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Abstract: The present study is focused on the synthesis of zirconium dioxide (ZrO2) nanomaterials
using the hydrothermal method assisted by microwave irradiation and solution combustion synthesis.
Both synthesis techniques resulted in ZrO2 powders with a mixture of tetragonal and monoclinic
phases. For microwave synthesis, a further calcination treatment at 800 ◦C for 15 min was carried out
to produce nanopowders with a dominant monoclinic ZrO2 phase, as attested by X-ray diffraction
(XRD) and Raman spectroscopy. The thermal behavior of the ZrO2 nanopowder was investigated by
in situ XRD measurements. From the scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images, the presence of near spherical nanoparticles was clear, and TEM confirmed
the ZrO2 phases that comprised the calcinated nanopowders, which include a residual tetragonal
phase. The optical properties of these ZrO2 nanopowders were assessed through photoluminescence
(PL) and PL excitation (PLE) at room temperature (RT), revealing the presence of a broad emission
band peaked in the visible spectral region, which suffers a redshift in its peak position, as well
as intensity enhancement, after the calcination treatment. The powder resultant from the solution
combustion synthesis was composed of plate-like structures with a micrometer size; however, ZrO2

nanoparticles with different shapes were also observed. Thin films were also produced by solution
combustion synthesis and deposited on silicon substrates to produce energy storage devices, i.e., ZrO2

capacitors. The capacitors that were prepared from a 0.2 M zirconium nitrate-based precursor solution
in 2-methoxyethanol and annealed at 350 ◦C exhibited an average dielectric constant (κ) of 11 ± 0.5
and low leakage current density of 3.9 ± 1.1 × 10−7 A/cm2 at 1 MV/cm. This study demonstrates
the simple and cost-effective aspects of both synthesis routes to produce ZrO2 nanomaterials that can
be applied to energy storage devices, such as capacitors.

Keywords: ZrO2; nanomaterials; microwave irradiation; solution combustion; energy storage devices

1. Introduction

Research in nanotechnology has grown over in recent years since it opens up possibili-
ties for the design and fabrication of novel materials, as well as flexible and smart devices
at the nanometer scale [1,2]. In this regard, nanostructures based on metal oxides have
been extensively studied due to their unique physical and chemical properties and great
potential in a myriad of applications, including electronics, energy conversion and storage,
biomedicine, catalysis and sensing [3–8].

ZrO2 is a metal oxide that exhibits three crystalline phases under atmospheric pressure,
depending on the synthesis route: monoclinic, which is thermodynamically the most stable
form [9], tetragonal and cubic [10–12]. The cubic form of ZrO2 is stable at high temperatures
(usually above 2370 ◦C), while the tetragonal is stable within the range of 1170–2370 ◦C,
and the monoclinic phase stabilizes below 1170 ◦C [4,9].
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ZrO2 exhibits excellent properties, such as good optical transparency in the visible
and near-infrared spectral range [13,14], high thermal and chemical stabilities, mechanical
strength and fracture toughness, low absorption of light, high index of refraction [15], high
corrosion resistance [16], high ionic stability at high temperature, it is biocompatible [17]
and presents relatively low leakage current [18] and high breakdown field [19]. Despite this,
ZrO2 presents a wide band gap value (theoretically estimated as ~5.42 eV for monoclinic,
~6.40 eV for tetragonal and ~5.55 eV for cubic phases [14,20,21]). The introduction of defects
in its structure, for instance, through doping with cations or the reduction of particle size
below a critical value, is reported to allow the stabilization of high-temperature phases (i.e.,
cubic and/or tetragonal phases) at RT [22,23].

Applications for this material range from ceramic industry, gas sensing, solar fuel cells
and biomedical/catalytic fields to its incorporation in large-scale integrated circuits, owing
to a high dielectric constant and as a gate dielectric in metal-oxide-semiconductor devices
(MOS) [22,24–26]. In this regard, ZrO2 has emerged as a potential alternative to replace
low-κ SiO2 in electronic devices [27]. It is reported that the dielectric constant of ZrO2 films
ranges from κ = 20 in the monoclinic phase to κ = 37–47 for the cubic and tetragonal phases,
whereas in the case of amorphous ZrO2, the dielectric constant values are between 14 and
25 [14].

Recently ZrO2-based materials have been explored in the field of energy. Optimization
of the light absorption towards sunlight in zirconia has shown enormous potential for its
use in solar receivers since this refractory material possesses enhanced mechanical/thermal
properties and oxidation resistance, being a competitive material to substitute the typically
used silicon carbide (SiC) [28,29]. Other applications include refractory/metal produc-
tion [30]. In addition, it has demonstrated high energy storage performance, for instance, by
employing ferroelectric ZrO2 thin films as energy storage capacitors [31] or antiferroelectric
ZrO2, a material for dynamic random access memories (DRAM) [32]. Moreover, ZrO2
capacitors display ultra-high power density and ultra-fast charge/discharge rates, yet their
energy storage densities are relatively lower than the traditional electrical energy-storage
devices, such as supercapacitors and batteries [33]. Nevertheless, these devices can play
a key role in energy saving and thus reducing the carbon dioxide (CO2) footprint. When
associated with renewable energy sources, capacitors can have a real impact on climate
change, influencing almost all sectors of human life, including the chemical/petrochemical,
automotive, textiles, wood/paper and construction sectors, whereas, for the latter, with
the advent of the zero carbon buildings, it can reduce the global greenhouse gas emis-
sions emitting buildings. The future of humanity relies on addressing the availability of
using carbon-neutral energy sources and finding solutions to lower the CO2 footprint,
industrial residues and human contaminants with direct impact in public health and on
the environment.

