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Abstract. In this study, the impact of Zn doping on the structural, electrical and ferroelectric
properties of NiTiO; materials prepared by sol-gel method was examined. X-ray diffraction,
Raman scattering and scanning electron microscope methods were performed on the fabricated
samples to assess their characteristics. Single-phase Ni;.«Zn,TiO3 (with x = 0, 0.05, and 0.10)
materials were successfully obtained. The X-ray diffraction pattern revealed that all the samples
were a single phase, that crystallizes in the rhombohedral structure with a R3 space group. The
Zn doped NiTiOs resulted in an increase in lattice parameter and a decrease in tolerance factor
in comparison to the undoped sample. The incorporation of Zn dopant into NiTiO3 leads to a
modification of its ionic conductivity. The ac conductivity of all samples followed the
Jonscher’s power law. The room temperature ferroelectric properties of Zn-doped NiTiOs;
ceramics were analyzed. With an increase in Zn concentration, the ferroelectric properties of the
Zn-doped samples increased. This can be attributed to the Zn dopant into host NiTiOj; lattice,
which created the distortion of lattice. However, heavily dopant concentration can increase the
material’s conductivity and therefore decreased its ferroelectric parameters. Ferroelectric loops
were investigated at room temperature. The hysteresis loops indicated the typical ferroelectric
nature of Zn-doped NiTiO3 samples at room temperature.
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1. INTRODUCTION

Nickel titanate, a compound belonging to the ilmenite family with the general formula
MTiO; (M = Ni, Co, Fe, Mn, Zn, Cu), has been recognized as a promising candidate for a wide
range of applications. These applications include photocatalysis [1], sonocatalysis [2], electrode
for solid oxide fuel cells [3], gas sensors [4], spin electronic devices with magnetoelectric effect
[5], paint pigment [6], and anode materials for lithium-ion batteries [7]. Extensive research on
NiTiOs has revealed several notable properties: it exhibits n-type semiconductor behavior with a
relatively low bandgap of approximately 2.18 eV, displays antiferromagnetic properties, and
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demonstrates low ferroelectric characteristics. The field of NiTiOs-based materials has garnered
significant attention, particularly for its potential application in catalysis for the degradation of
textile dyes [8-11]. Recent investigations have also highlighted the intriguing magnetic and
electric properties of ilmenite NiTiO3 materials. Notably, these materials have shown potential
as multiferroics, as evidenced by their antiferromagnetic transition at 14.9 K and a magnetic
moment of 4.7 uB [12]. The ferroelectric polarization of NiTiOj3 is primarily influenced by Ti
ions in the 3do state, while the antiferromagnetic characteristics are believed to stem from the
contributions of Ni ions with partially filled orbitals.

Enhancing the ferroelectric properties of a ferroelectric material involves several factors,
including compactness and sintering conditions [13-15], and the type and concentration of
doping [16-18]. Research has shown that doping ferroelectric materials with transition metals
such as Fe, Co, Mn can alter their optical and ferroelectric characteristics. Various studies have
explored doping and compositing approaches to modify the properties of NiTiO; materials.
However, most of these investigations have primarily focused on the structural and optical
aspects of NiTiOs materials.

