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Abstract

Zirconium oxide(ZrO,) is an important ceramic material characterized by a wide optical bandgap, low optical losses, high
dielectric constant, excellent physical and structural properties, high coefficient of thermal expansion and chemical stability.
This paper reports the synthesis of ZrO, nanoparticles by the sol-gel method using ZrO(NO3), as the zirconium precursor
and ammonia solution (25%) as the precipitating agent. The pH value of the sol and the annealing temperature strongly influ-
ence the morphology and size of nanoparticles. In the present work, the sol pH was varied from 8 to 11 and the nanoparticles
obtained were annealed in the temperature range of 400—700°C. The structural, morphological and optical properties of
the nanoparticles were investigated using x-ray diffraction, field-emission scanning electron microscopy, high-resolution
transmission electron microscopy, Fourier transform infrared spectroscopy, Raman spectroscopy and photoluminescence
measurements. The results demonstrate that the stable t-ZrO, phase starts appearing above 400°C, with nanoparticle size
varying in the range of 15-22 nm. The optimal size of ZrO, nanoparticles (15.65 nm) was obtained at a pH value of 9 and

an annealing temperature of 500°C.
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Introduction

Zirconium oxide (Zr0O,), a transition metal oxide, is widely
studied, as it exhibits exceptional physical, chemical, opti-
cal, electrical and structural properties.' ZrO,, or simply
zirconia, is a white crystalline oxide of zirconium that occurs
naturally and stabilizes in three crystalline phases: mono-
clinic, tetragonal and cubic. At room temperature, zirconia
has a stable monoclinic (m-ZrO,)(P2,/c) phase.4 As the tem-
perature increases beyond 1170°C, ZrO, transforms into a
tetragonal phase (t-ZrOQ)(P42/nmc)5 and remains stable up
to 2370°C. Similarly, its cubic phase (c-ZrO,)(Fm3 m)® is
stable at temperatures greater than 2370°C. At room temper-
ature, the optical bandgap varies in the range of 3.25-5.0 eV,
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and a large number of oxygen vacancies on the ZrO, surface
result in its p-type semiconducting behaviour.” In a theoreti-
cal study by Goumrhar et al.,® it was reported that the nature
of the bond between zirconium (Zr) and oxygen (O) is ionic,
with electronegative values of 1.33 and 3.44, respectively.
The energy bands of ZrO, are composed of different propor-
tions of 4d and 2p energy states of Zr and O, respectively.
The density of states of ZrO, demonstrates that the 2p state
of O is dominant below the Fermi level with some combi-
nation of 4d Zr energy states, whereas the 4d state of Zr is
dominant above the Fermi level with some combination of
O 2p energy states.

Wide-bandgap semiconductor materials have garnered
considerable research attention for their usefulness in sens-
ing and detection, dielectrics and piezoelectrics for develop-
ing advanced technologies.””'® The unique band structure
and exceptional characteristics of ZrO, make it well suited
for applications in various domains. The size of energy stor-
age devices such as capacitors was reduced by the fabrica-
tion of a metal-insulator—semiconductor (MIS) capacitor
structure using Al/ZrO,/Si for compact electronic applica-
tions.!” ZrO, nanoparticles demonstrate excellent efficacy
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in the biomedical fields, and can be a game changer the
medical and healthcare sectors. The luminescence proper-
ties of Tb-ZrO, nanoparticles synthesized via a microwave
hydrothermal process were evaluated in a murine neuron
culture by studying the structural properties of the host lat-
tice. The absorption of additional yttrium atoms into the host
ZrO, lattice proved to be a viable tool in neuroscience appli-
cations.'® Practical and theoretical studies have also pro-
vided new insights into the exploration of ZrO, as a catalyst
material for degradation of harmful dyes in water bodies to
protect aquatic biodiversity. Hydrogen generation by ZrO,
-loaded ferrites in water-splitting reactions was studied by
Bhosale et al.,'” demonstrating its usefulness in energy pro-
duction as well. The catalytic activity of ZrO, was studied
by Raj et al.,”* who reported that Ag-doped nanoparticles
demonstrated better catalytic activity than their undoped
counterparts. The wide bandgap of ZrO,makes ita
potential candidate for application in dye-sensitized solar
cells (DSSC) as an alternative to conventional materials.”>!
Co-precipitation,?? hydrothermal treatment® and sol-gel**
processing are a few of the simplest and lowest-cost meth-
ods investigated for the synthesis of ZrO, nanoparticles.
Among these methods, sol-gel synthesis offers significant
advantages, providing excellent chemical homogeneity and
higher purity from precursors. By controlling the rate of
hydrolysis and condensation reactions, it allows for precise
control over morphology and particle size and shape.”