Most of the applications for ZrO2 depend on its dimensions. It is well known that
when the size of metal oxide materials is reduced to the nanoscale level, different properties
are found from their bulk counterparts [34]. Novel characteristics owed to quantum size
effects may occur when the cluster size is smaller than the Bohr exciton radius. Moreover,
the properties of the surface start to play a relevant role that may overrule the bulk ones.
Hence, the synthesis method is of paramount importance to control not only the size of
ZrO2 nanomaterials but also the crystalline phase, morphology and lattice defects that
highly influence the physico-chemical properties of the produced nanomaterials [35].

ZrO2 nanomaterials have already been obtained with different morphologies, such
as thin films [14], nanoparticles [36], nanobelts [37], nanowires [38] and nanotubes [39],
mainly through chemical approaches [40]. The most common methods for the synthesis of
ZrO2 nanostructures include co-precipitation [41], sol-gel [42] and solution combustion [35],
sonochemical-assisted methods [43,44], chemical vapor deposition [45], emulsion process-
ing routes [46,47], as well as hydrothermal [10,48] and microwave syntheses [49,50]. Lately,
a continuous increase in research work has been observed related to fast continuous meth-
ods for controlling the synthesis of ZrO2 nanomaterials [51–55]. Continuous hydrothermal
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flow synthesis (CHFS) processes are preferred due to the possibility of tailoring and ob-
taining unique nanoparticle properties that cannot be achieved using more conventional
batch hydrothermal or other synthesis methods. These processes have shown potential in
manufacturing reproducible and homogeneous nanomaterials, with high throughput, in
addition to being energy efficient and eco-friendly, since for this last case, water is typically
used rather than toxic organic solvents. Annealing treatments can also be avoided by
employing these processes with superheated water conditions (typically in the range of
200−400 ◦C) [55–57]. Even though these systems offer several benefits, their high cost is a
downside [57].

Several studies have reported the production of ZrO2 nanomaterials using sol-gel, par-
ticularly solution combustion synthesis, which is included in the sol-gel method [58–60]. So-
lution combustion synthesis is an attractive technique for the preparation of ZrO2 nanopow-
ders and thin films, owing to its simplicity, energy and time savings, cost-effectiveness,
versatility, higher purity compared with conventional sol-gel methods, low synthesis
temperatures, and compatibility with flexible substrates and large scale production [61–63].

The synthesis of ZrO2 nanomaterials using the hydrothermal method assisted by
microwave irradiation has also been growing exponentially over recent years [49,64–66],
mainly due to its several advantages, such as volumetric heating (the entire volume of
solution is evenly heated, instead of relying on heat diffusion processes across the reaction
vessels), and the reaction times can be shorter as it is possible to synthesize nanostructures
in just a few minutes. Furthermore, it also allows accurate control of particle morphology
and size by adjusting the microwave parameters [50,67]. Upon optimization of the synthesis
parameters, such as temperature, pH, time and zirconium oxide precursors (e.g., zirconyl
chloride, zirconyl hydroxide, zirconyl nitrate hydrate and zirconium alkoxides), different
ZrO2 phases can be obtained [68].

Solution-based ZrO2 nanomaterials are a highly appealing alternative to physical
methods due to their process simplicity, high throughput, reduced equipment cost, since no
vacuum-based systems are required [69,70], and the possibility to fabricate optoelectronic
devices, even at low temperatures and by using green solvents [70]. As indicated, a broad
range of solution-based synthesis methods have been developed to prepare ZrO2 nanoma-
terials; however, solution combustion synthesis and hydrothermal synthesis/microwave
irradiation are typically preferred, and for that reason, these techniques are presented in
this work. The same zirconium precursor (zirconium (IV) oxynitrate hydrate) was used in
both synthesis techniques.

Several studies have already reported the dielectric properties of the ZrOx films pro-
duced by different solution-based processes. For instance, Seon et al. fabricated ZrO2 films
via a non-hydrolytic sol-gel route at low temperatures, using 2-methoxyethanol (2-ME) as a
solvent, with further annealing at 300 ◦C. The solution precursors chosen were zirconium
chloride and zirconium isopropoxide, which were prepared in equimolar amounts, and
acted, respectively, as a metal halide and a metal alkoxide. A breakdown voltage greater
than 4 MV cm−1, a high dielectric constant (near 10) and a low leakage current density of
5 × 10−8 A cm−2 at a field of 1 MV cm−1 were obtained [71]. Another study by Gong et al.
showed that by employing a low-temperature annealing treatment at 160 ◦C, high-quality
amorphous ZrO2 dielectric films could be produced via a low-cost solution process. In
this study, a solution was prepared using zirconium (IV) acetylacetonate as zirconium pre-
cursor and N, N-dimethylformamide as a solvent. Hydrolysis and condensation reactions
occurred during stirring of the solution for 32 h at 90 ◦C. The films exhibited a leakage
current of 3.6 × 10−5 A cm−2 at −3 V, a capacitance of ~117.1 nF cm−2 and a dielectric
constant of 7.8, both at 1 KHz [72]. Wang et al. also fabricated high-κ ZrO2-dielectric films
using a lightware (LW) irradiation-induced chloride-based low-temperature solution route.
Results demonstrated a great capacitance of 270 nF cm−2, a high dielectric constant of
14.1 (at 100 Hz) and a low leakage current of 7.6 × 10−8 A cm−2, under 2 MV/cm. The
superior performance was attributed to the effective formation of the metal-oxygen (M-O)
framework that enabled the elimination of oxygen defects [73]. Another study by Jung et al.
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demonstrated the fabrication of ultrathin ZrOx films by deep ultraviolet irradiation, which
revealed a leakage current density as low as 10−11 A cm−2 at 1 MV/cm, a capacitance
of 260 nF cm−2 (at 1 MHz), high dielectric constant (22) and good breakdown voltage
(around 6 MV/cm) [74]. In addition, Luo et al. prepared high-quality ZrO2 films using
an oxygen-doped precursor solution (ODS). The ODS-ZrO2 films showed a low leakage
current density of 10−7 A cm−2 (at 2 MV/cm), high breakdown electric field (7.0 MV/cm)
and dielectric constant of 19.5 [75]. However, the challenge still relies on the fabrication
of metal-oxide films with a high-quality surface (a smooth surface with a dense network)
at a low temperature and through a simple approach to guarantee a low leakage current
density and high breakdown field [75].