Pham et al. examined the impact of Mo doping on the optical and structural properties of
NiTiOs synthesized using a modified Pechini method [19]. Mo doping improved the optical
properties by increasing absorption rates, impeding recombination processes, and resulting in
reduced grain size and porosity. Fujioka et al. synthesized a solid solution of Ni;«CoxTiO3 (0.05
< x < 0.80) through a solid-state technique and studied the structural distortion using Raman
analysis [20]. They attributed the observed transition to a mixing of Ni, Co, and Ti cations,
leading to a transformation from the ilmenite structure to a disordered structure. The presence of
vacant octahedra was suggested to play a significant role in this structural transformation. Al-
doped NiTiO; has been synthesized via a hydrothermal method, exhibiting internal microstrain.
Al substitution was reported to influence the optical and electrical responses of NiTiOs3, leading
to a reduced bandgap and noticeable changes in dielectric behavior as well as grain- and grain
boundary-dominated conduction, indicating potential relevance for microwave dielectric
applications [21]. Jiang et al. investigated the effect of Nb on NiTiOs photocatalytic properties
[22]. They showed that incorporation of Nb into the NiTiOs lattice induces Ti*" sites and oxygen
vacancies. The high number of oxygen vacancies in Nb-doped NiTiO; photocatalysts induce the
low recombination rate of photogenerated electron—hole pairs, which results in high reaction
rate constant. Lenin et al. reported on ferromagnetic nanoparticles of Fe**/NiTiO; [23]. Through
impedance analysis, they investigated the ferro-dielectric behavior of Fe**/NiTiOs nanoparticles
and observed enhanced properties with increasing Fe dopant content. The results indicated that
the nucleation reaction rate influenced the improved magnetic nanoparticle properties with
higher Fe content. However, no systematic research has been reported thus far on the structural,
electrical and ferroelectric characteristics of Zn-doped NiTiOs at ambient temperature. There
have been extensive studies on doping and compositing techniques to modify NiTiO3; materials,
focusing mainly on structural and optical properties. While investigations have explored the
effects of dopants such as Mo, Co, and Fe, systematic research on the electrical and ferroelectric
characteristics of Zn-doped NiTiOs at high temperature and frequency is still lacking.

In this work, we present the analysis of structural, electrical and ferroelectric properties of
Zn doped ilmenite NiTiO3 which was synthesized by a sol gel method.
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2. MATERIALS AND METHODS

The Zn-doped NiTiO3 (Ni1«ZnxTiO3, x = 0, 0.05 and 0.10) nanoparticles were synthesized
using the sol-gel technique. The raw materials used consist of tetraisopropoxytitanium (IV)
(C12H2804T1), nickel nitrate (Ni(NO3)2.6H,0), and iron nitrate (Zn(NO3),.6H>0). The citric acid
solution (CsHgO7) was selected as the solvent. These chemicals were utilized in the synthesis of
the samples used with distilled water. Firstly, two ml of the tetraisopropoxytitanium (IV) was
dissolved in citric acid solution at 70 °C. A transparent homogeneous sol was formed after
stirring vigorously for 2 hours. Then, the 1.96 g nickel nitrate was introduced with mol of Ni
equal to mol of Ti for fabricating of NiTiOs. The additional amounts of zinc nitrate were added
to the solution for preparing Zn-doped NiTiO3 samples. The solutions were stirred around 3-4
hours. The solutions were kept stirring around 2 hours and then heated to around 120 °C for a
day to prepare dry gels. The dry gels were calcined at 900 °C for 3 hours. The calcined powders
were ground in an agate mortar for analysis. XRD measurement was implemented by an X-ray
diffractometer (PANalytical X’pert Pro) using Cu Ka radiation. Raman spectroscopy
measurements were carried out at room temperature using a micro- Raman spectrometer in
combination with a solid state 633 nm laser as the excitation source.

The calcined powder was combined with a small quantity (5 wt.%) of polyvinyl alcohol
(PVA) to form a homogeneous mixture. This mixture was subjected to drying at 100 °C for 2
hours. Subsequently, the resulting mixture was compressed into pellets using a cylindrical steel
die with a diameter of 10 mm. A uniaxial hydraulic press was employed to apply a pressure of
10° N/m? to the powder mixtures. The pressed pellets were then heated gradually to 500 °C at a
rate of 5 °C/minute, and held at this temperature for 2 hours. Subsequently, the temperature was
further increased to 1200 °C with a heating rate of 5 °C/minute, and the pellets were maintained
at this temperature for 5 hours under an air atmosphere. The cooling down rate from 1200 °C to
room temperature was kept at a heating rate of 5 °C/minute. The micrograph of the sintered
pellets was recorded by a scanning electron microscope (SEM). Silver was deposited on both
sides of sintered pellets using silver paste for electrical measurement. After deposited, the
pellets were dried at 80 °C for 2 hours and then fired at 700 °C for 30 minutes. Impedance
spectroscopy of the fabricated Zn doped NiTiOs samples was carried out using an HP - 4192A
impedance analyzer over a frequency range of 1 kHz to 10 MHz and in the wide temperature
range. A P—F hysteresis loop tracer (Radiant Technologies, Inc.) was used to trace the electrical
hysteresis loops.

