes in the siloxane network due to the introduction of antibiotics or possible
chemical bonds between antibiotics and the siloxane network could be observed. The FTIR
spectra of the sols are plotted in Figure 4.

134



Materials 2022, 15, 4752

Figure 4. Representative FTIR absorption spectra of the studied sols containing FOX (hc., mc., and lc.),
LNZ (hc., mc., and lc.), and FOX-LNZ (hc). As reference the spectrum of the control sol is depicted.

The formation of the silica network was evidenced by identifying the bands associated
with the vibrational modes of the Si-O-Si chains, detected at ~815 cm−1 (weak band),
~1060 cm−1, and ~1160 cm−1; the Si-O-Si chains result from the condensation process.
A broad band at ~3420 cm−1, related to the vibrational modes of OH groups, including
those from SiOH formed through hydrolysis, was also observed. These bands proved the
existence of hydrolysis and condensation phenomena [28,32,33].

The existence of the bands at 1254 and ~850 cm−1, related to the stretching vibration
of a P=O bond [29] and the Si-O-P bending [34], respectively, was a clear indication of
phosphorus presence and its incorporation into the silica network.

Absorption bands around 2960 and 2900 cm−1 were attributed to the presence of
C–H bonds [32,35,36]. The bands at ~1720 cm−1 and ~1640 cm−1 were associated with
the stretching vibrations of C=O carbonyl groups and the C=C groups of the methacrylate
groups from the MAPTMS precursor, respectively [28]. The band at ~1450 cm−1 was
attributed to the symmetrical and asymmetrical CH3 deformational modes [36]. The
asymmetric and symmetric stretching vibrations of C–O and C–O–C bonds were attributed
to bands at ~1320 and 1300 cm−1, respectively. Finally, the band at ~950 cm−1 was assigned
to the C=C vibrations of the C=C–C=O group [28].

Neither differences in the shapes of the absorption bands nor the emergence of new
bands were observed in the spectra.

The 29Si-NMR technique was used to study the siloxane network formed in each of
the systems and their condensation degree. The chemical study was extended with this
technique, as it offers more detailed information with better resolution thanks to the higher
sensitivity to short-range interactions in comparison with the FTIR analysis. The 29Si-NMR
analysis allowed the quantification of the crosslinking degree within the silicate network.

In 29Si-NMR spectroscopy, there is a well-established nomenclature for identifying
each chemical shift of silicon. The Tn and Qn structures represent the trialkoxysilane and
tetraalkoxysilane functionality, respectively, while the superscript n indicates the number
of produced siloxane bonds. In the case of the formulations presented in this study, T
species were related to MAPTMS precursor and Q species to TMOS [28,36]. Table 3 lists all
the possible signals that can be obtained in this case [29]. Figure 5 shows the solid-state
29Si-NMR spectra of the obtained xerogels.
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Table 3. Chemical shift (δ) of TMOS and MAPTMS employing silicon nuclei.

Signal Nature of Silicon Unit Precursor δ (ppm)

T0 Unhydrolyzed

MAPTMS

−42

T1 Once condensed (one siloxane bond) −49

T2 Doubly condensed (two siloxane bonds) −58

T3 Fully condensed (three siloxane bonds) −67

Q0 Unhydrolyzed

TMOS

−82

Q1 Once condensed (one siloxane bond) −86

Q2 Doubly condensed (two siloxane bonds) −92

Q3 Triple condensed (three siloxane bonds) −101

Q4 Fully condensed (four siloxane bonds) −110

 

 

Figure 5. Solid-state 29Si-NMR spectra of each formulation (up). Relationship of the signals (down).
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The signals associated with T2, T3, Q3, and Q4 were observed in all xerogels at −57,
−66, −101, and −110 ppm, respectively. In each of the systems, the achievement of a high
degree of crosslinking of the siloxane network was observed. This statement was supported
by the following observations:

- The absence of non-hydrolyzed species and species with a single siloxane bond in
both precursors;

- The T3 predominance over the T2 signal in the MAPTMS precursor and the prevalence
of the Q3 and Q4 signals in the TMOS precursor.

At ~12.5 ppm, another signal appeared, denoted as P=O in the spectra, that corre-
sponds to the creation of a -P=O- bond in the entourage of the Si nuclei of the sol-gel
network. The integration mechanism of this compound into the network was described
elsewhere by Garcia-Casas et al. [29]. Briefly, the organophosphite undergoes a first reaction
that leads to the oxidation of trivalent phosphorus to pentavalent phosphorus, allowing
the hydrolyzation of the trimethylsilyl chain and its subsequent condensation.

In summary, these xerogels showed the formation of three-dimensional networks, dom-
inated by T3 building blocks, accompanied by small amounts of P=O, T2, Q3, and Q4 units.

Table 4 summarizes the proportion of each detected signal in the systems.

Table 4. Relative proportions of T and Q species in the organic-inorganic hybrid materials from the
solid-state 29Si NMR spectra in Figure 5.