In this study, ZrO2 nanomaterials were produced in the form of powders or thin films
through solution-based processes, i.e., a hydrothermal method assisted by microwave
irradiation and solution combustion synthesis. The microwave synthesized powder was
further calcinated at 800 ◦C for 15 min under atmospheric conditions. The ZrO2 nanomate-
rials were characterized by XRD, Raman spectroscopy, SEM coupled with energy dispersive
X-ray spectroscopy (EDS) and focused ion beam (FIB) and TEM. The thermal behavior of
the nanopowder produced under microwave irradiation was investigated through in situ
XRD, and these powders had their optical properties assessed through PL and PLE at RT.
The ZrOx thin films produced by the solution combustion synthesis were further tested
as capacitors.

2. Materials and Methods
2.1. Hydrothermal Synthesis of ZrO2 Nanoparticles Assisted by Microwave Irradiation

The ZrO2 nanoparticle synthesis route was adapted from ref. [4]. In a typical synthesis,
50 mL of an aqueous (aq.) solution of 0.2 M of zirconium (IV) oxynitrate hydrate (Sigma-
Aldrich, St. Louis, MO, USA, 99.9%, CAS: 14985-18-3, ZrO(NO3)2·xH2O) is mixed with
50 mL of an aq. solution of 0.4 M of sodium hydroxide (Labchem, CAS: 1310-73-2, NaOH).
The reagents were used without any further purification. The 100 mL solution was left
to stir for 30 min. The molar ratio of zirconium precursor and sodium hydroxide was
kept at 1:2. Microwave synthesis was then carried out with a CEM microwave digestion
system, Matthews, NC, USA (MARS one), and the applied microwave parameters were
1000 W, 230 ± 10 ◦C and 25 min. Afterwards, the previous solution was equally distributed
into Teflon vessels of 75 mL (each vessel containing 20 mL of solution). Subsequently, the
centrifugation of the resultant nanopowder was performed for 3 min at 4750 rpm and
washed three times alternately with deionized water and isopropyl alcohol (IPA). Finally,
the nanopowder was dried in a desiccator at 60 ◦C for 5 h. The yield was around 0.77 g of
nanopowder/batch.

After microwave synthesis, the dried ZrO2 nanopowder was further calcinated in
an alumina ceramic crucible at 800 ◦C for 15 min using a Nabertherm furnace under
atmospheric conditions. The calcination treatment aimed to guarantee the formation of the
mostly thermodynamically stable ZrO2 phase, i.e., the monoclinic phase.

2.2. Solution Combustion Synthesis

A solution with a concentration of 0.2 M of zirconium (IV) oxynitrate hydrate (Sigma-
Aldrich, 99.9%, CAS: 14985-18-3) was prepared in 2-methoxyethanol (2-ME, ACROS Organ-
ics, 99%, C3H8O2), and it was left to stir at room temperature for 2 h. Urea (Sigma-Aldrich,
98%, CO(NH2)2) was used as fuel for the combustion reaction and continued stirring for a
minimum of 1 h. The molar proportion between urea and the zirconium oxide precursor
was 5:3 to ensure the redox stoichiometry of the reaction. The powder was produced
considering 10 mL of the combustion solution with the same concentration and transferred
to an alumina ceramic crucible for further annealing in an air furnace at 350 ◦C for 1 h.

As for the thin films, and prior to the ZrOx deposition, a 2.5 × 2.5 cm p-type single
crystal 100-oriented silicon substrate (resistivity ∼= 1–2 Ω·cm) was cleaned with acetone
for 10 min in an ultrasonic cleaning bath at 60 ◦C. This cleaning process was repeated with
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IPA, followed by deionized water and then the substrates were dried using nitrogen flow.
The adhesion properties of the thin films to the substrate were enhanced by exposing the
substrate to UV-ozone treatment (PSD-UV Novascan system-Ames, IA, USA) for 15 min at
a 5 cm distance from the UV lamp. Prior to solution casting, the precursor solution was
filtered through a 0.22 µm polytetrafluoroethylene (PTFE) syringe filter and one layer was
deposited by spin coating on the silicon (Si) substrate at 2000 rpm for 35 s. To evaporate the
solvent and improve the densification, the thin films were later annealed at 350 ◦C on a hot
plate for 30 min.

