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Abstract: This study focuses on the synthesis and characterization of ZnyLaixTiOs (x = 0.1 - 0.7) (ZLTO)
nanoparticles. X-ray diffraction patterns confirmed the tetragonal structure and phase purity, with unit cell
dimensions expanding as Zn content increased. Morphological analysis revealed the formation of spherical
grains, rods, and nanoscale particles. UV-Visible spectroscopy indicated a band gap (Eg) ranging from 3.01
eV to 3.64 eV, depending on the value of ‘x’. The frequency and compositional dependence of dielectric
parameters were also examined. Space charge polarization was effectively analyzed using complex
dielectric modulus and impedance spectroscopy. Cole-Cole plots confirmed the semiconducting nature of
ZLTO materials, evidenced by the complete semicircular arcs, and revealed the presence of non-Debye type
relaxations.
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1.INTRODUCTION

Perovskite materials typically follow the general chemical formula ABOs3, where the A and B-site cations
can have varying valencies depending on the stability of the compound [1]. In some cases, the A-site cation
may be divalent or trivalent, while the B-site cation is typically tetravalent. These perovskite materials have
garnered significant attention in recent decades due to their diverse structural, optical, morphological,
electrical, ferroelectric, piezoelectric, physical, and chemical properties [2-4]. Among these, LaTiOz (LT)
stands out as a promising material exhibiting several of these properties. Extensive research has been
conducted on LT in both its bulk and nanostructured forms. For example, Madhavan et al. [5] synthesized LT
via the sol-gel method and investigated the effects of A and B-site doping on its dielectric constant, finding
that A-site doping resulted in a dielectric constant of 1500, while B-site doping achieved a value of 900 at
100 Hz. Similarly, Mozhegorov et al. [6] and Ishida et al. [7] studied the bulk LT, focusing on its orbital
structure and electronic properties, respectively. Other researchers have explored various properties of LT
material [8-11]. Additionally, LT materials doped with elements such as Ag, Cu, Au, N, Sr, Ba, and Ca, in
forms ranging from bulk to nanoparticles, nanocomposites, thin films, and polymers, have been extensively
studied to examine their structural, optical, physical, magnetic, electrical, ferroelectric, piezoelectric, and
other chemical properties [12-22]. In a similar vein, zinc titanate has been synthesized to evaluate its
photocatalytic, biomedical, electrical, and physical properties [23-27], with findings confirming its tetragonal
structure. A review of the literature reveals that research on Zn-doped LT, particularly concerning its
structural, morphological, optical, and electrical properties, is quite limited. Therefore, this study aims to
investigate these properties through the synthesis and characterization of ZnxLaixTiOsz (x = 0.1 - 0.7)
nanoparticles using the cost-effective hydrothermal method.
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2. MATERIAL AND EXPERIMENTAL METHODS
A series of ZnyLa;xTiOs (x = 0.1, 0.3, 0.5, and 0.7) nanoparticles were synthesized through the

hydrothermal method. The preparation process is illustrated in Figure 1. The starting materials used were Zn
(NO3)2:6H20 (99.8% purity, Sigma-Aldrich), La(NO3)3-6H20 (99.8% purity, Sigma-Aldrich), and TiO>
(99.9% purity, Sigma-Aldrich), which were accurately measured based on the stoichiometric formula using
a precise digital scale. Zinc nitrate, lanthanum nitrate, and titanium dioxide were dissolved in distilled water
in a 1:3 ratio. Sodium hydroxide (NaOH) was then gradually added to the mixture, adjusting the pH to
between 9 and 12. The resulting solution was transferred into a 500 mL Teflon-lined stainless-steel
autoclave, which was subsequently placed in a hot-air oven and heated at 160°C for 8 hours. After the
reaction, the autoclave was allowed to cool to room temperature. The synthesized ZLTO nanoparticles were
removed from the autoclave and rinsed with acetone and distilled water until the pH of the solution reached
7. The final product was then finely ground and subjected to heat treatment for one hour. The ZLTO powder
was characterized using several analytical techniques: X-ray diffraction (Bruker X-ray Powder
Diffractometer, CuK, radiation, A = 0.15406 nm) for structural analysis, Transmission Electron Microscopy
(TEM: Tecnai G20, FEI, USA) and Field Emission Scanning Electron Microscopy (FE-SEM: Ultra 55, Carl
Zeiss) for morphological studies, JASCO UV-Visible spectrophotometer (V-670 PC) for band gap analysis,
and an LCR meter (HIOKI 3532-50) for examining electrical properties.