The present research work is aimed at exploring the struc-
tural, morphological and optical properties of ZrO, nanopar-
ticles synthesized via the sol-gel route. Zirconium oxynitrate
(ZrO(NOj),) and ammonia solution (NH,OH) were used as
the precursor and precipitant, respectively, for the synthesis
of ZrO, nanoparticles. The effect of pH and annealing tem-
perature on the growth of stabilized ZrO, nanoparticles was
investigated. The pH-optimized nanoparticles were calcined
at different annealing temperatures. X-ray diffraction (XRD),
scanning electron microscopy (SEM), high-resolution trans-
mission electron microscopy (HRTEM), Raman spectros-
copy, Fourier transform infrared (FTIR) spectroscopy and
photoluminescence (PL) were used for characterization of
the nanoparticles. The effect of annealing temperature on
the crystal phase, particle size, surface morphology, bond
structure and defects was also investigated.

Experimental Details
Chemicals and Materials
Reagents used in the experiment including zirconium

oxynitrate (ZrO(NO;),), ammonia solution(NH,OH) and
acetone were of analytical grade and were utilized without

@ Springer

any further purification process. Deionized (DI) water was
used as solvent throughout the experiment.

Synthesis

ZrO, sols were prepared by dissolving 0.2 M of ZrO(NOs;),
in DI water on an ultrasonic magnetic stirrer. A clear and
transparent solution with no precipitate or turbidity was
obtained by continuous stirring for 30 min at room temper-
ature. During stirring, 25% ammonia solution was added
drop-wise to adjust the pH value of sol from 8 to 11. The
pH-modified sols were continuously stirred for another 30
min. The resulting sols were kept undisturbed for 48 h to
facilitate the process of gelation and hydrolysis. A white
precipitate settled at the bottom of the flask which was
then filtered through Whatman filter paper. During filter-
ing, the precipitate was washed three times in DI water.
The washed and filtered powder was then dried completely
at 100°C for 120 min. After drying, the crystals were
hand-crushed into powder using an agate mortar and pes-
tle. The obtained powder was then annealed at 400°C for
3 h to obtain ZrO, nanopowder.

Nanoparticle Characterization

The synthesized nanoparticles were characterized by vari-
ous characterization techniques including x-ray diffrac-
tion (XRD), field-emission scanning electron microscopy
(FESEM), energy dispersive x-ray spectrometry (EDS),
transmission electron microscopy (TEM), Raman spec-
troscopy (RS), Fourier transform infrared (FTIR) spec-
troscopy and photoluminescence (PL). ZrO, phases were
identified using a Rigaku SmartLab XRD fitted with a cop-
per tube emitting x-rays at A= 1.5406 A with k, emission
lines produced at 40 kV and 30 mA. The samples were
scanned in the range of 20° < 20 < 80° with 0.02° angular
steps at 5°/min. Microstructural studies and compositional
analysis were performed using a Zeiss Gemini FESEM and
EDS. The size and shape of the synthesized nanoparticles
were determined using TEM. A Horiba PTI QuantaMaster
Series (QM-8540-11-C) setup was used to record the PL
emission spectra. A 450 W xenon lamp was used as the
excitation source with a 290 nm excitation wavelength. A
Thermo Scientific FTIR spectrometer was used to record
spectra in the scanning range of 400-4000 cm™! using a
KBr pellet. Raman spectra were recorded to determine
the vibrational modes of the grown nanopowders in the
wavenumber range of 120-1000 cm™".
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Results and Discussion