The metal-insulator-semiconductor (MIS) capacitors were fabricated considering the
structure Al/ZrOx/p-Si. The schematic of the MIS devices’ fabrication is depicted in
Figure 1. To optimize the ohmic contact, the capacitors were completed by thermal evap-
oration of an 80 nm aluminum bottom electrode on the Si substrate and 80 nm Al top
electrodes by applying a circular shadow mask, which produced capacitors with an area of
0.2 mm2.
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Figure 1. Steps to fabricate the MIS capacitor after the cleaning procedure: (a) surface treatment
on silicon (Si) substrate by UV-ozone for 15 min; (b) deposition of the zirconium oxide precursor
solution by spin coating technique; (c) annealing treatment of the substrate for film densification;
(d) scheme of the device after the deposition of top electrodes (80 nm Al) by thermal evaporation;
(e) scheme of the device after the deposition of the bottom electrode (80 nm Al) by thermal evaporation.

2.3. Characterization Techniques

XRD experiments were carried out using a PANalytical’s X’Pert PRO MPD diffrac-
tometer (Almelo, The Netherlands) equipped with an X’Celerator 1D detector and using
CuKα radiation (λ = 1.540598 Å). XRD data were recorded from 20◦ to 80◦ 2θ range with
a step of 0.05◦. The produced ZrO2 nanopowders were measured in the Bragg–Brentano
configuration. The crystalline phases in the produced nanopowders were identified by
comparison with the International Centre for Diffraction Data (ICDD). The simulated mon-
oclinic phase corresponds to ICDD file No. 00-037-1484, the simulated tetragonal phase to
ICDD file No. 00-050-1089 and the simulated cubic phase to ICDD file No. 00-049-1642. In
situ XRD experiments were performed in an MRI chamber from Bruker (Massachusetts,
United States of America) at atmospheric conditions using a Pt–Rh foil as the heating
element. The in situ diffractograms were recorded in the same 2θ range (20◦ to 80◦) at
temperatures of 30, 100, 200, 300, 400, 500, 600, 700 and 800 ◦C. The ZrO2 nanopowder was
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kept at each temperature for 15 min, during which 15 consecutive scans were performed
between 27◦ and 33◦ with a scanning step of 0.017◦ to investigate the evolution of the
monoclinic and tetragonal phases. The temperature was increased at a rate of 50 ◦C/min.

The crystallinity of the produced ZrOx thin films on silicon substrates annealed at
350 ◦C was also investigated using the same XRD equipment in grazing incidence mode
(GIXRD, X’Pert PRO PANalytical) with a step of 0.2◦/min and an angle of incidence of the
X-ray beam fixed at 0.5◦ in the range of 10–60◦ (2θ).

SEM images were acquired using a Hitachi Regulus 8220 Scanning Electron Microscope
(Mito, Japan) equipped with energy dispersive X-ray spectroscopy (EDS) equipment. For
the FIB experiments, a Carl Zeiss AURIGA CrossBeam (FIB-SEM) workstation (Carl Zeiss
MicrosPANI/TiO2 copy GmbH, Oberkochen, Germany) was used. The inner structure
of the ZrO2 capacitor was observed by FIB, where Ga+ ions were accelerated to 30 kV at
50 pA, and the etching depth was maintained at around 500 nm. TEM observations were
performed with a Hitachi HF5000 field-emission transmission electron microscope (Mito,
Japan) operated at 200 kV. A drop of the sonicated dispersions was deposited onto 200-mesh
lacey-carbon copper grids and allowed to dry before observation. The average particle
size and standard deviation were calculated from the dimensions of 50 nanoparticles with
ImageJ software based on TEM images.

Raman spectroscopy measurements were conducted with an inVia Qontor confocal
Raman microscope from Renishaw (Kingswood, UK). A 50 mW green diode operated at
532 nm was used as the excitation source, with an exposure time of 10 s and settings of 3 and
7 accumulations for ZrO2 nanopowders before and after annealing treatment, respectively.
The laser beam was focused with a long working distance (8.2 mm) 50 × Olympus objective
and a 100 × Olympus objective with 0.35 mm working distance, respectively, for the
samples before and after annealing treatment. The Raman spectra were recorded in the
range of 110–800 cm−1 (as an extended scan). Several scans on different points of the
ZrO2 nanopowder’s surface were recorded, and the present results are based on their
average. Possible fluctuations of the Raman equipment were avoided with a previous
calibration with a silicon wafer (521 cm−1 peak). All Raman measurements were performed
at ambient conditions.

RT PL and PLE measurements were carried out in the microwave synthesized ZrO2
nanopowders, before and after calcination, using a Fluorolog-3 Horiba Scientific set-up
with a double additive grating Gemini 180 monochromator (1200 gr/mm and 2 × 180 mm)
in the excitation and a triple grating iHR550 spectrometer in the emission (1200 gr/mm
and 550 mm). A 450 W Xe lamp was used as the excitation source, and different excitation
wavelengths were explored. The PLE data was obtained by monitoring the maximum of
the PL emission.

The electrical and dielectric properties such as capacitance-voltage (C − V), capacitance-
frequency (C − f ) and current-voltage (I − V) measurements of the MIS capacitors ZrOx-
based were investigated by using a semiconductor parameter analyzer (Keysight B1500A)
with a probe station (Cascade EPS150 Triax).

