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Abstract—The sol-gel citrate method was used to
synthesize nanocrystalline zirconium oxide (ZrOz). It
was further modified by Fe metal doping. both modified
and unmodified ZrO: were subjected to structural and
electrical analysis. In X-ray diffraction (XRD) studies,
the average crystallite size of undoped ZrO: was found to
be 46 nm. When ZrO: is doped with 0.1%, 0.2% and
0.3% Fe its average crystallite size decreases to 45, 30,
and 20 nm respectively. Particle size and morphology
were examined using a scanning electron microscope
(SEM). Dielectric properties of ZrO: nanoparticles were
performed at different temperatures. The change of
dielectric constant and di- electric loss were studied. The
dielectric constants of ZrO: nanoparticles are high at low
frequencies and decrease rapidly as the frequency
increases. Electrical analysis of nanocrystalline zirconia
is performed for each sample at different temperature
and with a different Fe doping level. Research shows that
conductivity varies depending on temperature and the
content of impurities. SEM studies showed the
development of agglomerated crystals.

Index Terms—Zirconium oxide nanoparticles, X-ray
diffraction, Crystallite size, SEM analysis, Dielectric
constant and Dielectric loss, Electrical Properties and
Conductivity.

[. INTRODUCTION

Some of the commonly used synthetic methods are
non-sputtering, solve thermal, reduction,
hydrothermal  technique, and electrochemical
techniques. However, these techniques are expensive,
poisonous, and take a lot of energy and pressure. They
are also challenging to separate and may be dangerous
. However, the Sol-gel process is an inexpensive,
non-toxic way to generate nanoparticles that can be
used theoretically safely, and with great ease.
Zirconium dioxide with its unique physical and
chemical features like hardness, ionic conductivity,
and surface activity is a promising material that is
widely employed as supports solid electrolytes and
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catalysts 1. The technical performance and physico-
chemical characteristics of ZrO, are significantly
influenced by crystalline structures, including flaws,
crystal phases, and crystallite sizes 7). Because of its
excellent thermal stability (1WmK) oxygen ion
conductivity, small size, vast surface area, low cost,
amphoteric features, and redox capabilities, ZrO; has
garnered a lot of attention recently ®!1. Zirconia is a
more stable semiconducting metal oxide than other
oxides.

Zirconium oxide is a wide band gap metal oxide
having interesting applications such as structural
ceramic (2], catalytic support ['3], oxygen sensor ['4],
fuel cell [, thermal barrier coatings ['), dielectric in
metal oxide semiconductor (MOS) devices [7-18],
optoelectronics and data storage, photonics and dilute
magnetic Oxides (DMOs) in spintronics "%2%. One
useful method for considerably altering metal oxide is
doping. Cations such as Fe?*, Cu?*, Zn**, and so forth
are capable of effectively reducing ZrO,'s large band
gap. Fe is one of the best options for doping ZrO since
it not only improves light harvesting efficiency but
also adds room temperature ferromagnetism to the
host lattice. The semiconductor zirconium oxide
(Zr0O,) has a broad straight band gap and regarded as a
multipurpose material because of its exceptional
mechanical, chemical and thermal durability as well as
its non-toxicity and adsorption capacity. It was applied
in numerous scientific and technological domains,
including dentistry, biology, electronics, optics,
magnetism, adsorption, catalysis, and optics.!?!)

II. LITERATURE SURVEY RELATED TO
DOPANT

Enza Fazio et al. in his review discussed and
summarized the pure, mixed and doped metal oxide
semiconductor-based electrical and electrochemical
sensors used for gas sensing and for the determination
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of electroactive biomolecules are described in terms of
their sensing performance and their practical
limitations to be used for multi-detections of gases and
analytes 1,

Sachin Kumar et al investigated the effect of
calcination temperature from 500 to 700 °C on the
Zirconia (ZrO,)

One useful method for considerably altering metal
oxide is doping. Cations such as Fe?', Cu?*, Zn?', and
so forth are capable of effectively reducing ZrO>'s
large band gap. Fe is one of the best options for doping
Zr0O, since it not only improves light harvesting
efficiency but also adds room-temperature
ferromagnetism to the host lattice. The semiconductor
zirconium oxide (ZrO;) has a broad straight band gap
and is regarded as a multipurpose material because of
its exceptional mechanical, chemical, and thermal
durability as well as its non-toxicity and adsorption
capacity.