The crystal structure and phase purity of the synthesized
ZrO, nanoparticles obtained at different pH and tempera-
ture were examined using the x-ray diffraction pattern, as
shown in Fig. 1. The solution pH was adjusted from 8§ to
11, as precipitation of nanoparticles at lower pH values
becomes difficult. The relative intensity and spacing value
of the observed peaks were confirmed with JCPDS card no.
80-2155.%0 Diffraction peaks corresponding to (101), (110),
(112), (211), (202) and (220) refection planes at 260=30.18°,
35.01°,50.35°, 59.95°, 62.91° and 74.48°, respectively, were
indexed to t-ZrO, for all the samples prepared at pH values
of 8—11. Low-intensity peaks at 260 =28.2° and 59.24° cor-
respond to (—111) and (131) diffraction planes, respectively,
of the monoclinic phase at pH=8 and are in good agreement
with JCPDS card no. 86-1449.27-?® The strongest-intensity
peak along the preferred orientation at the (101) refection
plane confirms the formation of crystalline t-ZrO,.

The crystallite size (D) was calculated using the
Debye—Scherrer formula®

26°

0944
~ Bcos(9)

where ) is the Cuka wavelength (1.5406 A), p is the full
width at half maximum (FWHM) and © is the half angle
corresponding to the strongest-intensity peak. The crystallite
size as a function of pH value is plotted in Fig. 1b. It was
observed that as pH increases from 8 to 9, the crystallite size
decreases by ~27% from 21.56 nm to 15.65 nm. At pH=10,
no significant change in size is observed. At pH=11, the
crystallite size decreases slightly to 14.03 nm. Similar

Table | Crystallite size, microstrain and lattice parameters obtained at
different pH values from XRD plots

Fig. 1 (a) XRD pattern and (b) variation in crystallite size and microstrain with pH values at 500°C.
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Fig.2 (a) XRD pattern and (b) variation in crystallite size and microstrain with temperature for a pH value of 9.
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observations were reported by Haibo et al.>* Since highly

basic sol does not show much improvement in particle size,
nanoparticles grown at pH=09 can be considered for temper-
ature analysis. The microstrain arising from peak broadening
was calculated using Williamson—Hall (WH) plots for all the
samples, as shown in Fig. 1b. Positive and negative strain
values indicate tensile and compressive strain, respectively.
Table I summarizes the calculated results. Lattice param-
eters were calculated using Eq. 1 as follows.

G_we,r 1
dyyy a>  br 2 M

Lowest strain was found at pH=9. This can be attrib-
uted to the fact that the average crystallite size is strongly
dependent on the rate of hydrolysis in the sol-gel process.
The route to ZrO, nanoparticle synthesis is presented in the
following equations.’!

Table Il Crystallite size,

. - . Temperature  Crystallite size (nm) Microstrain (X Lattice parameters A

microstrain and lattice °C) 1073)

parameters obtained at different a b c

annealing temperatures
400 15.657236 0.0989 0.459048 0.483456 0.483456
500 16.605392 3.68 0.459881 0.484496 0.484496
600 19.305824 5.67 0.459348 0.483873 0.483873
700 19.451929 5.2 0.459794 0.484414 0.484414
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Fig.3 FESEM images of ZrO, nanoparticles annealed at different temperatures.
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Fig.4 EDS spectra for ZrO, nanoparticles annealed at different temperatures.