3. Results and Discussion
3.1. Structural and Optical Characterization of the ZrO2 Nanopowders Produced under
Microwave Irradiation
3.1.1. Raman Spectroscopy Measurements

ZrO2 nanopowder was synthesized through a hydrothermal method assisted by
microwave irradiation. Raman spectroscopy measurements were performed to investigate
the crystalline phase of the synthesized ZrO2 nanoparticles [76]. A further calcination
process was also carried out at 800 ◦C for 15 min. Figure 2a,b show the Raman spectra
in the 110–800 cm−1 range for the synthesized ZrO2 nanopowders before and after the
calcination treatment, respectively. Regarding the as-synthesized ZrO2 powder, as seen
in Figure 2a, broader Raman bands were observed when a comparison was made with
the calcinated material (Figure 2b) [77]. Nevertheless, some of the peak positions of the
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vibrational modes occurred at the same frequencies, meaning that contributions of the
same ZrO2 polymorph were present in both materials. Tetragonal zirconia (D4h point
group) was expected to exhibit six Raman active vibrational modes at the Γ point of the first
Brillouin zone with A1g + 2B1g + 3Eg symmetries [78]. The frequencies of these modes were
reported as 146 cm−1 (Eg), 270 cm−1 (A1g), 318 cm−1 (B1g), 458 cm−1 (Eg), 602 cm−1 (B1g)
and 648 cm−1 (Eg) [79]. For the case of the monoclinic ZrO2 (C2h point group), group theory
analysis predicted 18 Raman active modes, 9Ag + 9Bg [80], with frequencies reported at
179 cm−1 (Ag), 190 cm−1 (Ag), 224 cm−1 (Bg), 305 cm−1 (Ag), 334 cm−1 (Bg), 348 cm−1 (Ag),
381 cm−1 (Bg), 476 cm−1 (Ag), 505 cm−1 (Bg), 536 cm−1 (Bg), 556 cm−1 (Ag), 616 cm−1 (Bg),
637 cm−1 (Ag) and a non-indexed peak at 757 cm−1 [77,81]. By comparing the spectra of
the two materials in Figure 2, we were able to identify that the vibrational modes matched
those reported for both crystalline phases [77,81]. In particular, the bandwidth of the
Raman lines in the as-synthesized material was likely to be due to the overlap of the
vibrational signatures from the tetragonal and monoclinic ZrO2, as clearly identified by
the presence of the 146 cm−1 and 265 cm−1 resonances and the bandshape asymmetry
observed at 458 cm−1 and 648 cm−1, which were assigned to the tetragonal phase. In
contrast with Figure 2a, no bands related to the tetragonal ZrO2 are visible in Figure 2b;
however, its presence cannot be excluded. In addition, another band at 501 cm−1 (Bg) is
visible, assigned to monoclinic ZrO2 [77,81]. Cubic zirconia exhibits a characteristic broad
band mode centered at 625 cm−1 due to disordered oxygen sub-lattice. This vibrational
mode is not visible in Figure 2a,b. Moreover, the absence of the cubic phase was already
expected since it is stable only at annealing temperatures near to ZrO2 melting point or at
RT by doping processes [82]. No other bands were detected [83].
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3.1.2. X-ray Diffraction

XRD measurements were also performed to confirm the crystalline phase/phases
obtained from Raman spectroscopy measurements. As seen in Figure 3a, the as-synthesized
ZrO2 nanopowder presents a mixture of ZrO2 tetragonal and monoclinic phases, consid-
ering the ICDD card numbers 00-037-1484 and 00-050-1089 for the ZrO2 monoclinic and
tetragonal phases, respectively.
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Calcination treatment after microwave synthesis is an important step in transforming
an amorphous to crystalline phase or a single/mixture of crystalline phases into a specific
crystalline phase, inducing optical and structural’ modifications to the material [13,84].
In this regard, XRD diffractograms of the ZrO2 nanopowder were recorded at different
temperatures to infer the thermal behavior of the ZrO2 nanomaterials and thus analyze the
phase transition from tetragonal to monoclinic, Figure 3a. As can be observed, the intensity
of the diffraction maximum at 30.176◦, characteristic of the tetragonal phase, decreases
with increasing temperature. At 800 ◦C, the peaks detected in the diffractogram of the
ZrO2 nanopowder (Figure 3b) were fully assigned to the monoclinic ZrO2 phase (ICDD
00-037-1484). However, when performing XRD studies from 27◦ and 33◦ (Figure 3c) with a
fixed temperature of 800 ◦C but different annealing times (each minute was recorded up to
15 min), it is evident that the conversion to monoclinic is accomplished at 800 ◦C with a
minimal presence of the tetragonal phase. No other crystalline phases or impurities were
detected with either of these two techniques.

The phase transformation of ZrO2 tetragonal to monoclinic at 800 ◦C has been previ-
ously reported in the literature. Horti et al. [13] prepared ZrO2 nanoparticles by chemical
co-precipitation method and further annealed at different temperatures for 2 h, whose
phase transition of tetragonal to monoclinic was seen to occur at the calcination temper-
ature of 800 ◦C, with an evident mixture of both phases. In another study [85], ZrO2
nanoparticles were produced by conventional and ultrasound-assisted precipitation in an
alkaline medium followed by calcination at different temperatures ranging from 400 ◦C
to 900 ◦C for 3 h. At 800 ◦C, a mixture of three ZrO2 phases was reported, i.e., tetragonal-
monoclinic-cubic phases. The present study has the advantage of having monoclinic ZrO2
as the dominant phase after a fast calcination treatment of 15 min instead of hours.
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3.1.3. Electron Microscopy

Figure 4 shows the SEM images of the ZrO2 nanoparticles synthesized under mi-
crowave irradiation with a further calcination treatment at 800 ◦C for 15 min. It can be
seen that the particles display a nearly spherical shape (Figure 4a), and from the EDS
measurements, a homogeneous distribution of Zr (Figure 4b) and O (Figure 4c) is evident.
No impurities were detected by EDS.
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Figure 4. (a) SEM image of the ZrO2 nanoparticles synthesized by microwave irradiation with a
further calcination step at 800 ◦C for 15 min, together with the corresponding EDS maps of Zr (b)
and O (c).