3. RESULTS AND DISCUSSIONS

3.1. X-RAY DIFFRACTION ANALYSIS
The X-ray diffraction (XRD) spectra of ZLTO nanoparticles, as shown in Fig. 1, exhibit variations in
intensity across different two-theta angles, confirming the crystallinity of all compositions. The average
crystallite size (D) was calculated using the Scherrer equation [28], revealing an increase in D from 24.11
nm to 28.58 nm as the Zn content (x) varied from 0.1 to 0.7. This trend may be attributed to the intrinsic
microstrain generated during the hydrothermal synthesis [1]. The (103) plane exhibited the highest
diffraction counts, and the observed diffraction peaks were matched with the standard JCPDS: 89-7507,
confirming that the indexed planes correspond to a tetragonal structure. Lattice parameters (a = b & c) were
computed using the standard formula 1/d*> = (h*> + k?)/a® + 1?/c?, where ‘d’ is the interplanar distance and
(hkl) are the Miller indices. The calculated lattice constants increased from 3.843 A to 3.921 A for a = b,
and from 27.176 A to 27.718 A for c, with the changes corresponding to varying dopant concentrations.
Consequently, the unit cell volume (V = a2c for a tetragonal unit cell) expanded from 401.353 As to 426.143
A3, while the full-width at half maximum (FWHM) in radians decreased from 0.08715 to 0.08077. The
variation in lattice constants can be understood through Shannon ionic radii data [29], which shows La3* has
a radius of 0.136 nm, Zn** has 0.074 nm, and Ti*" has 0.068 nm. The smaller ionic radius of Zn*" compared
to La*" suggests that Zn®>" might replace La*' in the lattice, leading to a contraction of the unit cell and an
increase in dimensions and volume. Although Zn?* could potentially occupy Ti*' sites, this is unlikely due to
the different valencies. In cases where Ti** is present, oxygen excess or deficit may occur, resulting in a
neutralized tetragonal structure such as ZnyLa, xTiOs+5, as noted in the literature [30]. The tetragonal phase
was also reported for Zn-doped TiO. [23], indicating that the presence of La did not alter the phase
structure. The X-ray density (px) was calculated using px = ZM/Na?c for a tetragonal structure, where ‘M’ is
the molecular weight (see Table 1), ‘N’ is Avogadro’s number (6.023 x 10%%), and ‘a’ and ‘¢’ are the lattice
parameters. The density decreased from 3.7631 g/cm? to 2.8566 g/cm3, reflecting the reduction in density
with increasing Zn content due to the decrease in molecular weight. The surface area (S) of the samples was
determined using the formula S = 6000/(D*px), where D is the average crystallite size and px is the density.
The surface area increased from 66.131 m2/g to 73.489 m2/g for Zn contents x = 0.1 to 0.7, which is
proportional to the average crystallite size [30]. This variation in surface area impacts various functional
properties of the ZLTO materials.

3.2.SURFACE MORPHOLOGY
The surface morphology of ZLTO nanomaterials was analyzed using FESEM and TEM micrographs. Figure
2 displays FESEM images for compositions x = 0.1-0.7. These images reveal that all Zn contents resulted in
the presence of numerous nanospheres and nanorods. Notably, the x = 0.5 sample exhibited a few rod-like
grains, likely due to the high La content, consistent with similar observations reported in the literature [3, 8].
In contrast, increased Zn content (x = 0.1, 0.3, & 0.7) resulted in well-defined nanospheres with a
homogeneous distribution. The average grain size (Ga) was determined using the linear intercept method.
Ten test lines with varying lengths (L) were drawn for each composition at a specific magnification (M) and
working distance (WD), and the number of intersecting grains (N) was counted. These parameters were
used in the formula Gavg = 1.5L/MN to calculate the experimental grain size. The results showed a decrease
in grain size from 149.775 nm to 128.37 nm for x = 0.1-0.5, with an increase to 154.195 nm for x = 0.7.