Sample
Proportions a (%)

Relative b

Proportions (%)

Relative c

Proportions (%)
Ratio d (%)

P=O T2 T3 Q2 Q3 Q4 T2 T3 Q2 Q3 Q4 P=O Tn Qn

Control 10.37 9.00 34.44 2.89 22.89 20.41 20.72 79.28 6.26 49.56 44.18 10.37 43.43 46.20

lc.FOX 12.55 9.00 31.92 2.58 20.25 23.70 21.99 78.01 5.54 43.53 50.93 12.55 40.91 46.54

mc.FOX 15.45 7.73 31.88 1.90 21.51 21.53 19.53 80.47 4.22 47.86 47.92 15.45 39.61 44.94

hc.FOX 12.50 8.78 32.99 - 20.42 25.31 21.03 78.97 - 44.64 55.36 12.50 41.77 45.73

lc.LNZ 12.75 6.64 35.04 - 19.91 25.66 15.94 84.06 - 43.69 56.31 12.74 41.69 45.57

mc.LNZ 11.51 12.55 29.02 - 23.98 22.94 30.19 69.81 - 51.12 48.88 11.51 41.57 46.92

hc.LNZ 13.26 7.73 32.78 - 19.67 26.56 19.09 80.91 - 42.55 57.45 13.26 40.51 46.23

hc.FOX-
LNZ 13.78 9.56 35.36 - 18.06 23.24 21.28 78.72 - 43.73 56.27 13.78 44.92 41.30

a Peak area % was calculated by the deconvolution technique. Error value assumed is ±5%. b (Each T species/total
T species) × 100%. c (Each Q species/total Q species) × 100%. d Si-P = (Si-P signal/total signals) × 100%,
Tn = (total T species/total signals) × 100%, Qn = (total Q species/total signals) × 100%.

The antibiotics’ introduction slightly modified the contribution of each precursor to
the crosslinking. An increase in the intensity of the P=O signal and attenuation of Tn and
Qn species were observed. Moreover, the Tn species intensity decreased more than the Qn

species signal. The number of fully condensed species increased in Q species.
Thermal characterization using TGA was performed to quantify the inorganic con-

tribution of the network (Si-O-Si bonds). The thermogravimetric analysis (TGA) and the
first derivative of the TGA (DTG) plots of the xerogels obtained during each synthesis are
shown in Figure 6A,B. Thermogravimetric analyses of the antibiotics used are also shown
in Figure 6C,D.

Thermogravimetric analysis of xerogels revealed a sharp inflection above 350 ◦C cor-
responding to the partial thermal degradation of organic matter (oligomers and unreacted
organopolysiloxanes). This stage of degradation was accompanied by a subsequent stage
(between 350 ◦C and 500 ◦C) due to the complete thermal degradation of the organic matter
and water elimination from further silanol condensation [29]. Small losses after 800 ◦C in
all samples are attributed to further burning of the residual organics [36].
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Figure 6. TGA (A) and DTG (B) profiles of the xerogels obtained during the syntheses. TGA and
DTG profiles of the cefoxitin sodium Salt (FOX) (C) and linezolid (LNZ) (D).

A thermal degradation associated with the by-products elimination of the condensa-
tion (alcohol and water) and the unreacted reagents (pbTMOS = 121 ◦C, pbMAPTMS = 190 ◦C;
pborganophosphite = 78–81 ◦C) occurred at temperatures below 350 ◦C [29]. The degrada-
tion of the antibiotics introduced into the formulations was another contribution present
at these temperatures. Xerogels including FOX had a peak in DTG plots around 150 ◦C
and those including LNZ around 275 ◦C, which coincided with the maximum thermal
degradation of each antibiotic (Figure 6C,D).

The mass loss of the xerogels revealed that the hc.FOX-LNZ formulation decreased
by almost 5 wt.% the inorganic contribution of Control (67.16% Control vs 63.21% hc.FOX-
LNZ), see inset Figure 6A. The difference in mass loss between the rest of the formulations
was only 1 wt.%.

3.3. Surface Characterization of Coatings Loaded with FOX and LNZ

The surface of the synthetized coatings was inspected by SEM. Figure 7 shows SEM
micrographs of the coatings using the Backscatter Detector. Inspection of the surfaces
showed the formation of uniform, homogeneous, and crack-free coatings on the substrates.
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(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 

Figure 7. SEM micrographs for prepared coatings: (a) Control, (b) lc.FOX, (c) mc.FOX, (d) hc.FOX, (e)
lc.LNZ, (f) mc.LNZ, (g) hc.LNZ, and (h) hc.FOX-LNZ deposited on TiPM substrates.

For a better understanding and a more detailed morphology study of the achieved coat-
ings, AFM was used. Figure 8 compares 5 × 5 μm2 AFM images of the surface morphologies
of the sol–gel coated samples. In general, topographical images for the antibiotic-loaded
coatings displayed a microscale roughness with irregular-shaped and randomly grown
granular surfaces, with a significant number of protrusions (hills) exhibiting heights in
the range of 0.03–0.16 μm. On the other hand, the size of clusters in the Control coating
(Figure 8(a.1–a.3)) was much smaller, with measured heights in the range of 5–25 nm.
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Figure 8. Representative non-contact mode AFM 3D topography images (a.1), (b.1), (c.1), and (d.1)
of the thin films prepared onto TiPM substrates by sol-gel dip coating with (a.2), (b.2), (c.2), and (d.2)
respective 2D surface morphology and (a.3), (b.3), (c.3), and (d.3) section profiles recorded along de
white line indicated (scan area = 5 × 5 μm2). From top to bottom: Control, hc.FOX, hc.LNZ, and
hc.FOX-LNZ film measurements (Dark colors indicate depressions, light colors protrusions).

A semiquantitative microanalysis was performed using SEM and EDS to confirm the
protrusion’s identity. A very low vacuum with high magnifications was necessary to obtain
these images (Figure 9). According to the obtained compositional analysis for both the
hc.FOX and hc.LNZ samples, in the bright areas (corresponding to the protuberances) there
was a decrease in the C and Si elements and an increase in N and P elements. In the case of
hc.FOX, the Na element was present only in the bright areas.
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(a) (b) 

Figure 9. SEM/EDS micrographs for prepared coatings (a) hc.FOX (b) and hc.LNZ. (Left) SEM
micrographs. (Right) Graphical results of EDS scan area on the indicated circles (green for the bright
area and blue for the dark area).

In previous works where the Control coating was characterized, these formations were
discovered and an increase in the size of these protuberances research was evidenced with
the increase in the organophosphite concentration [29]. In this, in addition to the emergence
of these protuberances associated with the organophosphite introduction, an increase in
the concentration of elements associated with the antibiotics (Na or N) in these areas was
also found.