Table Ill Atomic percent of respective elements for the ZrO, nano-
particles annealed at different temperatures

Annealing temperature (°C)  Element Atomic %
400 Zr 27.64

(6] 72.36
500 Zr 29.45

(0] 70.55
600 Zr 27.64

(6] 72.36
700 Zr 34.40

(6] 65.60
ZrO(NO;), — ZrO** + 2NO; )
ZrO* + H,0 — Zr(OH)}* )
Zr(OH);* + OH™ — Zr(OH)** )

The effect of annealing temperature on ZrO, nanopar-
ticles was also investigated, as shown in Fig. 2. Based on
the results obtained at different pH values, nanoparticles
were synthesized at pH 9 and annealed at temperatures in
the range of 300-700°C for 3 h. Phases corresponding to

t-ZrO, began to appear at 400°C, and the diffraction peaks
intensified as the temperature gradually increased. At higher
temperatures, a peak indexed at the (103) diffraction plane
also appeared.®” As expected, the Scherrer equation shows
the increase in nanoparticle size from 15.65 nm to 19.45 nm
(Fig. 2a) with annealing temperature. The variation in micro-
strain with temperature as computed by WH plots is shown
in Fig. 2b. At 700°C, the strain transitioned from tensile to
comprehensive, which can be attributed to lattice distortion
due to the increase in particle size with temperature.>?

It can be observed from Table II that the optimized t-ZrO,
nanoparticles obtained under the present experimental con-
ditions are comparable in size (15.65 nm) to those reported
using the hydrothermal process.>*> Lattice parameters were
found to be consistent with the reported results.*®

The influence of annealing temperature on the morphol-
ogy and elemental composition of the synthesized nano-
particles was determined using FESEM and EDS. Figure 3
shows the micrographs for the samples annealed at different
temperatures. Spherical morphology can be seen at all tem-
peratures.®’ The average diameter of the nanoparticles varies
from 15 nm to 22 nm, which is consistent with XRD cal-
culations. Homogeneous distribution of nanoparticles was
observed at 500°C. On further increasing the temperature to
700°C, nanoparticles start to agglomerate, which suggests
that the temperature has a significant effect on particle mor-
phology and size distribution.>?

Energy-dispersive x-ray spectroscopy is a well-known
technique used to determine the elemental composition of
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Fig.5 TEM images of ZrO, nanoparticles at different annealing temperatures.
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nanoparticles. The EDS spectra for ZrO, nanoparticles as
depicted in Fig. 4 confirm the presence of Zr and O at all
temperatures, with no additional impurities. An appropriate
stoichiometric ratio at 500°C indicates that a temperature
of 500°C is essential for the growth of ZrO, nanoparticles.
Table III summarizes the atomic percent of respective ele-
ments for the samples annealed at different temperatures for
a pH value of 9.

Intensity(a.u.)

600 800 1000

Raman shift(cm™)

200 400 1200

Fig.6 Raman spectra of ZrO, nanoparticles annealed at different
temperatures.

Figure 5 shows the TEM micrographs of samples with
different annealing temperatures in the range of 400-700°C.
Agglomerates of spherically shaped particles are observed.
The atomic structure was examined using selected area elec-
tron diffraction (SAED) patterns of ZrO, nanopowder as
shown for samples annealed at 500°C. The acquired images
depict a highly crystalline nature of the synthesized parti-
cles, and the TEM results appear to be consistent with the
XRD results.

Raman spectroscopy is a characterization technique used
to examine the vibrational transitions, composition, phase
purity and presence of defects in a material. The results of
Raman-active vibrational modes for ZrO, nanoparticles
annealed at different temperatures in the spectral range of
120-1200 cm™! are shown in Fig. 6. The intensity of Raman
peaks is greatest for the samples annealed at 500°C. Lopez
et al.*® summarized the Raman-active optical modes for
ZrO, nanopowder in their study. For the tetragonal phase,
ZrO, exhibits six active optical modes, A, +2B,,+3E,,
belonging to D,,,. For annealed nanoparticles, six Raman-
active bands around 150 em™!, 270 cm_l, 317 cm™!,
463 cm™!, 603 cm™! and 647 cm™! are observed, which is
consistent with the literature.*® Characteristic peaks of A,
at 603 cm™! and E, at 640 cm™! are ascribed to symmetric
and asymmetric stretching of Zr—O-Zr vibrational modes,
respectively. Partial symmetric coupling of the A; mode
results in a peak at 317 cm™!. Similarly, the appearance of
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Fig.7 FTIR spectra of ZrO, nanoparticles annealed at different temperatures.
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a peak at 463 cm™! is a result of partial symmetric coupling
of B, and B, modes. The peaks identified at 150 (B,,) and
270 (E,) are due to zirconium ionic vibrations. The peaks
recorded at all the annealed temperatures confirm the for-
mation of tetragonal zirconia and are in agreement with the
results of FTIR discussed below.