[JCRT2409193 \ International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org | b697


http://www.ijcrt.org/

www.ijcrt.org © 2024 1JCRT | Volume 12, Issue 9 September 2024 | ISSN: 2320-2882

TEM images, shown in Figure 3, also displayed well-defined nanospheres with a homogeneous distribution
across all samples.
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Fig.1 XRD patterns of ZLTO samples

For the x = 0.5 composition, nanorod-like particles were not observed, likely due to the focus being limited
to a selected portion of the powder sample. The average particle size (P.) was calculated and decreased from
73.126 nm to 57.508 nm for x = 0.1-0.5, but increased to 85.285 nm for x = 0.7. Additionally, the selected
area electron diffraction (SAED) patterns for x = 0.1-0.7, presented in Figure 4, showed well-defined rings
corresponding to the tetragonal reflection planes, indicating good crystallinity. These patterns corroborate
the XRD diffraction results.

Table.1 Data on structural and physical parameters of ZLTO nanoparticles

X 0.1 0.3 0.5 0.7
a=b (A" 3.843 3.874 3.904 3.921
c (AY) 27.176 27.396 27.602 27.718
cla 7.07155 7.07176 7.07018 7.06911
Dave  (NM) 24.11 25.76 27.32 28.58
FWHM in radians 0.08715 0.08631 0.08429 0.08077
Volume V (A%) 401.353 411.156 420.688 426.143
MW g/mol 227.418 212.713 198.008 183.303
Surface Area 66.131 67.791 70.278 73.489
S (m?/g)
X-ray Density 3.7631 3.4358 3.1258 2.8566
px (g/cm?)
Dislocation density 1.7203E+15 1.5069E+15 1.3398E+15 1.1118E+15
p(m)
Ga (nm) 149.775 152.96 128.37 154.195
Pa (nm) 73.126 64.096 57.508 85.285
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Fig.2 FESEM images of ZLTO nanoparticles
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Fig.3 TEM and SAED images of ZLTO nanoparticles
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3.3.UV-VISIBLE SPECTRA ANALYSIS

The optical band gap (Eg) of ZLTO nanoparticals was determined for various Zn contents using the
diffuse reflectance spectra (see inset of Fig. 4). To achieve this, (ahv)® versus hv plots were generated,
where 'a' represents absorptivity and 'hv' is the photon energy, with n = 2. The choice of n = 2 corresponds
to a direct electronic transition between energy bands [30]. Analysis of the (ahv)? versus hv plots revealed
that the E4 values ranged from 3.01 eV to 3.64 eV for Zn contents (X) varying between from 0.1 to 0.7. This
indicates that the Zn content significantly affects the E4 value. The Ey values were calculated by
extrapolating the linear portion of the plots (Fig. 4) to the photon energy axis, where the absorptivity
becomes zero [30-32]. For comparison, reference [33] reports band gaps of ZTO samples calcined at
different temperatures (500-800°C) ranging from 3.31 eV to 3.55 eV. However, in the current study, the
presence of La resulted in a higher E4 value, from 3.01 eV to 3.64 eV. These wide band gap materials are
thus promising candidates for sensor device applications [30-34].
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Fig.4. The Energy bandgap values of ZLTO nanoparticles