It was applied in numerous scientific and
technological domains including dentistry, biology,
electronics, optics, magnetism, adsorption, catalysis,
and optics [0,

Yacine Cherifi et al. reviewed and compiled Fe-doped
ZnO; nanoparticles using the sol-gel citrate technique
in their review. Additional nanoparticle structure is
revealed by various characterisation methods.
Complex impedance spectroscopy was used to
examine the electric and dielectric characteristics. Fe
appears to be positively involved in the separation of
photo-generated electron-hole pairs, as evidenced by
the greater activity of the Fe-doped ZnO products
compared to the pure ZnO, B,

Waheed Ahmed et al. summarized the, synthesis,
characteristics, dielectric properties and photocatalytic
activity of undoped and Fe doped ZrO- nanoparticles.
The Fe dopant enhanced the dielectric constant of
ZrO; nanoparticles as compare to pure ZrO,. So this
nanoparticles are applicable to spintronics, high-
frequency devices, and water purifications
technologies P2,

In this manuscript, Impact of Iron Dopant on the

Structural and Electrical Characteristics of Zirconium
Oxide (ZrOy)

1IJIRT 206211

Il EXPERIMENTAL METHOD

The materials such as Zirconium Nitrate, Ferric
Nitrate, Citric acid and Ethylene Glycol were used in
the synthesis of undoped & Fe doped Zirconium oxide
(ZrO2) nano particles using sol-gel method. The
precursor materials are of AR grade and used as it is.

Synthesis of Copper Oxide Nano particles

The sol-gel method was utilized to create unalloyed
and Fe-doped zirconium oxide (ZrOz) nano particles
using materials including ferric nitrate, citric acid, and
ethylene glycol. The source materials employed in the
synthesis of zirconium oxide nano particles are of
grade AR. Using the sol-gel citrate technique, a
stoichiometric quantity of Zr (NOs).. H.O was
dissolved in ethylene glycol to create nano crystalline
zirconium oxide. After being agitated for three hours
at 80°C to create a homogenous mixture, the mixture
was heated for an additional eight to twelve hours at
130°C in a pressure vessel to form gel formation. After
that, the gel was calcined in a muffle furnace for three
hours at 350°C in the oven.

Metal Nitrate +Citric Acid +Ethylene Glycol

v
Heating at 80°C on magnetic stirrer for 3 Hrs

Heat the mixture at 130°C in the pressure bomb for about 6Hrs
Subsequently heat the mixture t0350°C for 3 Hrs
v
Precursor
Doped with Iron
4
Calcination from 450-650"C has 6 Hrs
Characterization

v

Structural characterization Electrical Characterization

. ‘

XRD, FT-IR, U.V, SEM EIS, CV

Fig.1: Sol-gel processes and Methodology

Characterizations Techniques

»An X-ray diffractometer with wavelength
(1.5418A°) (Rigaku, Japan) is used to analyse the
structure of the sample. The sample is scanned for a
26 (20-90°) range with a phase size of 0.020.

» For chemical analysis, an IR spectrometer in the
range of wave numbers 400-4000 cm™ and a
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resolution of 0.5 cm! (SHIMADU) is used to
confirm the chemical bonds of the sample.

» A scanning electron microscope (Carl Zeiss
microscopy Ltd, UK & SIGMA) was used to
analyse the morphology and composition.

» Electrochemical analysis was performed using
CHI608E workstation (Electrical Potential) Series
was used to analyse Conductance.

» Electrochemical analysis was performed using
(Conductance) (HIOKI characterization impedance
3532-50) LCR HITESTER Made in Japan) was used
to analyse Conductance.

IV. RESULT & DISCUSSION

4.1. X-ray Diffraction

X-ray diffraction study is carried out to determine the
structure, crystallinity, and crystallite size of the ZrO»
Nanoparticles in the 26° range of 20-90°. The XRD
pattern of undoped (FS1) and 0.1%, 0.2% and 0.3% Fe
doped ZrO; nano particles (FS2-FS4) at a temperature
of 550°C is shown in Fig. 3.2 (FS1-FS4). From XRD
studies it was observed that the average particle size of
Sample FS1 is 46 nm, according to X-ray diffraction
(XRD) research. The average crystallite size of
Sample FS2, FS3 and FS4 is 45 nm, 30 nm and 20 nm,
respectively.

The Scherrer formula was used to measure the
crystallite sizes from the peak of the XRD pattern from
the FWHM 22,231,

D=kMPBcosH............ )

Where D is the average size of the crystallite,
assuming that the grain is spherical, k is 0.9, A is the
wavelength of X-ray radiation, B is the (FWHM), 6 is
the angle of diffraction pattern. In general, doping
decreases the size of nano particles and the also
intensity of the X-ray diffraction (XRD) peak. This is
due to a change in electron density, point defects,
lattice distortion, and grain refinement. Doping
changes, the element, which changes the mean atomic
scattering factor on a given site 4. doped ZrO, was
monoclinic phase determined in XRD Data.