3. RESULTS AND DISCUSSION
3.1. Structural analysis

The phase purity of synthesized materials was analyzed by the X-ray diffraction method.
Figure 1 shows the X-ray diffraction pattern of the NiTiO3 and Zn-doped NiTiO3 samples which
were annealed at 900 °C for 3 h. All diffraction peaks observed at 20 = 24.03°, 32.99°, 35.55°,
40.76°, 49.34°, 53.90°, 57.35°, 62.35°, and 63.97° are matched with the rhombohedral crystal
structure (JCPDS 33-0960). No impurity peaks were found in the XRD pattern which confirms
that the obtained material is homogeneous and is in a single-phase. These XRD results show
that the synthesized powders belong to the rhombohedral crystal structure with R-3 space group.
The fact that there is no trace of impurity phases or secondary phases not found from XRD
analysis suggests the Zn has successfully substituted for Ni into the lattice of NiTiOs3. The peak
positions in XRD pattern shift to lower 20 diffraction angles which is related to the expansion
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of the lattice parameter. The lattice parameters were calculated from these XRD data using unit
cell software. All position of XRD diffraction peak was carefully fitted using the Gaussian
curve by OriginLab pro software. The lattice parameters were evaluated using the UNITCELL-
97 program. The lattice parameter as function of Zn dopant was estimated and shown in Table
1. Figure 1(b) shows the magnification of X-ray diffraction patterns of undoped and Zn-doped
NiTiO3 samples in 26 range from 32.5° - 33.7°. The zoom-in XRD peaks show that the peak
position of the Zn doped samples slightly shifts toward a higher 28 value. This result provides
evidence that Zn?" cations were incorporated in the lattice structure and replaced on the Ni** site
in lattice. The result exhibits that the lattice parameters of NiTiOs increase with an increase of
Zn dopant concentration. These results happen because of different radius of Ni and Zn ion in
lattice. The radius of Ni** ions is smaller than that of Zn*" ions. According to Shannon’s report,
Ni?" ions have a radius of 0.69 A (in the coordination with VI) while Zn?" ions have a radius of
0.74 A [24]. Therefore, the substitution of Zn cations to the Ni site resulted in the expansion of
the lattice parameter.
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Figure 1. a) X-ray diffraction pattern of Zn-doped NiTiO3 synthesized by the citrate-gel method
and b) zoom-in of (104) peak.

The Scherrer crystallite sizes were calculated using all the diffraction peaks appearing in
the patterns, according to Scherrer formula L = kA/BcosO, where A is the wavelength of the X-
ray radiation (Cu K, = 0.15406 nm), k is the constant related to crystallite shape (k = 0.9), B is
the line width at half maximum height, and 0 is the diffraction angle. The crystalline grain size
calculated by the Scherrer formula is shown in Table 1.. Crystallite size of pure NiTiO; sample
is around 50 nm and slightly increases with Zn doped NiTiO; sample.

Table 1. Lattice constant and volume of the synthesized Zn doped NiTiO3 samples.

s x a0 el e e
NTO 0 5.02735 13.79063 100.62 50 0.9647
NTO-5Zn 0.05 5.03082 13.79750 100.65 55 0.9572
NTO-10Zn 0.10 5.03179 13.80055 100.67 53 0.9499
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To analyze the impact of Zn doping on crystal structure stability, we calculated the
Goldschmidt tolerance (t) factor, which is defined for an ABOs-type ilmenite structure as
follows [25]:

(1)

where Ra, Rg, and Ro are the ionic radii of A, Ti** (0.605 A), and O* (1.4 A), respectively. Liu
et al. found in a statistical study of the tolerance factor of various ABOs-type ilmenites that a
tolerance factor of 0.80 or greater is required for a stable ilmenite compound to form [25]. The
tolerance factor values of Ni.«Zn,TiO3 materials were estimated and are shown in Table 1. As
the Zn content increased, the tolerance factor is decreased from 0.9647 for NiTiO; to 0.9499 for
10 mol.% Zn doped NiTiO; ceramic. This decline indicates that substituting Zn** for Ni** in the
NiTiOs lattice destabilized the ilmenite structure.