3.4.FTIR SPECTRA ANALYSIS
The Fourier transform infrared (FTIR) spectra of ZLTO nanoparticles were recorded over a wave
number range of 4000400 cm™, as illustrated in Fig. 5. The A and B-site locations were identified using
the va and vp peaks, which indirectly suggest the formation of a perovskite structure. The va and vy peaks
were observed in the ranges of 540 to 550 cm™ and 447 to 457 cm™!, respectively. These absorption bands,
va and vy, indicate the presence of metal oxide (M-O: Zn-O, La-O, Ti-O) stretching vibrations [35].
Additionally, bands in the 764 to 781 cm™ range were also associated with metal oxide bonds characteristic
of the parent perovskite structure. Peaks observed in the 1389-1414 cm™ and 3563-3617 cm™' ranges were
attributed to the O-H stretching and bending vibrations of H,O molecules absorbed by the ZLTO
nanoparticles [35], suggesting that moisture had a slight influence on the material.
3.5.DIELECTRIC PROPERTIES
The dielectric properties of ZLTO nanoparticles were examined by analyzing the dielectric constant
(¢") and dielectric loss (") across a frequency range from 100 Hz to 5 MHz, as shown in Fig. 6. Figure 6(a)
demonstrates that ¢’ values are higher at low frequencies and decrease at high frequencies. A similar pattern
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is observed in the €” versus log f plots (Fig. 6(b)). This behavior can be explained by Koop’s theory, also
known as the double layer theory [30]. According to this theory, a
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Fig.5 FTIR Spectra of ZLTO nanoparticles

polycrystalline material is composed of two regions: the grains and the grain boundaries, with the latter
being more resistive. At low frequencies, charge carriers are fully activated and move towards the grain
boundary, leading to a higher accumulation of charge at the interfaces. This accumulation enhances
Maxwell-Wagner interfacial or space charge polarization, resulting in higher € and &” values at low
frequencies [31]. However, at higher frequencies, the effectiveness of space charge polarization decreases,
leading to reduced €’ and €” values, as evidenced in Fig. 6. This trend is consistent with findings from
previous studies [32-39]. Additionally, the frequency dependence of &' and &” shows non-Debye type
relaxations across the frequency range from 100 Hz to 5 MHz. This non-Debye behavior typically occurs
when the frequency of the applied electric field matches the oscillation frequency of the electric dipoles [3].
Numerical values for ¢’ and &” are listed in Table 2. Specifically, ¢’ ranged from 4.07183 to 7.7316 at 5 MHz
for x = 0.1 to 0.7, while &" ranged from 0.3540 to 0.8528 at 5 MHz for the same composition range. These
results support the adherence of ZLTO nanomaterials to the double layer model. The log cac versus log ®
plots depicted in Fig. 7 illustrates the relationship between electrical conductivity and angular frequency.
The plots reveal that as the angular frequency increases, the ac-electrical conductivity also rises. This
behavior is attributed to the thermally activated charge carriers, which become more prominent with the
increase in log ®. These charges contribute to the electrical conduction through a hopping mechanism
between cations of the same type but with different valencies [40]. This increase in conductivity is typically
due to the rapid electron hopping between these cations. Additionally, the o4 values for ZLTO at various
frequencies are presented in Table 3. The results ensure o, values vary between from 3.586E-08 to 5.117E-
08 at 100Hz and 1.691E-06 to 9.849E-07 at 5SMHz. The data shows moderate oac values, which can be
linked to a relatively slower electron hopping process.
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Table. 2. Data on dielectric constant and dielectric loss of ZLTO nanoparticles

X 0.1 0.3 0.5 0.7
¢’ at different frequencies
100 Hz 450.1369  493.6837 429.2485 328.1503
1 kHz 86.2176 73.9206 59.0499 47.3267
10kHz 16.5698 18.7493 17.2901 19.6751
0.1 MHz 6.1096 10.0735 10.0112 10.6996
1 MHz 4.6298 7.9763 7.7951 9.0332
5 MHz 4.07183 7.0600 6.9399 7.7316
¢'" at different frequencies
100 Hz 762.1988  919.7327 885.0246 644.6446
1 kHz 139.4131  95.8641 68.5541 37.7904
10kHz 14.4719 10.6766 8.7989 8.3149
0.1 MHz 2.1187 2.5073 2.6182 2.0594
1 MHz 0.5747 1.0058 0.8088 1.2892
5 MHz 0.3540 0.6740 0.6078 0.8528
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Fig. 6 b. Dielectric loss of ZLTO nanoparticles
Table 3. Data on 6ac 0f ZLTO nanoparticles