The surface texture of the coatings was studied by calculating several important
roughness parameters from 40 × 40 μm2 scans. These parameters play an important role in
the patient’s biological response to the prosthesis. Increasing implant-surface roughness
is a critical factor for the implant fixation period and fixation strength with body tissues
since it increases the values of cell adhesion, proliferation, and differentiation [36]. The
numerical values for the most typical roughness parameters of the prepared coatings are
summarized in Table 5.

Table 5. Surface roughness parameters and their standard deviations obtained by AFM images analysis.

Surface Sa (nm) Sq (nm) Sz (μm) Ssk (μm) Sku (μm)

TiPM 169.79 ± 42.80 227.96 ± 45.05 2.111 ± 0.564 0.659 ± 1.548 6.330 ± 3.872

Control 9.61 ± 2.43 12.43 ± 3.03 0.087 ± 0.025 0.493 ± 0.674 3.809 ± 1.248

lc.FOX 22.30 ± 5.45 29.21 ± 5.85 0.322 ± 0.200 1.865 ± 2.323 17.479 ± 26.406

mc.FOX 49.58 ± 8.22 76.29 ± 9.42 0.642 ± 0.116 2.393 ± 0.915 10.741 ± 3.080

hc.FOX 51.83 ± 13.53 79.30 ± 27.82 1.014 ± 0.690 2.707 ± 2.541 23.482 ± 27.116

lc.LNZ 63.60 ± 27.16 131.92 ± 72.30 1.630 ± 0.760 4.864 ± 2.014 36.828 ± 24.462

mc.LNZ 43.85 ± 15.36 89.18 ± 40.28 1.488 ± 0.620 5.580 ± 2.802 58.149 ± 32.564

hc.LNZ 38.95 ± 13.84 67.85 ± 55.44 0.870 ± 0.748 2.553 ± 3.185 26.995 ± 34.596

hc.FOX-LNZ 62.04 ± 21.79 127.09 ± 92.40 1.467 ± 0.959 4.429 ± 3.075 39.812 ± 34.642

Sa = arithmetic mean height; Sq = root mean square height; Sz = maximum height; Ssk = skewness and
Sku = kurtosis of the surface. The values are average of 8 measurements (maps of 40 × 40 μm).

The lower roughness parameters (average roughness Sa, RMS roughness Sq, and maxi-
mum height Sz) measured for the coatings proved that the coating application smoothed the
surface compared to the bare TiPM substrate. This result supports SEM micrographs where
homogeneity and non-existence of uncoated substrate areas in the coatings were apparent.

The values for these same roughness parameters were lower for the Control sample,
confirming what was observed in the AFM images where the Control coating presents
much smaller protrusions compared to the other coatings.

The skewness (Ssk) positive values expose that the surface peaks and asperities are
predominant over valleys in the studied coatings. In addition, kurtosis (Sku) reports the
sharpness of profile peaks that in all cases indicate the presence of inordinately high peaks.
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Among the LNZ-containing coatings, no significant differences were found in any of
the five roughness parameters studied.

Among the coatings containing cefoxitin, lc.FOX was statistically different from
mc.FOX and hc.FOX when comparing Sa and Sq. For maximum height (Sz), mc.FOX
was different from hc.FOX.

Figure 10 shows the coating thickness measurements. All the synthesized coatings had
values between 10 and 15 μm without statistically significant differences between them.

Figure 10. Thickness of sol-gel coatings prepared onto TiPM by dip-coating. No statistically sig-
nificant differences were found between coatings (2-way ANOVA, p < 0.05). Bars indicate the
standard deviations.

The wettability of the formulations and the substrate were studied by means of contact
angle measurements. The results are shown in Figure 11. The contact angle value was higher
in all the coatings compared to the substrate as a result, among other factors, of the decrease
in surface roughness. Furthermore, between the coatings, there were also significant
differences. The most hydrophilic coating was the one with the combination of antibiotics.

Figure 11. Contact angle results for films deposited on TiPM substrates. Bars with different letters
denote statistical significance, p < 0.05 one-way ANOVA using Tukey HSD method. N = 10–12. All
values are means ± SE.
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4. Discussion

In this study, eight antibiotics (GEN, FOX, VAN, DCX, CLI, AMP, LNZ, AMB) were
separately introduced into organic-inorganic sol-gel coatings for TiPM metal prostheses.
Furthermore, coatings with different FOX and LNZ concentrations (separately and mixed)
were synthesized and examined in terms of morphology and chemical characteristics.

The formation of smooth, uniform, homogeneous, and crack-free coatings was suc-
cessfully achieved after introducing most of the antibiotics. Isolated cracks were found in
coatings loaded with AMP and AMB, possibly related to the poor solubility or insolubility
of these antibiotics in water.

The obtained differences in the thickness of the coatings could be related to multiple
factors such as molecular weight, chemical nature, solubility, and concentration of the
incorporated antibiotic. Although more testing would be needed to determine the con-
tribution of each of these factors to the final thickness, the molecular weight is a highly
influential factor; this can be observed in the five coatings (GEN, FOX, VAN, DCX, CLI)
with a very similar amount by weight of added antibiotic in the sol-gel and yet markedly
different thicknesses, which correlate well with the molecular weight, increasing for higher
molecular weight antibiotics (GEN and VAN), as shown in Figure 3.