The atomic percentages (at.%) of Zr and O were also estimated from EDS spectra for
the ZrO2 nanopowders before and after the calcination treatment (Table 1). The atomic
percentage values were close to those expected for pure zirconium oxide (the Zr/O ratio
was 1:2 for the material before calcination and 1:2.7 after calcination).

Table 1. EDS point analysis of the ZrO2 nanopowders before and after the calcination treatment at
800 ◦C for 15 min.

ZrO2 Nanopowder before the
Calcination Treatment

ZrO2 Nanopowder after the
Calcination Treatment

Elements Zr O Zr O

at.% 33.3 66.7 26.9 73.1

TEM measurements were also carried out for the ZrO2 nanoparticles produced under
microwave irradiation before and after calcination (Figure 5). The TEM images of the ZrO2
nanoparticles before calcination demonstrate the presence of heterogeneous particles with
an average particle size of 6.7 ± 1.9 nm. Abnormal large particles were also observed
(Figure 5a,b). In terms of particle shape, microwave synthesis resulted in different nanos-
tructures, including nanospheres, nanosquares and irregular-shaped nanoparticles. The
heterogeneity detected is consistent with the XRD and Raman spectroscopy results, where
it was shown that after microwave synthesis, there was a mixture of ZrO2 phases, with the
presence of both tetragonal and monoclinic ZrO2 phases (Figures 2a and 3a). The lattice
spacing of 0.3 nm measured in Figure 5c was consistent with the d-spacing of the (101)
and (011) planes of the tetragonal ZrO2. Furthermore, the fast Fourier transform (FFT)
image carried out through the

[
111

]
zone axis, attested the existence of pure tetragonal

ZrO2 nanocrystals.
After calcination, as expected, an expressive growth of the ZrO2 nanoparticles and

the presence of uniform nanoparticles in terms of size and shape were observed (Figure 5),
exhibiting a nearly spherical shape, in agreement with SEM results (Figure 4a), and dis-
playing an average particle size of 45.7 ± 9.9 nm. Figure 5e,f reveal that the measured
lattice spacings of 0.32 and 0.37 nm are in good agreement with the d-spacing of the

(
111

)
and (011) planes of the monoclinic ZrO2 phase, respectively. The FFT image captured
through the

[
011

]
zone axis (Figure 5f) also confirmed the existence of pure monoclinic

ZrO2 nanocrystals. From TEM measurements, it was observed that the monoclinic ZrO2
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phase prevailed for the 800 ◦C calcinated material; however, some minor contaminations
of tetragonal nanoparticles were also observed in accordance with the in situ XRD results
(Figures 3c and S1).
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Figure 5. TEM images of the as-synthesized ZrO2 nanoparticles before and after calcination at 800 ◦C
for 15 min. (a) Bright-field TEM image of the ZrO2 nanoparticles before calcination and (b) and
(c) high-resolution TEM images of the ZrO2 nanocrystals. (d) Bright-field TEM image of the ZrO2

nanoparticles after calcination and (e,f) high-resolution TEM images of the ZrO2 nanocrystals. The
insets in (c,f) show the FFT images of the areas (black squares) indicated as (A,B), respectively.

3.1.4. Photoluminescence Measurements

Figure 6 depicts the results obtained for both materials before and after calcination,
with clear differences in the PL spectra. In the case of the as-synthesized nanopowder
without calcination (Figure 6a), an asymmetric band was observed in the visible spectral
region, with a maximum at ~415 nm (~2.99 eV) when excited with different wavelengths in
the UV range. After calcination in air (Figure 6b), the visible band experienced a broadening
and an increase in its intensity. Under 240 nm photon excitation, its peak position was
located at ~459 nm (~2.70 eV), whereas for longer wavelengths (260–290 nm), the PL
maximum shifted to longer wavelengths, around ~475 nm (~2.61 eV). Indeed, the band
observed at ~459 nm is likely to be composed of several recombination channels, including
the ones which are preferentially excited with photons with wavelengths in the 260–290 nm
range. The PLE monitored at the maximum of the observed PL bands revealed, in both
cases, an excitation band at ~310 nm (~4.00 eV), a noticed shoulder at ~260 nm (~4.77 eV)
and an excitation band maximum at ~240 nm (~5.17 eV), indicating that those are the
preferential population paths for the observation of such emission.
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calcination treatment at 800 ◦C for 15 min.

Broad visible bands were previously reported for the different undoped ZrO2 poly-
morphs, namely the monoclinic one; however, the nature of the defects that originate from
them is still not fully understood [86]. Among the suggested origins, oxygen vacancies
and their complexes have been pointed out as the most probable defects, even though the
presence of some impurities, such as Ti, have also been proposed [86–90]. For instance,
Perevalov et al. [89] studied non-stoichiometric zirconia samples prepared at different
oxygen pressures and inferred that the origin of the blue emission band peaked at 2.7 eV
is likely associated with charged oxygen vacancy states since a decrease of the oxygen
pressure during the grown leads to an increase in the intensity of the mentioned band.
Moreover, slight shifts in the peak position (between 2.6 and 2.8 eV) were seen depending
on the stoichiometry of the samples. In line with the present results, the reported PLE
spectra also evidence a maximum at 5.1–5.2 eV, which they associated with the optical
absorption of a defect created by oxygen vacancies. Nevertheless, according to the litera-
ture, the expected band gap energy for the ZrO2 monoclinic phase predicted by theoretical
models is in the range of ~5–6 eV [21,91–93], which is also in line with some experimental
results [94–96]. Therefore, a likely explanation for the observed high energy excitation band
that occurs in the vicinity of 240 nm (~5.17 eV) is that it corresponds to the band gap of
the monoclinic ZrO2 phase, in fair agreement with the values theoretically predicted for
this crystalline phase. As mentioned, the produced nanoparticles are polyphasic in nature,
exhibiting a contribution of the tetragonal ZrO2 crystalline phase, which is expected to
have a higher band gap energy than the monoclinic one. Therefore, the excitation shoul-
ders/bands detected around ~260 nm and ~310 nm should be related to defects/impurities
in electronic states inside the material’s band gap.