X 0.1 0.3 05 0.7

cac at different frequencies

100 Hz 4.241E-08 5.117E-08 4.924E-08 3.586E-08
1k Hz  7.756E-08 5.334E-08 3.814E-08 2.103E-08
10k Hz 8.052E-08 5.940E-08 4.895E-08 4.626E-08
0.IM Hz 1.178E-07 1.395E-07 1.456E-07 1.752E-07
IMHz 3.197E-07 5.596E-07 4.500E-07 7.173E-07
2M Hz 4.806E-07 8.347E-07 7.375E-07 1.098E-06
S3MHz 6.613E-07 1.171E-06 1.071E-06 1.601E-06
4M Hz 8.225E-07 1.507E-06 1.367E-06 1.936E-06
5MHz 9.849E-07 1.875E-06 1.691E-06 2.372E-06

Dielectric modulus parameters, including the real part (M’) and the imaginary part (M"), provide valuable
insights into space charge polarization and relaxation mechanisms [34]. The frequency dependence of M’
and M" is depicted in Fig. 8a. The figure shows that both M' and M" approach nearly zero at low log f
values. This is due to the long-range motion of charge carriers, which lack sufficient restoring force to
return to their original positions [33]. As the frequency increases, M' and M" rise, reaching their maximum
values. This increase is attributed to the carriers' movement over shorter distances [33]. For compositions x
=0.1to 0.7, M'-log f plots reveal minor relaxation dynamics, with log f values decreasing from 4.642 to
4.289. Similarly, M"-log f plots show small relaxations with log f values decreasing from 4.687 to 4.297.
Significant relaxation behaviors are observed, indicating non-Debye type relaxations. These relaxations
result from the accumulation of mobile charge carriers at the grain boundaries and their tendency to align

with the electric field [34]. Consequently, small M" values are observed at the relaxation peaks. The long-
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range and short-range polarization mechanisms are evident before and after the relaxation frequencies,

respectively.
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Fig.7. Frequency dependence of 6ac 0f ZLTO nanoparticles

Long-range carrier mobility supports long-range conduction, while short-range carrier mobility leads to
short-range conduction [33]. Fig. 8b presents M' versus M™ plots, where x = 0.1 shows single semicircular
arcs, while x = 0.7 exhibits some distortions. These distortions are typically due to factors such as grain size,
defects, microstrain, porous structure, and moisture [34]. For x = 0.1, the plots indicate significant grain
contribution due to nanoparticles within the microstructure. Similar trends are observed in the Cole-Cole
plots (M’ versus M" plots). Notably, x = 0.3 and x = 0.5 show two distinct arcs in each plot, reflecting the
microstructural behavior. In these compositions, the presence of spherical grains and numerous
nanoparticles results in a mixed microstructure, producing two arcs. However, these arcs are less
pronounced in the Cole-Cole plots. The two arcs in the Cole-Cole plots confirm that electrical conduction
occurs via both grains and grain boundaries. All plots display partial relaxation associated with the
relaxation strength [33-35]. Furthermore, the centers of the arcs for x = 0.1 to 0.7 are positioned along the
M'-axis, confirming the presence of non-Debye type relaxations in the ZLTO nanoparticles [33].

The Z'-log f and Z"-log f plots provide insights into space charge effects as well as grain and grain boundary
behaviors. As shown in Fig. 9a, both Z' and Z" parameters for ZLTO nanoparticles display peak values at
low log f. This high magnitude is typically attributed to the influence of grain boundaries, inhomogeneous
dielectric structures, and space charge polarization. However, for x = 0.1, the Z' and Z" values are notably
lower due to the presence of electron-pinned defect dipoles [35]. At higher log f values, Z' and Z" increase,
reflecting the enhance carrier movement within the grains of the polycrystalline material. This increase
results in higher electrical conductivity due to the predominant mobility of the charge carriers. In contrast, x
= 0.1 shows lower Z' and Z" values at high log f, which can be attributed to the smaller number of grain
boundaries present in its nanoparticle-like structure. The relaxation frequencies increase with log f, ranging
from 2.4612 to 2.8142 and from 2.4771 to 2.9542 for x = 0.1 to 0.7, respectively, as shown in the Z'-log f
and Z"-log f plots. Additionally, the Cole-Cole plots (Fig. 9b) illustrate single semicircular arcs for all
compositions (x = 0.1-0.7). These arcs indicate partial relaxations due to the charge carriers' long-range
mobility [35]. The presence of single arcs suggests that the ZLTO nanoparticles primarily exhibit grain
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contributions rather than grain boundary effects, owing to the predominantly nanoparticle-like
microstructure with fewer grain boundaries. The arcs below the Z'-axis in the Cole-Cole plots further
confirm the occurrence of non-Debye type relaxations in the ZLTO nanoparticles [35].
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Fig.8a. Frequency dependence of M"and M" of ZLTO nanoparticles