Coatings had a microscale roughness with irregular-shaped and randomly grown
granular surfaces. These granular growths, together with the matrix, corresponded to two
well-differentiated micro-phases. The EDS result indicates that the hills (bright areas) were
the result of antibiotic and organophosphite accumulations in these areas. NMR analysis
supports this claim since the increase in the number of P=O bonds in the network crosslink-
ing occurred in formulations containing antibiotics. With these results, it could be theorized
that cluster growth is due to a spontaneous organization in domains or micro-phases (“two-
phase systems”), obtaining inorganic segments of bioactive silica-rich regions (matrix) and
organic segments of methacryloxypropyl chain and P-O-Si bonds-rich regions (protrusions).
The antibiotics would be housed within the organic segment, manifesting in a greater
volume in that area. This organization could be possible due to non-covalent interactions
(e.g., hydrogen bonds, Van der Waals forces, electrostatic forces, interactions) without exter-
nal intervention. The factors that could influence this organization are the molecular weight
of the introduced antibiotic and, possibly, its hydrophilicity. In the antibiotic-free coating,
these microphases were evidenced, with the organophosphite being the contributor to the
granular formations, although significant differences were found between the size of the
protrusions in this coating and the antibiotic-laden coatings. This result shows that the
antibiotics only lodge in these protrusions, being able to favor their formation and increase
their size, but the spontaneous organization is not due to their introduction.

In fact, chemical studies suggested the absence of chemical bonds between antibiotics
and the siloxane network, despite the slight modification of the network crosslinking
caused by the antibiotic introduction. FT-IR results inferred the apparent non-modification
of the siloxane network due to the introduction of antibiotics and the absence of chemical
bonds between antibiotics and the siloxane network. However, bands related to the
introduced antibiotics may be present, but the low concentrations of the antibiotics would
only result in very weak bands, if any, being indistinguishable from the main bands of the
silicate network.

Solid-state 29Si-NMR results suggested the favoring of the participation of the
phosphorus-based compound in the network crosslinking when an antibiotic is introduced.
This phenomenon could be explained because the antibiotics represent a steric hindrance in
the network and both, tris(tri-methylsilyl) phosphite and MAPTMS (due to its long organic
chain), give the antibiotic room to accommodate.

TGA results, as FT-IR and NMR results, indicated a decrease in network crosslinking
in formulations with antimicrobials. Despite all the formulations presenting a greater
mass loss compared to Control sample, in most of the cases, it is difficult to elucidate any
conclusion on this matter since it was only a 1 wt.% difference. The apparent differences
in mass loss could be related to the antibiotic-loaded amounts and their influence on

143



Materials 2022, 15, 4752

the network crosslinking. The peaks coinciding with the degradation of the antibiotics
evidenced that with increasing their concentration, a greater contribution to the degradation
occurred (see insets Figure 6B).

Despite these chemical studies, being able to demonstrate the influence or chemical
bonds between the antibiotics introduced and the siloxane network is not a straightforward
task. The large difference between the number of moles of both parts during the synthesis
is the main obstacle.

The relationship between concentration, the introduction of antibiotics, and the size
or distribution of protrusions was unclear. From the AFM analysis, no behavior was
found that relates to all these parameters. These protuberances behaved quite randomly
in coatings loaded with antibiotics. However, all the resulting surface morphologies in
the antibiotic coatings were very promising in terms of decreasing microbial adherence.
Previous studies proved that these morphologies have an antimicrobial effect only related
to their microstructure [37,38].

The wettability differences found between coatings could be attributed to their rough-
ness. In contact angle measurements where the deposited drop has a low viscosity, it is
reported that the increase in roughness decreases the contact angle because of more surface
area [32]. These results can be contrasted with the obtained roughness parameters, observ-
ing an opposite trend between both parameters. Wettability is a key factor affecting not
only protein adsorption and cell attachment but also the degradation kinetics of coatings
when in contact with a physiological medium. Hydrophobic surfaces or surfaces with an
intermediate wettability (60–90◦) are the suggestion by most literature to achieve good
biocompatibility through protein adsorption and to prevent bacterial adhesion [39–41].

In coatings loaded with FOX and LNZ (separately), no conclusions could be reached
about the relationship between concentration, type of introduced antibiotics, and size
or distribution of protrusions. Neither were there great differences found in network
crosslinking, roughness, thickness, or wettability. However, the coating loaded with the
two antibiotics simultaneously exhibited weaker network crosslinking along with a more
hydrophilic surface than the rest. This result indicates that the concentration of antibiotics
can influence the final characteristics of the coating, although it is necessary to vary the
concentration considerably to obtain significant differences.

The roughness and hydrophilicity results make the coating loaded with the two
antibiotics a good candidate for combined therapy to fight different bacteria, including S.
aureus. However, in the next step, biological assessments will be needed to shed more light
on the antibacterial effectiveness of the coating.

5. Conclusions

The introduction of different antibiotics into biodegradable sol-gel coatings for metal
joint prostheses was successfully carried out. Sol-gel formulations were designed as carriers
for different antibiotics separately (GEN, FOX, VAN, DCX, CLI, AMP, LNZ, AMB) and for
two antibiotics simultaneously (FOX and LNZ). Synthesis containing either AMP or AMB
must be optimized to obtain crack-free coatings.

The surface of coatings contains a “two-phase system” with an inorganic silica-rich
matrix and organic-rich protrusions. The granular surfaces shown in the coatings re-
sulted in microscale roughness and were attributed to the accumulation of antibiotics and
organophosphites in the surface protrusions. The existence of chemical bonds between the
introduced antibiotics and the siloxane network could not be demonstrated, although the
presence of the antibiotics indirectly modified the network crosslinking. The influence of
antibiotic introduction on network crosslinking, roughness, thickness, and wettability is
evidenced only for significant variations of introduced concentrations.