The presence of sharp and intense XRD peaks in both
the pure and Fe-doped Zirconium Oxide samples
indicates their high-quality crystal structure and
excellent crystallinity. The sharp peaks appearing at
30.24°, 33.52°, 50.29°, 60.74°, 74.11° and 77.79
°correspond to the (111), (200), (220), (311), (400),
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and (420) planes, respectively, confirming the
occurrence of monoclinic and Tetragonal phases [2°-26],

—FS1 ——FS2
FS3 ——FS4

(111)

Intensity (a.u.)
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: @11
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Fig. 2: XRD plot for (a) undoped ZrO, (b) 0.1% Fe,
(c) 0.2 % Fe, (d) 0.3 % Fe doped ZrO,,

The diffractometric analysis of Fe-doped ZrO, showed
that tausonite (ICCD No. 98—-005-6717) was the only
phase present in the pristine and Fe-doped ZrO,
samples. Furthermore, these sharp peaks and the
absence of any impurity peaks in samples FS2-FS4
indicate a relatively high solubility limit for Fe in the
Zirconium structure (241,

4.2. FT-IR Studies

A Fourier-transformed infrared (FTIR) investigation
was performed to examine ZrO; surface chemistry in
detail. Fig. 3.3 displays the FTIR spectra of the
undoped and Fe-doped ZrO; nano composite samples
denoted as FS1, FS2, FS3, and FS4 (ZrO2, 01, 0.2, 0.3
FeZrO2). The prominent peaks obtained at 3427.21
cm! and 1627.09 cm™ in the FTIR spectrum are
indicative of the O-H bond's stretching and bending
vibrations 241, These bands are characteristic of water
molecules (H20) or hydroxyl groups (-OH) adsorbed
on the surface or incorporated into the lattice structure
of the material. The peak at 1394.01-1521.23 cm-1 is
due to the vibration of C-H bending [27]. The
distinctive bands of ZrO2 often show up between 400
and 600 cm™, due to the stretching vibration of Zr-O
bonds, which indicates that the ZrO2 units have
Tetragonal symmetry, while peaks observed at 853.6-
1068.32 cm-1 belongs to the stretching mode of Zr =
O. Hence, it is confirmed that FTIR spectroscopy can
effectively be used to examine the crystalline phase of
zirconia nano particles %1,
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e——s 4.3. Scanning Electron Microscope (SEM)

= R FESEM images show the surface morphology of the
zirconiumum oxide ragparticles (Fig.3.4). It shows the
well-defined formation of the crystallites with different
magnifications. The crystallitesare agglomerated and
formed a cluster Fig. 3.4 (a). ZrO; nano particles were
aggregated in the form of nano disc/plate shapes 24, A
significant shift in the morphological parameter was
noted when the Fe doping ratio was changed from 0.1
to 0.3 % (i.e., 0.1%,0.2%, and 0.3%). The prepared
sample exhibits spherical shaped particles, while
sample exhibits uniformly homogenous more regular
spherical shape as compare to ZrO,, as demonstrated
by the micrographs Fig. 4 (b-d). Lighter particles
(bright portion) were detected dispersed over the

Transmitance (%)

T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 3. FT-IR plot for (FS1-FS4) undoped & 0.1, 0.2,

0.3% Fe doped ZrO, . - ) - .

surface of the zirconia which was assigned to iron
Zr-O bond vibrations may be represented as peaks in oxide nano particles. Lighter elements tend to absorb
the 600-700 cm ™' range, indicating the involvement of electrons, making them look bright, while heavy
Zirconium in the structure. There are slight shifts in the elements actively backscatter electrons, making those
peak positions across the samples (FS2 to FS4) areas appear darken ?4. According to the histogram
towards lower wavelength regions, suggesting probability diagrams in Fig.4 (e-h), the average
structural or compositional modifications due to Fe- particle sizes of pure zirconia is 48.26 nm and 0.1, 0.2,
doping. Fe-doping likely introduces lattice distortions 0.3% Fe doped zirconia were 41.24 nm, 32.85 nm,
or affects the local chemical environment, altering the 28.37 nm respectively.

vibrational modes. Thus, ZrO, and Iron-doped ZrO»
nano composites were effectively produced, according
to the analytical findings [,

Zx0), $50°C Partical Size Vs Counts (%) 0.1 % FeZrO, $50°C Partiches size Vs Counts (%) 0.2 % FeZrQ, S50°C Partical size V ) 0.3 % FeZrO, $50°C Partical Siz ants (%)
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Fig.4. SEM images (a-d) Pure & Fe doped ZrO2, (e-h) Average particle size pure and Fe doped ZrO2.