[JCRT2409193 | International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org | b712


http://www.ijcrt.org/

www.ijcrt.org

© 2024 1JCRT | Volume 12, Issue 9 September 2024 | ISSN: 2320-2882

0.06

0.05 -
0.04 4
S 0.03 -

0.02 -

0.01 -

0.00 -

-@— 0.1

0.00

0.05

0.10
MI

0.20 0.25

Fig.8b. The Cole-Cole plots M' versus M" plots of ZLTO nanoparticles

8.0M 1 15.0M -
-9-0.1 -9-03
12.0M -
6.0M o
9.0M 4
4.0M -
6.0M 4
2.0M 4
3.0M 4
= 0.0+ .
] : .
R 2 3 5 6 7 2 5 6
16.0M - 20.0M =
—9-05 -2-07
12.0M - 15.0M -
8.0M + 10.0M -
4.0M - 5.0M 4
0.04 0.04
2 3 5 6 72 5 6
log f (Hz)

[JCRT2409193 | International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org | b713


http://www.ijcrt.org/

www.ijcrt.org © 2024 1JCRT | Volume 12, Issue 9 September 2024 | ISSN: 2320-2882

8.0M 1 8.0M 1
-9-01 -9-0.3
6.0M + 6.0M 4
4.0M + 4.0M o
2.0M 4 2.0M+
S oo 0.0
FJ 8.0 2 3 4 5 6 14LM. 2 3 4 5 6 7
=05 15 0m4 -9-07
6.0M1 10.0M 4
8.0M +
4.0M 4
6.0M 4
2.0M 4 4.0M +
2.0M 4
0.0 4 0.0+
2 3 4 5 6 72 3 4 5 6 7
log f (Hz)
Fig.9a. Frequency dependence of Z'and Z" of ZLTO nanoparticles
15.0M
-@= 0.1
1=-@=0.3
&
N
0.0 6.0M 12.0M 18.0M 24.0M

7' (Q)

Fig. 9b. The Cole-Cole plots Z' versus Z" plots of ZLTO nanoparticles

[JCRT2409193 \ International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org | b714


http://www.ijcrt.org/

www.ijcrt.org © 2024 1JCRT | Volume 12, Issue 9 September 2024 | ISSN: 2320-2882

4. CONCLUSIONS

Zinc-substituted LaTiO3z with the composition ZnyLaixTiOs (where x = 0.1-0.7) was successfully
synthesized using a hydrothermal technique. The X-ray diffraction (XRD) patterns were consistent with the
standard reference pattern from JCPDS card (89-7507). The observed lattice parameters ranged from a =
3.843 10 3.921 A and ¢ = 27.176 to 27.718 A. Both the lattice parameters and the crystallite size increased
with higher zinc content, with the crystallite size varying from 24.11 to 28.58 nm. Infrared spectroscopy
revealed characteristic bands at 540-550 cm™ (va) and 447—457 cm™ (vp), confirming the formation of a
tetragonal perovskite structure. Dielectric measurements showed that the dielectric constant and dielectric
loss ranged from approximately 328 to 494 and 645 to 920, respectively, for x = 0.1-0.7 at 100 Hz. The
Cole-Cole plots provided insight into the grain and grain boundary resistivity. Analysis of the dielectric
modulus and impedance indicated the presence of non-Debye relaxation for all the ZLTO nanoparticles.
These optimized dielectric properties suggest that the synthesized materials are well-suited for energy
storage applications.
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