The coating loaded with two antibiotics showed somehow a weaker crosslinking.
However, introducing two antibiotics broadens the antibacterial spectrum of the coating,
resulting in a good strategy to prevent local joint prosthesis infections. Thus, further studies
are required to verify the antibacterial activity of those coatings.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma15144752/s1, Figure S1: Visual appearance of the powder
metallurgical titanium pieces coated with the sol-gel formulations.
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Abstract: A sol-gel technique was applied to prepare the two-component oxide system Cu-Mg-O,
where MgO plays the role of oxide matrix, and CuO is an active chemical looping component. The
prepared samples were characterized by scanning electron microscopy, low-temperature nitrogen
adsorption, and X-ray diffraction analysis. The reduction behavior of the Cu-Mg-O system was
examined in nine consecutive reduction/oxidation cycles. The presence of the MgO matrix was
shown to affect the ability of CuO towards reduction and re-oxidation significantly. During the first
reduction/oxidation cycle, the main characteristics of the oxide system (particle size, crystallization
degree, etc.) undergo noticeable changes. Starting from the third cycle, the system exhibits a stable
operation, providing the uptake of similar hydrogen amounts within the same temperature range.
Based on the obtained results, the two-component Cu-Mg-O system can be considered as a prospective
chemical looping agent.

Keywords: sol-gel synthesis; magnesium oxide matrix; copper oxide; chemical looping;
reduction/oxidation cycling

1. Introduction

The catalysts based on copper and copper oxide are traditionally attractive for re-
searchers and industrialists mainly due to their high activity in a number of industrially
important processes at relatively low temperatures (about 100–300 ◦C). For instance, copper-
containing systems were intensively studied in the water gas shift reaction [1–8] and steam
reforming of methanol and methane [9–12]. In these cases, the main advantages of using
copper as an active component are its low cost if compared with precious metals, high dis-
persity of copper species, and their strong interaction with the support that allows tuning
the catalytic properties. Besides the mentioned applications, copper-based catalysts are
highly efficient in the processes of total and partial (selective) oxidation [13–25], hydrogena-
tion [26–29], dehydrogenation of alcohols [30–33], reduction of nitrogen oxides [34,35], etc.

Such a high activity of the copper-containing systems in the oxidation reactions is
stipulated, in many ways, by the high reactive capacity of copper oxide CuO. As a rule,
the reactions with its involvement are highly exothermic, while the kinetic parameters
of the copper oxide reduction are quite advantageous. All this causes the increased at-
tention to CuO as a prospective oxygen carrier for the developed chemical looping tech-
nologies, among which the chemical looping combustion processes [36–38] should be
mentioned specially.

At present, it is not a secret that the size of the active component significantly affects its
reactive capacity and, therefore, catalytic activity. In most cases, the higher the dispersion
of the particles, the higher its activity. The Cu/CuO-containing systems are not an excep-
tion [39–41]. On the other hand, one of the main problems connected with these systems is
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their instability during the utilization at elevated temperatures. The copper nanoparticles
have an addiction to their sintering and agglomeration [42]. This trend is more crucial
in the case of nanocrystalline copper-based materials. Thus, the analysis of the melting
behavior of copper gives the following predictions. If the bulk copper undergoes melting
at the temperature of 1083 ◦C, then the copper particles of 20 nm in size should start to
melt at ~1000 ◦C. Further decrease in particle size to 10 and 5 nm is expected to result in
the melting temperature values of ~750 and ~500 ◦C. Therefore, an approaching of the
process temperature to the expected melting temperature should lead to a noticeable in-
crease in the lability of copper species and their agglomeration into the thermodynamically
favorable large particles. In order to solve the mentioned problem, copper and its oxide
are deposited on various supports, and the metal-support interactions play the key roles
here, providing the long-term stability of the supported copper species during the catalyst
exploitation [1,9,30,32–34,43–45].

To keep the high dispersity of the active component during the catalytic process,
the small particles of this component should be uniformly distributed in the matrix of
the support [46]. Aluminum and zirconium oxides are known to provide good enough
thermal stability of the copper catalysts [34,47]. Moreover, alumina can form a number
of joint phases with copper, including spinel materials exhibiting high activity in the
redox reaction [48,49]. Similar effects are reported for the systems with iron oxide used
as support [1]. In addition, the copper nanoparticles can be stabilized using zeolites. The
latter facilitates the adsorption of the reagents, thus improving the catalytic activity [50].
Titanium oxide is less thermally stable; however, it provides the chemical stability of the
copper catalysts towards poisoning [51–53]. Oppositely, carbonaceous supports possess
high thermal stability and attractive mechanical and catalytic properties [30,32,54–56].

The stability of the copper-containing systems is principally defined by the preparation
method. The sol-gel techniques give a number of advantages, including the mentioned
small particle size and uniform distribution of one component within the matrix of another
component serving as the support. Recently, such a sol-gel approach was successfully
applied to prepare the two- and three-component oxide systems based on the MgO ma-
trix [57–60]. Magnesium oxide is a unique material possessing attractive textural char-
acteristics such as developed specific surface area and porosity. Its melting temperature
is 2802 ◦C. Therefore, MgO is resistant to sintering even at significantly elevated process
temperatures. All the mentioned properties provide the high thermal stability of the active
components distributed within the MgO matrix. In addition, magnesium oxide can also
form joint phases with the oxides of the majority of transition metals, thus, strengthening
the metal-support interaction. This feature gives a broad spectrum of possibilities for
controllable tuning of the catalytic and redox properties [61].

For the oxide systems obtained via the sol-gel approach, the preparation conditions
significantly affect the characteristics of the final materials and, therefore, define their
area of application. For instance, the amount of used alcohol influences the porosity
and the agglomeration degree of the primary particles [62]. The next set of effects is
connected to the applied alkaline agent, structure-directing surfactant, and calcination
temperature [63–66]. These factors determine the textural and morphological features of
the oxides. Among the advantages of sol-gel synthesis of two-component MgO-based
systems, a uniform distribution of the second phase within the MgO matrix should be
mentioned [65,66]. Such a distribution provides appropriate dispersity of the second phase.
Thus, Barad et al. reported the suppression of the grain growth process by confining
yttrium oxide nanocrystallites within a polycrystalline magnesium oxide [67]. On the other
hand, the second component can interact with the matrix with the formation of new joint
phases [65,68,69]. Both the size of the distributed particles and the presence of the joint
phases govern the catalytic and optical properties [65,68–71].