FTIR aids in the analysis of material composition and
functional groups present in the structure of the synthe-
sized nanoparticles. Figure 7 displays the FTIR spec-
tra of the annealed nanoparticles in the spectral region
400-4000 cm™!. The region below 1500 cm™! is unique to
the material, and the region above provides information on
the functional groups present.>’ The characteristic stretch-
ing of Zr—O bands around 479 cm™! confirms the forma-
tion of t-ZrO, at all temperatures. Vibrational stretching
around 621 cm™! is due to asymmetrical arrangement of
Zr-O-Zr linkages.* The adsorption bands at 1630 cm™"
and 2361 cm™! indicate the stretching mode of the O—H
functional group.*® Also, the wide adsorption band around
2800-400 cm™! corresponds to the O—H stretching vibra-
tions of the absorbed hydroxyl, indicating that the solvent
used to prepare the nanoparticles is ultrapure.”***> The
presence of characteristic peaks indicates the synthesis of
ZrO, nanoparticles at all the annealing temperatures.

Figure 8 reveals the PL spectra of annealed ZrO, nanoparti-
cles recorded using a 290 nm excitation wavelength. The maxi-
mum intensity peak for ZrO, nanopowder annealed at 400°C
is centred at 401 nm (3.09 eV), which corresponds to violet
emission, i.e. at the interface of the UV and visible regions. This
can be attributed to a near-band-edge emission transition and

=
8
>
i 400°C
=
g
E
700°C
500°C
| 600°C
350 400 450 500 550

Wavelength(nm)

Fig.8 PL spectra of ZrO, nanoparticles annealed at different tem-
peratures.
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high crystal quality of the grown nanoparticles. An additional
emission peak centred at 429 nm (2.89 eV) is observed at 500°C.
The photoluminescence characteristics of ZrO, nanoparticles
can be examined by observing emission intensities resulting
from recombination of photoinduced holes and electrons that
are captured by defects. The large surface area of ZrO, nano-
particles results in oxygen and zirconium vacancies/interstitial
defect centres or point defects.** Electrons excited by absorption
of high-energy photons are captured by these oxygen vacancies,
resulting in the creation of defects in the lattice. After a relaxa-
tion process, the electrons undergo a radiative transition that
results in various emission wavelengths and intensities.** The
broad emission band at 600°C is due to the increase in defects as
the depletion of grains is more pronounced at higher annealing
temperatures. However, on further increasing the temperature to
700°C, a blue shift in the emission band is observed.

Conclusion

ZrO, nanoparticles were successfully synthesized using
the simple and low-cost sol-gel technique. The sol pH was
varied from 8 to 11 followed by annealing of the obtained
nanoparticles in the temperature range of 400-700°C.
These nanoparticles were then investigated for their
structural, morphological and optical properties at dif-
ferent annealing temperatures. XRD peaks demonstrated
the formation of pure crystalline t-ZrO, above 400°C that
remained stable at room temperature. The optimal size of
15.65 nm was obtained by using Zr(NO5), as the precursor
solution at a pH value of 9 and an annealing temperature of
500°C. FESEM images showed that the particles started to
agglomerate as the annealing temperature was increased to
700°C. The SAED pattern obtained at pH 9 and tempera-
ture of 500°C confirmed the crystalline nature of the ZrO,
nanoparticles. No strong influence of annealing tempera-
ture was found on vibrational modes, as determined from
FTIR and Raman spectra. The presence of oxygen vacan-
cies and lattice distortion above 500°C was confirmed by
photoluminescence spectra. These results demonstrate that
ZrO, nanoparticles obtained by the sol—gel technique can
be used for solar cell applications.
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