Electrochemical analysis measurements were carried out using a standard three-
a). Cyclic voltammetry (CV) study electrode system, consisting of a glassy carbon
Cyclic voltammetry (CV) was performed to electrode (GCE) as the working electrode, a platinum
investigate the electrochemical properties of Iron- wire as the counter electrode, and Ag/AgCl as the
doped ZrO, (Fe-ZrO,) nanoparticles. The reference electrode. The electrolyte used was 1 M
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NaSO+ aqueous solution. Prior to measurement, the
working electrode was modified by drop-casting a
dispersion of the synthesized Fe-ZrO, nanoparticles in
ethanol and Nafion binder, followed by drying at room
temperature.

The CV curves were recorded within a potential
window of -0.2 V to + 0.8 V (vs. Ag/AgCl) at various
scan rates ranging from 5 to 100 mV/s. The
electrochemical behavior of Fe-ZrO, was compared
with that of pure ZrO. to examine that effect of Fe
doping on the redox activity and charge storage
capability ?°1. Electrochemical investigations of the as
prepared electrodes were carried out using CV and
EIS.

o] =2 (a) —o (b)
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Fig. 5. Cyclic voltammogram of (a) FS1, (b) FS2, (¢)
FS3, and (d) FS4 at different scan rates

The CV curves of samples FS1, FS2, FS3, and FS4 (a-
d) showed that while the size and shape are almost
comparable. From the CV study is observe that the
samples FS1, FS2, FS3, and FS4. Out of the different
samples, sample FS3 demonstrated excellent
electrochemical performance and resulted in a high
specific capacitance reaching 510 F/g at a scan rate of
5 mV/s. Fig. 5 represents the variation in Cs vs. the
scan rate, which shows that the specific capacitance of
the electrodes decreased at a higher scan rate. The peak
potential having a positive shift, it can be noted that
peak current enhancement is based on increased
electroactive surface area brought about by the 0.2%
FeZrO, nanoparticles. The amorphous ZrO,
nanoparticles used for the modification of CPE
increased the electroactive surface area of the
electrode about eight-fold; from 0.0345 cm? to 0.276
cm?. The positive shift of the peak potential produced
by the zirconia nanoparticles by modified electrode
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shows in sample (FS2-FS4) an increase over potential,
possibly as a result of the modification. If the modified
electrode acted as an electro-catalyst, there would have
been a reduction of peak potential. The reduction of
peak potential normally suggests a faster reaction with
less over potential. Meanwhile, the lower the over
potential, the better is the catalyst %,

b). Impedance Analysis

The electronic transfer properties of nanocrystalline
zirconium oxide after different surface modifications
were characterized by using complex impedance
spectroscopy (CIS) to understand the changes in
electrical properties of the material over a wide range
of frequencies. The conductivity of the sample was
measured by an AC complex impedance method, and
the applied frequency range of AC is from 42 Hz to 5
MHz 26 31 It can be noted from the study that
conductivity varies with temperature and dopant
concentration. The graph indicates that conductivity
varies with temperature, with consistent changes only
seen in ZrO, doped 0.2% Fe samples, which also have
the highest conductivity of all the samples. The
dielectric characteristics and AC conductivity of pure
and Fe-doped ZrO, nanoparticles were studied at
temperatures between 100°C and 700°C about a
frequency range of 42 Hz to 500 KHz.

The conductivity (o) for each constructed pallet is
displayed as a frequency function (log F) in Fig.6. At
low frequencies, conductivity values are extremely
low and progressively increase as frequencies climb. It
was also shown that the results improved at higher
frequencies with an increase in laser ablation duration.
Space charge polarization could be the primary reason
for this evolution B

000, S50°C Log F V1

Log Sigma ac (5 cm’)
Log Sigma ac (S em')

Log ¥ (kilz)

0.2 FeZr0, $50°C Log F Vs Log Sige

Log Sigma ac (S em”)
Log Sigma ac (S cm’)

Log F (kiz) Log F (kilz)

Fig. 6. The plot of Log (sigma ac) versus Log (F)
different temperature for all prepared pure & 0.1, 0.2,
0.3 % Fe doped ZrO; pallet.
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Fig. 7 Demonstrates the frequency dependence of the
produced pallet on the dielectric constant &' and
dielectric loss €" depending on the addition of pure and
Fe doped Zirconium oxide nanoparticles, the
behaviour of &" with frequency has two different
regions. As seen in Fig.6 studied using a HIOKI 3532
LCR meter as a function of frequency (42 Hz — 100
kHz) at 100-700°C temperature. The complex
dielectric of the materials has been provided as the
formula by B!,

e=¢+je"
Due to their low values at high frequencies, €' and &"
were increased by prolonging the laser ablation period
in the polymeric matrix, resulting in a constant value
at high frequencies. This phenomenon is the result of
polarization's effects 2. The behavior of " with
frequency exhibits two distinct areas, depending on the
inclusion of Fe-doped and zirconium oxide nano
particles.
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Fig. 7. Comparison of frequency-dependent real part €’ and imaginary part £” of the complex dielectric permittivity
for undoped and Fe doped ZrO, at 100° C to 700° C temperature.