In the present work, the oxide system Cu-Mg-O containing 15 wt% of CuO was
synthesized by the sol-gel method. Recently, the effect of the CuO concentration on
the textural properties was studied; the loading of 15 wt% was found to be an optimal
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value [72]. The copper salt-precursor was added at the stage of the gel formation. The
performed investigation of the oxide system by low-temperature nitrogen adsorption,
scanning electron microscopy, X-ray diffraction analysis, and temperature-programmed
reduction/oxidation has revealed that the copper species are stabilized within the MgO
matrix and keep their dispersity during the consecutive reduction/oxidation cycles.

2. Materials and Methods

2.1. Preparation of the Samples
2.1.1. Sol-Gel Synthesis of Cu-Mg-OH and Cu-Mg-O Systems

The two-component xerogel (Cu-Mg-OH) and oxide (Cu-Mg-O) systems were ob-
tained via a sol-gel technique. The piece of magnesium ribbon (1 g, purity of 99.9%, Sigma-
Aldrich, St. Louis, MO, USA) was dissolved in 43 mL of methanol (Avantor Performance
Materials, Gliwice, Poland). In order to stabilize the gel, toluene (Component-Reaktiv,
Moscow, Russia) was added into the formed solution of magnesium methoxide. The
methanol-to-toluene ratio was 1:1. Then, the solution was dropwise mixed with an aqueous
solution of copper (II) nitrate (Baltic Enterprise, Saint-Petersburg, Russia). The obtained gel
was dried at room temperature for 2 h. After an additional drying at 200 ◦C for 2 h, the
xerogel sample was denoted as Cu-Mg-OH. Finally, the sample was calcined in the air at
slow heating to 500 ◦C for 6 h. The obtained oxide was labeled as Cu-Mg-O. The resulting
copper loading was 15 wt%, with respect to CuO.

2.1.2. Preparation of Bulk CuO

The reference sample of bulk CuO was prepared by the thermal decomposition of
copper (II) nitrate (Baltic Enterprise, Saint-Petersburg, Russia) in a furnace at slow heating
to 500 ◦C for 6 h.

2.2. Characterization and Testing of the Prepared Samples
2.2.1. Low-Temperature Nitrogen Adsorption

The specific surface area (SSA), pore volume (Vpore), and average pore diameter (Dav)
of the samples were calculated from the low-temperature nitrogen adsorption data. The
pore size distributions were obtained from the isotherms of nitrogen adsorption at 77 K
using an ASAP-2400 (Micromeritics, Norcross, GA, USA) instrument. The measurement
uncertainty of this method was ±3%.

2.2.2. Differential Thermal Analysis (DTA)

The thermogravimetric (TG), differential thermogravimetric (DTG), and differential
scanning calorimetry (DSC) profiles were registered using a Netzsch STA 409 PC/PG
simultaneous thermal analyzer (NETZSCH-Gerätebau GmbH, Selb, Germany). The sample
was heated in an inert atmosphere (nitrogen) within a temperature range of 25–700 ◦C with
the ramping rate of 5 ◦C/min. The measurement uncertainty of this method was ±1%.

2.2.3. Scanning Electron Microscopy (SEM)

The microscopic studies of the Cu-Mg-OH and Cu-Mg-O samples were performed
using a JSM-6460 (JEOL Ltd., Tokyo, Japan) scanning electron microscope.

2.2.4. Temperature-Programmed Reduction (H2-TPR)

The temperature-programmed reduction of the samples was carried out in a hydrogen
flow. The gas mixture containing 10 vol% H2 in Ar was passed through the reactor with the
sample with a flow rate of 40 mL/min. The temperature was increased from 20 to 900 ◦C
with a ramping rate of 10 ◦C/min. Prior to the experiments, each sample was kept in an
argon flow at 150 ◦C to remove the adsorbed water. The hydrogen concentration at the
reactor outlet was measured using the standard thermal conductivity detector working
at 70 mA. The instrument was calibrated by a direct method, by which the hydrogen-

150



Materials 2022, 15, 2021

containing flow was controllably diluted with argon. The measurement uncertainty of this
method was ±3%.

2.2.5. Temperature-Programmed Reduction/Oxidation Cycling

The temperature-programmed reduction/oxidation cycling experiments were per-
formed in a flow-through reactor system, which allows for regulating the gas flows and
switching the reductive and oxidative gas mixtures in an automatic mode. The sample
(200 mg) was loaded inside the quartz reactor. The reactor was purged with a nitrogen
flow of 40 mL/min for 30 min and then fed with the reductive gas mixture containing
10 vol% H2 in N2 (total flow rate of 45.7 mL/min). The reactor was heated from 30 to 700 ◦C
with a ramping rate of 10 ◦C/min. The hydrogen concentration in the outlet gas mixture
was monitored using a hydrogen gas analyzer GAMMA-100 (FSUE “SPA “Analitpribor”,
Smolensk, Russia). When the temperature reached 700 ◦C, the reactor was maintained at
this temperature for 15 min and was cooled down to 30 ◦C in a nitrogen flow (40 mL/min).
Then, the reactor inlet gas mixture was switched to an air flow (10 mL/min), and the reactor
was heated to 500 ◦C with a ramping rate of 20 ◦C/min. After remaining at the final point
for 30 min, the reactor was cooled down to 30 ◦C in an air flow, and the reactor inlet gas
mixture was switched back to the reductive mixture. The described reduction/oxidation
cycles were repeated nine times. The measurement uncertainty of this method was ±5%.