(=3 ((Eterne) | 20

3 Ro—2+RA Ro—2+RB

3.2. Vibration analysis

Figure 2 shows the Raman scattering of NiTiO3 and Zn-doped NiTiO; samples at room
temperature. The theoretical calculation predicted that the optical normal modes of vibrations of
NiTiOs material have ten active Raman modes 5SAg+ SEg [26]. In Figure 2, the ten Raman
active modes can be clearly seen which confirm the ilmenite structure of synthesized NiTiO;
materials. The peak positions were estimated to be consistent with recent calculations for
vibration modes activity of NiTiOs materials [27]. The band located at 720 cm™' is related to the
Ti-O-Ti vibration of the crystal structure [27]. The band modes at 617 cm™ and 690 cm™ are
related to the stretching of Ti-O and bending of O-Ti-O bonds while the vibration mode at 547
cm’! is originated from Ni-O bonds [28]. The vibration modes at 631.9 and 760.5 cm™ result
from stretching vibrations of TiOs and octahedral vibrations in the region 500-830 cm™ [29]. In
addition, the vibration mode at 227.6 cm™ can result from the asymmetric breathing vibration of
the oxygen octahedral. Two vibration modes at 290.2 and 434.3 cm™! can be related to the twist
of oxygen octahedral because of vibrations of the Ni and Ti atoms parallel to the xy plane [27].

Intensity (a.u.)

200 300 400 500 600 700 800
Wavenumber (cm™)

Figure 2. Raman spectra of the Zn-doped NiTiO3 samples.
The Raman analysis shows that ten Raman active modes are observed which confirm the
successful synthesis of Zn-doped NiTiO; materials with ilmenite rhombohedral structure. The

shifted peaks in frequency modes to higher frequencies are suggested for distortion NiTiOs;
lattice due to Zn cations substitution for Ni in host lattice. Thus, the XRD and Raman scattering
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analysis indicate that Zn dopant was well distributed and substituted for Ni in the NiTiO3
host crystal.

3.3. Morphology

Figures 3(a)-(c) show the influence of Zn dopant on the morphology and particle size of
the sintered samples. The SEM images show that the surface of the sample had a non-uniform
size distribution, and the grain of all the samples was almost irregular and of polygonal
structures with clear boundaries. The morphology of the grains appeared smooth and well-
arranged. The SEM images reveal a wide distribution in grain size. The overall morphology of
the powders was affected by the Zn dopant. When adding Zn as a dopant, the particle size tends
to be smaller, and the particle size distribution is narrower. The grain size of the NiTiO; samples
is around 1-11 um. The average grain size is about (4.1 = 1.9) um. However, the grain size of
the Zn-doped NiTiO; samples exhibits smaller with average grain size of (3.8 £ 1.2) pm with 10
mol.% Zn dopant concentration.
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Figure 3. SEM images of (a) NiTiOs, (b) 5% Zn, and (¢) 10% Zn doped NiTiO; pellet surface sintered
at 1200 °C for 5 hours and d-f) corresponding size distribution.

Grain size (um)

Additionally, the stoichiometric composition of the synthesized materials was confirmed
through energy dispersive spectra (EDS) analysis, as shown in Figure 4. The analysis revealed
the presence of Ni, Ti, Zn, and O elements in the sample, indicating that all required chemicals
for the phase formation were present in the synthesized samples. The figure and the data of
weight and atomic percentage compositions demonstrated that the elemental compositions and
ratios are consistent with the expected elemental compositions.

To confirm the distribution of the synthesized phase, an EDS elemental mapping was
conducted on the Zn-doped sample. Figure 5 illustrates the result of the EDS mapping for the
Zn-doped NiTiO; sample. The EDS mapping shows the distribution of certain elements, which
are depicted by unique colors. The maps of Ni, Ti, Zn, and O element show that all elements are
evenly distributed in the scanned area. The color mapping of the Zn-doped NiTiO3 sample (x =

297



Bui Phi Long, et al.