The presence of two separate arcs in the complex
impedance spectrum of (Z") versus (Z') indicates that
the electrode polarization (EP) effect and bulk material
properties may be distinguished using impedance
spectroscopy 3. Electrode polarization results from
free charges building up at the interface between the
dielectric materials and the electrode surface, which
leads to the creation of electric double layer (E.D.L.)
capacitance. The complex impedance of the nano
composite samples can be determined using the
relationship below;

Z(@)=Z =JZ" .oiiiiii 3)

If j is constant, Z' stands for the real component of the
impedance, and Z" represents the imaginary
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component of the impedance. The variation of Z' with
frequency for pure and Fe-doped zirconium oxide at
temperatures between 100°C and 700°C is shown in
Fig. 7 (a). Z' readings consistently decrease with
increasing temperature and frequency, suggesting that
the sac is growing 4. In the high-frequency range, Z'
values are nearly zero and independent of temperature.
Fig. 8. illustrates the frequency-dependent changes in
Z" for pure and Fe-doped zirconium oxide at different
temperatures. The value of Z" declines with increasing
frequencies at different temperatures, as Fig. 8.
illustrates. The elevated Z" value of the nanocomposite
samples may be due to a decrease in the space charge
polarization process [*,

2019
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Fig. 8. The change of the Z' of complex impedance as a function of Log (F) for pure and Fe doped ZrO,, the change
of the Z of complex impedance as a function of Log (F) for pure and Fe doped ZrO».

Impedance study for pure and Fe-doped ZrO, at 100°C 7O, SUCE a7 , 01 PO, SUC Vs 2!
to 700°C yields Nyquist plots of impedance spectra - . \ L
with a semicircle part, as illustrated in Fig. 9. The 5= 2| - \ = =
electron transfer restricted process is represented by -: - E q / =
the semicircle part at higher frequencies. - . 2 . }

o 7’ Y =—
The semicircle's diameter can be used to calculate the | WRTRTRR e
electron transfer resistance at the electrode surface. 1 L e
The single semicircle seen in zirconia suggests that 3 2| - e
there are several possible routes for charge carrier E - g':
mlgratlo_n, such as conduction across grains and grain s s < * -
boundaries or electrolyte-electrode contact. w z

e e o
e T T T e T

The prepared Fe doped ZrO, shows two semicircles at - - — :
100°C and 500°C: at 400°C and above, the curve Fig. 9: The Nyquist plots of imaginary impedance
(Z”) to the real impedance (Z’) of the prepared

singles out. The resistance value fell as the
undoped and Fe doped ZrO; at various temperature.

temperature increased as shown by the impedance plot
fitting. Zirconia only offers grain resistance at 100°C,
while at temperatures beyond 500°C, it gives both
grain and grain boundary resistance, according to
capacitance values (%1,

V. CONCLUSION
In this study, the influence of iron (Fe) doping on the

structural and electrical properties of zirconium oxide
(ZrO2) was systematically investigated. XRD and
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SEM analyses tell that Fe dopant show that remarkable
changes in the crystal structure, further phase
stabilization and reducing crystallite size, which
indicates the successful substitution of Fe into the ZrO-
lattice. The observed lattice distortion suggests the
formation of oxygen vacancies, which play a crucial
role in modifying the material's electrical behaviour.
Electrical characterization demonstrated that Fe-doped
ZrO: exhibits enhanced conductivity and reduced
activation energy compared to undoped samples. This
improvement can be attributed to increased charge
carrier mobility resulting from defect engineering
introduced by Fe doping. These findings suggest that
Fe-doped ZrO: contain potential for applications in
solid oxide fuel cells, gas sensors, and other
electrochemical devices.

While the results confirm the beneficial effects of Fe
doping, further studies are recommended to explore
the long-term stability, optimal doping concentrations,
and performance under usable conditions.

Further exploration and optimization of these
materials could lead to advancements in areas such as
environmental monitoring, medical diagnostics, and
industrial process control
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