2.2.6. In Situ X-ray Diffraction Analysis at the Temperature-Programmed
Reduction/Oxidation Conditions

The X-ray diffraction (XRD) analysis of the Cu-Mg-O system was performed in an
in-situ regime using a D8 diffractometer (Bruker, Karlsruhe, Germany). The reduction and
oxidation procedures were carried out directly in the reactor chamber of the diffractometer.
Initially, the sample was heated from 25 to 700 ◦C in hydrogen, cooled down in hydrogen,
passivated in helium at 25 ◦C, and re-oxidized in a gas mixture containing 5 vol% O2 in
helium at heating from 25 to 700 ◦C. Finally, the sample was cooled down to 25 ◦C in
a helium flow. The temperature ramping rate was 10 ◦C/min. The gas flow rates were
20 mL/min. The registration of the XRD patterns was made within the 2θ range of 15–85◦
with a step of 0.05◦ and an accumulation time of 3 s at each temperature point (25, 300,
500, and 700 ◦C). The lattice parameters were defined from the patterns recorded at room
temperature only (without thermal expansion). All the calculations were made using a
TOPAS (Bruker, Karlsruhe, Germany) software based on the Rietveld method [73].

3. Results and Discussion

First, the as-prepared samples after drying at 200 ◦C (Cu-Mg-OH, xerogel) were
studied by the DTA technique. Figure 1 presents the corresponding TG, DTG, and DSC
profiles. It should be noted that the decomposition of bulk Cu(NO3)2 finishes at around
250 ◦C. In the case of dispersed particles, for example, when copper nitrate is supported on
alumina, the complete decomposition can occur at even lower temperatures [74]. However,
in the case of sol-gel-prepared systems, the residual nitrate species still can exist within
the MgO matrix even after drying at 200 ◦C for 2 h. The first weight loss of about 3.8 wt%
is observed below 200 ◦C and is attributed to the removal of the physically adsorbed
water molecules. This process is accompanied by a large endothermal effect in the DSC
curve. The main weight loss of 30.8 wt% is registered within a range of 240–360 ◦C. The
presence of two endothermic effects in the DSC profile indicates that two processes take
place consecutively. The decomposition of the residual species of copper nitrate is followed
by the degradation of magnesium hydroxide. As a result, the second process occurs at
lower temperatures if compared with the magnesium hydroxide systems reported in the
literature [75,76]. As recently found [61], the intercalation of Cu2+ ions into the interlayer
space of Mg(OH)2 simplifies the dehydration process. The last weight loss of 1.9 wt%
is connected to the elimination of the residual species of organic molecules (toluene and
methanol) [77].
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Figure 1. TG, DTG, and DSC profiles of the Cu-Mg-OH xerogel sample.

The xerogel Cu-Mg-OH samples and the samples calcined at 500 ◦C (Cu-Mg-O, oxide)
were examined by scanning electron microscopy. The obtained SEM images are shown in
Figure 2. Both the samples are represented by poorly crystallized layered agglomerates
consisting of nanosized primary particles. At the same time, the xerogel sample (Figure 2a,b)
looks fluffy and lacy, while the oxide system (Figure 2c,d) seems to be more dense and
compacted. It is natural to suppose that the initial xerogel with a developed structure
undergoes collapsing under the calcination conditions.

  

Figure 2. SEM images of the prepared samples: Cu-Mg-OH xerogel (a,b); Cu-Mg-O oxide (c,d).
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The low-temperature nitrogen adsorption studies have revealed the changes in the
porous structure that occurred during the calcination procedure. The nitrogen adsorp-
tion/desorption isotherms for the xerogel and oxide samples are presented in Figure 3a.
Despite both the isotherms being characterized by the presence of a hysteresis loop, their
shapes are significantly different. The quantitative parameters calculated from these results
are summarized in Table 1. As seen, the SSA value drops down from 410 to 120 m2/g, i.e.,
more than three times, while the decrease in pore volume is not so crucial. An increase in
the average pore size from 12 to 33 nm is connected with the shift of the maximum in pore
size distribution towards larger sizes and the disappearance of the small pores (Figure 3b).
It should be mentioned that the introduction of copper species inside the MgO matrix
significantly worsens the textural properties of the latter. Thus, for pure MgO prepared via
the same procedures with hydrolysis by distilled water instead of an aqueous solution of
salt, the SSA value was as high as 243 m2/g [59].

Figure 3. Low-temperature nitrogen adsorption/desorption isotherms (a) and pore size distribution
(b) for the Cu-Mg-OH xerogel and Cu-Mg-O oxide sample.

Table 1. Low-temperature nitrogen adsorption data for the Cu-Mg-OH xerogel and Cu-Mg-O
oxide samples.

Sample SSA, m2/g Vpores, cm3/g Dav, nm

Cu-Mg-OH 410 ± 12 1.23 ± 1.1 12 ± 2
Cu-Mg-O 120 ± 4 1.04 ± 1.0 33 ± 4

In order to investigate the effect of the MgO matrix on the reduction/oxidation behav-
ior of copper, the prepared Cu-Mg-O sample was compared with the bulk CuO oxide by
the H2-TPR method. Since the Cu-Mg-O system contains just 15 wt% of CuO, the hydrogen
uptake intensities were normalized with respect to 1 g of CuO. Figure 4 demonstrates the
resulting H2-TPR profiles. As evident, the profiles differ from each other. In the case of
bulk CuO, its reduction takes place in a temperature range of 100–300 ◦C with a maximum
at ~240 ◦C. The H2-TPR profile for the Cu-Mg-O sample has two hydrogen uptake peaks.
The main peak appears at the lower temperature of 225 ◦C, thus, indicating the higher
dispersity of the CuO particles if compared with the bulk copper oxide. The second uptake
peak has a maximum at ~340 ◦C and gives a shoulder on the cumulative profile. This peak
corresponds to the reduction in copper species strongly interacting with the matrix. In
the case of the bulk Cu-Mg-O system, the whole reduction process occurs in a range of
160–400 ◦C.
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Figure 4. H2-TPR profiles for the bulk CuO oxide and prepared Cu-Mg-O system.