0.05) compound provides the

evidence of uniform distribution of elements within
the compound.

4
E [keV]

Figure 4. Energy dispersive X-ray spectroscopy of Zn doped NiTiO3 sample.
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Figure 5. Energy dispersive X-ray spectroscopy mapping of the Zn-doped NiTiO; sample.

3.4. Electrical analysis

The process of electrical conduction through dielectric materials is initiated by the infusion
of thermal energy. This process entails the organized migration of charged particles that are
loosely bound, and the type of charge carriers involved significantly impacts the conductance.
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For ceramics, the direct current (dc) conductivity can be mathematically described by an
Arrhenius equation, which establishes a relationship between the conductivity at a specific
temperature, the pre-exponential factor, Boltzmann’s constant, and the activation energy [30].

O4c = O, €XP (— k]i“T) (2

where gyc is the conductivity at temperature 7, oo is called the pre-exponential factor, kg is
Boltzmann’s constant and £, is the activation energy. The relationship between In(cq:) and the
inverse of temperature (1000/T) is shown in Figure 6. This result shows that the conduction
process is thermally activated, and becomes more mobile at high temperatures. The relationship
between conductivity and temperature as well as doping concentration can be observed from the
obtained results. It is evident that both temperature and doping concentration exert influence on
the conductivity. With higher temperatures, the conductivity demonstrates a gradual rise.
Similarly, an increase in Zn doping concentration also correlates with an increase in
conductivity. These findings reveal that the introduction of Zn into the NiTiO; crystal results in
enhancing conductivity of the material.

The activation energy depended on the Zn doping concentration, and it decreased with
increasing of Zn amount. The activation energy of pure NiTiO3; was 1.22 eV, but upon
introducing Zn dopants into the crystal, the activation energy decreased to 1.18 eV and 0.9 eV
for 5 % and 10 % Zn doping, respectively which demonstrates that a small amount of energy is
enough to activate the charge carriers. With an increase in Zn doping concentration, the
conductivity of NiTiO3; was observed to increase. This enhanced conductivity is attributed to the
Zn dopant, which entered the NiTiOs lattice and caused in the conductivity. In ferroelectric
materials, the sintering process at higher temperatures often leads to a loss of oxygen and
creation of vacancies, which act as mobile charge carriers. The presence of Zn dopants can
increase the number of oxygen vacancies, which can further increase with an increase in doping
concentration, leading to the formation of defects. The oxygen vacancies are responsible for the
electrical conductivity of the ceramic samples, and during thermal agitation, they move in
the lattice.
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Figure 6. Arrhenius plot of DC conductivity for the NiTiO3 and Zn-doped NiTiOs3 sample.
Figure 7 shows the variation of ac conductivity in a broad range of frequency (1 kHz - 1

MHz) at different measured temperatures. In general, the conductivity of a ceramics consists of
two parts, a frequency independent dc conductivity part and a highly dispersive ac conductivity
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part and this type of phenomenon can be explained by Jonscher’s power law [31], given by
the equation

o(w) = oy + A" 3)

where n is the frequency exponent that infers the degree of interactions between the mobile ions
and the lattices, o4 and A are thermally activated quantities. The ac-conductivity curves in the
lower frequency region (1 kHz - 100 kHz) slightly depended on the frequency and strongly
depended at the higher frequency. The doped sample, the strong dependance was occured in
larger frequency region. The n value in this material depended on temperature, type of doping
element and concentration of dopant. With pure NiTiO3 sample, the conductance increased fast
when the frequency grew up to the range from 100 kHz to 10 MHz, which demonstrates the
dominant contribution of grains to the conduction compared to the contribution of grain
boundaries. The conductance of NiTiO; is almost no change at frequency in range of 1 kHz —
100 kHz. With increasing the Zn dopant into NiTiOs lattice, the ac conductances are higher in
comparison with that of the pure NiTiOs in all frequency range. Zn dopant can cause creating
more oxygen vacancies, which leads to the formation of defects. This reason can result in
dominating the contribution of grain boundaries in comparison with grain. The increment in the
conductivity value of the material with growing temperature and frequency suggests an
occurrence of negative temperature coefficient of resistance phenomenon.
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Figure 7. Frequency dependence of ac-conductivity of NiTiOz and Zn doped NiTiOs.
3.5. Ferroelectric properties analysis