Ashraf et al. [90] analyzed ZrO2 monoclinic nano- and submicron crystals annealed at
different temperatures and also observed broad emission bands from ~400 nm to 600 nm,
whose spectral shape and intensity slightly varied depending on the annealing conditions
and crystallite sizes. The authors assigned the PL emission centered at ~482 nm (~2.57 eV)
to a transition involving F+ centers, i.e., transitions from the valence band to local mid-gap
states associated with singly occupied anion (oxygen) vacancies. At the shorter wavelength
region, a shoulder at 422 nm (~2.94 eV) was also visible in the case of the nanoscale ZrO2
before annealing and associated with a transition to singly ionized associated oxygen va-
cancy defects. After annealing, this shoulder disappeared, likely related to the dissociation
of those centers into F+ centers by the aid of atmospheric oxygen diffusion into the ZrO2
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particles [90]. A similar phenomenon may be occurring in the present materials, explaining
the redshift observed in the peak position of the band after calcination. In the case of
Ashraf et al. [90], further annealing in air at higher temperatures (1500 ◦C) promoted
additional diffusion of oxygen into the crystals, leading to a decrease in the broad band PL
intensity, strengthening the assumption of the involvement of oxygen vacancy defects in
the origin of this band. Their PLE spectra showed an excitation band between ~250 nm and
350 nm, which suffered a blueshift from ~300 nm (~4.13 eV) to ~280 nm (~4.43 eV) after
annealing. In 2021, Lokesha et al. [88] also studied monoclinic ZrO2 samples, observing a
broad band between 400 and 650 nm and peaked at 499 nm (~2.48 eV), which, in conjugation
with other techniques, such as EPR, they attributed to the F2+ center related with aggregates
of the singly occupied oxygen vacancies. These broad bands are frequently deconvoluted
into different components (recombination channels), which can be associated with different
charged states of the vacancy-related defect [88,90,97]. As a result, the existence of distinct
charge states of the F-centers can account for the fact that three excitation maxima were
observed in the present samples, subsequently leading to a shift in the band peak position
depending on the excitation wavelength, particularly in the case of the calcinated material.
Hence, the presence of oxygen vacancy-related defects seems to be a fair hypothesis for the
nature of the defects involved in the PL emission identified in the present materials.

3.2. Structural Characterization of the ZrO2 Powder and ZrOx Thin Films Produced by Solution
Combustion Synthesis
3.2.1. ZrO2 Powder
X-ray Diffraction

Solution combustion synthesis is known to produce materials in powder form but also
as thin films [58,60,98]. The ZrO2 powder was obtained by conventional solution combus-
tion synthesis, with zirconium oxynitrate and urea as precursors and 2-methoxyethanol
(2-ME) as a solvent. The prepared solution was further annealed in air at 350 ◦C for 1 h to
obtain the ZrO2 powder. The XRD diffractogram of the ZrO2 powder is shown in Figure 7.
The ZrO2 tetragonal phase is clearly identified with the peak at 30.176◦, associated with the
(111) diffraction plane [99] (ICDD 00-050-1089), along with other diffraction maxima that
were assigned to the monoclinic phase (ICDD 00-037-1484). No impurities were detected,
which suggests the presence of a highly pure ZrO2 powder.
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3.2.2. Electron Microscopy

Figure 8 shows the SEM images of the ZrO2 powder resultant from the solution com-
bustion synthesis. The formation of micro-sized plate-like structures is clear, as seen in
Figure 8a. Nevertheless, Figure 8b indicates the presence of nano-sized grains composing
the micro-sized structure, and Figure S2 suggests the stacking of several nanolayers. In-
dividual nanoparticles were also observed. Moreover, the void-like nature of the particle
observed in Figure S2 can be associated with the escape of gaseous combustion products
that were formed during combustion synthesis [58]. EDS measurements were also carried
out, and, as observed for the ZrO2 nanoparticles produced under microwave irradiation
(Figure 4), the presence of a homogeneous distribution of Zr (Figure 8c) and O (Figure 8d)
was clear. No impurities were detected by this technique.
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after annealing in air at 350 ◦C for 1 h, together with the corresponding EDS maps of Zr (c) and O (d).

The atomic percentages of Zr and O were also estimated by EDS point analysis (Table 2).
As observed for the nanopowders synthesized under microwave irradiation, the values
were within the expected range for pure zirconium oxide (the Zr/O ratio was 1:2.1).

Table 2. EDS point analysis of the ZrO2 nanopowder produced by the solution combustion synthesis.