It should be remembered that, in the chemical looping concept, a cyclic regime of
exploitation is considered. During these cycles, the properties of the oxygen carriers can be
noticeably changed; the appropriate system should demonstrate a stable and reproducible
behavior. In order to examine the efficiency and prospectivity of the prepared Cu-Mg-O
system, it was tested in nine consecutive reduction/oxidation cycles. The obtained TPR
profiles are shown in Figure 5. As was already discussed, the first reduction profile of
the Cu-Mg-O system consists of two peaks, and the main uptake peak is shifted to lower
temperatures if compared with the reference sample of bulk CuO (Figure 4). The second
and subsequent reduction profiles of the two-component system are even more shifted to
the left side (Figure 5). Moreover, the second reduction cycle is also represented by two
uptake peaks, but the first of them has a maximum at ~75 ◦C. It can be supposed that these
easily reducible copper particles are formed from the dispersed copper species that strongly
interacted with MgO due to their reduction during the first reduction cycle. Already in
the third reduction cycle, this low-temperature peak is disappeared. Note that the total
hydrogen uptake is almost constant in all the cycles. The profiles from the third to ninth
cycles show no remarkable difference. At the same time, the position of the main uptake
peak slightly shifts towards high temperatures from 194 ◦C for the first cycle to 204 ◦C
for the ninth cycle. It can be concluded here that the MgO matrix provides the thermal
stabilization of the dispersed copper species. Just a small sintering effect is observed under
the redox cycling conditions.

At the final stage of the research, the Cu-Mg-O system was studied by an in-situ XRD
technique. Figure 6 illustrates the corresponding XRD patterns recorded at 25, 300, 500, and
700 ◦C under reductive (Figure 6a) and oxidative (Figure 6b) conditions. The quantitative
parameters obtained from the XRD data are collected in Table 2.

Table 2. Quantitative characteristics (average size of crystallites <D>; the lengths a, b, and c of the three
cell edges meeting at a vertex, and the angle β between edges a and c) obtained from the XRD data.

Phase (wt%)
Initial After Reduction After Oxidation

a, Å <D>, nm a, Å <D>, nm Lattice Parameter <D>, nm

MgO 4.222(1) 8 4.220(1) 12 a = 4.216(1) Å 16
Cu (13%) - - 3.621(1) 10 - -

CuO (6%) - - - -

a = 4.691(2) Å
b = 3.423(1) Å
c = 5.137(2) Å
β = 99.42(3) ◦

25
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Figure 5. TPR profiles for the Cu-Mg-O system registered in nine consecutive reduction/oxidation
cycles.

θ θ

Figure 6. XRD patterns of the Cu-Mg-O system recorded in an in-situ regime at hydrogen (a) and
oxygen (b) atmospheres.

According to the presented patterns, for the initial sample, only the reflections at
~36, 43, 62, 74, and 78 degrees corresponding to the magnesium oxide phase are detected
(Figure 6a). Supposedly, all the copper species are in a roentgen-amorphous state. These
species undergo reduction with the temperature rise. The corresponding reflection at
~50 degrees appears already at 300 ◦C, and its intensity grows with the further temperature
increase, indicating the formation of metallic copper nanocrystallites. The average size of
the formed metallic copper particles is estimated to be 10 nm (Table 2). The MgO phase
also undergoes crystallization, and the reflections become narrow and more intensive.
Therefore, the initially observed poorly crystalline structure (see Figure 2) transforms into a
nanocrystalline one. The ordering of the oxide structure is accompanied by the enlargement
of the primary particles.

The oxidative part of the redox cycle oppositely shows the disappearance of the Cu(0)
phase and the formation of the CuO phase (Figure 6b). The corresponding reflections of the
oxide phase are seen at ~35 and 38 degrees starting from 300 ◦C. After 700 ◦C, they seem to
be well-crystallized, with an average size of ~25 nm. These results confirm the previously
made assumption concerning the subsequent formation of Cu(0) and CuO phases from
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the roentgen-amorphous well-dispersed copper species that strongly interacted with the
MgO matrix. As follows from the data presented in Table 2, the lattice parameter of the
initial sample is enlarged if compared with the conventional magnesium oxide (a = 4.211 Å).
After the reduction/oxidation cycle, this parameter approximates the standard value that
testifies to the exit of the copper species from the MgO matrix.

4. Conclusions

In modern industry, the oxides of transition metals are widely applied in chemical loop-
ing processes. However, being used in the bulk form, they undergo rapid agglomeration
and sintering that significantly diminishes their efficiency in the redox cycles. Therefore, the
use of an inert oxide matrix that preserves the high dispersity of the active component is an
actual task. In the present work, the two-component Cu-Mg-O system was synthesized by
the sol-gel method. The obtained material possesses a layered mesoporous structure with
the developed surface area. The redox behavior of the two-component oxide system differs
from that for the bulk CuO reference sample. In the initial state, the copper species are
roentgen-amorphous and partly exhibit a strong interaction with the MgO matrix. During
the first reduction/oxidation cycle, the final formation of the phase composition of the
system takes place. The formed CuO nanoparticles undergo reproducible reduction to
metallic Cu(0) nanoparticles with a maximum of hydrogen uptake at near 200 ◦C. Due to
the presence of the MgO matrix, the dispersity of the CuO/Cu(0)-active species remains the
same during the redox cycling. Therefore, this system can be considered as a prospective
chemical looping material.
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