Elements Zr O

at.% 31.9 68.1

The ZrO2 powder produced by solution combustion synthesis was also observed by
TEM, confirming the presence of individual ZrO2 nanoparticles. From Figure 9a, nano-sized
particles with different shapes can be observed, including nanospheres, nano squares and
irregular-shaped nanoparticles (Figure 9a). Larger particles without a specific shape were
also observed; nevertheless, the average particle size was 10 ± 7 nm. The lattice spacing of
0.3 nm was measured on an individual ZrO2 nanoparticle (Figure 9b), which was consistent
with the d-spacing of the (101) plane of the tetragonal ZrO2. Nonetheless, as observed by
XRD results, the powder was a mixture of tetragonal and monoclinic ZrO2 phases.
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3.2.3. ZrOx Thin Films
X-ray Diffraction

The ZrOx thin films were produced with the same solution used for producing the
ZrO2 powder by solution combustion. Spin coating was employed to deposit ZrOx thin
films on silicon substrates to be tested as capacitors. Crystalline dielectric films may provide,
for instance, pathways for leakage current due to the grain boundaries, which results in a
small on/off ratio, leading to poor capacitor performance. On the contrary, amorphous thin
films have a smooth surface, high stability, low interface state density, as well as large-area
uniformity [100,101].

Grazing angle mode was performed to analyze the crystalline structure of ZrOx thin
films annealed at 350 ◦C in air for 30 min on a hot plate. An annealing treatment at 350 ◦C
was carried out since it was reported that annealing treatments in solution-processed high-κ
ZrOx thin films between 300–600 ◦C are expected to increase O−2 content in ZrOx films,
leading to a reduction of oxygen defects and/or hydroxyl groups and consequently of
conduction paths [69,102].

As observed in Figure 10, some diffraction maxima are visible at 2θ = 51.4◦ and
2θ = 53.4◦, accompanied by a bump at around 55◦ (2θ), which correspond to forbidden
diffraction planes of a (100)-oriented silicon wafer that appear when the grazing angle
mode is used at certain phi angle [103]. Apart from that, no other diffraction maxima were
identified, indicating the amorphous nature of the produced ZrOx thin films, which is ideal
for thin film capacitor applications.

3.3. Electrical Characterization of the ZrOx Capacitors

ZrOx thin films were implemented in metal-insulator-semiconductor (MIS) devices
to evaluate their dielectric performance. Figure 11a show the typical C–V curve of the
ZrOx thin film capacitors with a small hysteresis. The devices present good stability
with a small change of the capacitance over the frequency (1 kHz–100 kHz), as depicted
in Figure 11b. To calculate the dielectric contact, a cross-section of the device to deter-
mine the ZrOx thickness was performed, as shown in the inset of Figure 11b. The ZrOx
thin films present a capacitance per unit area of 672 ± 28 nF cm−2 and a dielectric con-
stant of 11.0 ± 0.5 (both calculated at 1 kHz). These values are lower when compared
with vacuum deposited crystalline films due to the lower film density and presence of
pores as a consequence of the solution process [71,72,104–106]. Nevertheless, the devices
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present a good breakdown field of 2.8 ± 0.1 MV/cm and a low leakage current density of
(3.9 ± 1.1) × 10−7 A/cm2 at 1 MV/cm.
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Figure 11c shows a typical current density versus breakdown field dependence. The
results are in accordance with solution-based ZrOx thin film capacitors [71]. Once low
leakage current density was reached (<10−5 A/cm2), it opens the window for future
applications such as gate insulators for solution-based thin film transistors.

4. Conclusions

This work demonstrated that both the hydrothermal method assisted by microwave
irradiation and solution combustion synthesis are reliable and simple production routes
for ZrO2 nanomaterials, including nanoparticles and thin films. Moreover, the low-cost
character of the study is evidenced by the inexpensive apparatus required to produce
and deposit ZrOx thin films and thus fabricate energy storage devices. In both synthesis
routes, XRD analysis revealed that the as-synthesized powders had a mixture of ZrO2
monoclinic and tetragonal phases. A calcination treatment at 800 ◦C for 15 min was
imposed on the microwave synthesized nanopowder to promote the conversion into single-
phase materials. Nevertheless, in situ XRD and TEM analysis revealed a minor presence
of the ZrO2 tetragonal phase after the calcination treatment. Different nanostructures
were observed after synthesis in both production routes. In the case of the microwave
synthesized material, after calcination, near-spherical nanoparticles were observed, while
plate-like structures composed of nano-sized grains were identified for the combustion
synthesis. The effect of calcination on the optical properties of the microwave synthesized
nanopowders was evaluated by PL and PLE, showing a clear broadening and an increased
intensity of the ZrO2 band observed in the visible spectral region after calcination. This
band was tentatively associated with the presence of oxygen vacancy-related defects.
Solution combustion synthesis also resulted in thin films, and XRD analysis suggested
their amorphous nature. SEM and FIB measurements of the ZrOx capacitors revealed that
the thin films present a thickness of 14.2 ± 0.1 nm, which leads to a dielectric constant of
11.0 ± 0.5 (calculated at 1 kHz). The devices also presented a good breakdown field of
2.8 ± 0.1 MV/cm and a low leakage current density of (3.9 ± 1.1) × 10−7 A/cm2 at
1 MV/cm. From this study, the production of ZrO2 nanomaterials with two simple, cost-
effective and easily upscaling synthesis routes and their integration on capacitors can
be highlighted.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/en15176452/s1, Figure S1: High-resolution TEM image of the ZrO2
nanocrystals calcinated at 800 ◦C for 15 min. The inset shows the FFT images of the area (black
square) indicated as A; Figure S2: SEM image of a ZrO2 particle produced by solution combustion
synthesis and annealed at 350 ◦C.
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