Figure 8 presents the results of the polarization-electric field hysteresis loops for Zn-doped
NiTiO; at different applied electric fields. The P—E hysteresis loops exhibit nonlinear
polarization behavior without clear saturation, particularly in the Zn-doped samples. The
apparent increase in polarization with Zn content is accompanied by loop broadening and
distortion, indicating significant contributions from defect-mediated conduction and space-
charge polarization rather than intrinsic ferroelectric domain switching. The hysteresis loops of
NiTiOs have a saturation polarization of 0.07 pC/cm? at an electric field of 10 kV/cm and a
coercive field of 3.37 kV/cm. The addition of Zn dopant results in an increase of polarization
values, and the extent of increase is directly proportional to the concentration of Zn doping.
Overall, the results indicate that the introduction of Zn into NiTiO; enhances its
ferroelectric properties.
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Figure 8. (a) P-E hysteresis loops measured on sintered pellets of Zn doped NiTiOs3 at different polarizing
electric fields and (b) dependence of P; and Ec on Zn doping concentration.

The incoporation of Zn into the NiTiO; lattice can lead to lattice distortion. In general, the
introduction of dopants like Zn into a crystal lattice can cause local disruptions in the regular
arrangement of atoms, leading to lattice distortion. This distortion can arise due to differences in
atomic size, electronic interactions, and changes in the overall crystal structure. Regarding the
P-E relationship, it refers to the relationship between the polarization (P) and the applied electric
field (E) in a material. The ferroelectric properties of NiTiO3; ceramics with different Zn doping
concentrations are presented in Table 2. The presence of lattice distortion can influence this
relationship. In some cases, lattice distortions can enhance the P-E response, resulting in an
increase in the polarization under an applied electric field. However, in the case of heavy doping
of Zn, where the dopant concentration exceeds 0.1, we observed an increase in leakage current
and a degradation of the ferroelectric properties. This could be attributed to the formation of
defects such as vacancies, which act as charge carriers in the crystal. The presence of these
defects increases the concentration of charge carriers, thereby enhancing the material’s
conductivity and leakage current in heavily doped material.

Table 2. Ferroelectric properties of the NiTiO3 ceramics with the different Zn doping concentration.

X Piax (UC/cm?) P, (uC/cm?) E;(kV/cm)
0 0.072 0.032 3.35
0.05 0.14 0.097 5.17
0.10 0.19 0.15 6.23

Zn doping in NiTiO:s plays a significant role in modifying both the electrical transport and
polarization response of the material. Although Zn>" substitutes isovalently for Ni**, its larger
ionic radius induces local lattice distortion, which affects defect-assisted charge transport, as
reflected by the increased electrical conductivity and reduced activation energy observed in
impedance measurements. These defect-related charge carriers enhance space-charge and
interfacial polarization contributions, leading to higher apparent polarization values and
broadened P-E hysteresis loops in Zn-doped samples. However, the increased conductivity and
delayed charge relaxation at high electric fields also result in polarization instability and loop
distortion, indicating that the polarization response is dominated by non-ideal, defect-mediated
mechanisms rather than intrinsic ferroelectric domain switching. Consequently, Zn doping
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modifies the electrical and dielectric behavior of NiTiOs but does not lead to a clear
enhancement of intrinsic ferroelectricity.

4. CONCLUSIONS

In conclusion, Nii«ZnsTiO; with x = 0, 0.05, and 0.10 ceramics were successfully
synthesized via the sol-gel method. The effects of Zn substitutions on microstructure,
conductivity and ferroelectric properties were investigated. The results show that all synthesized
doped NiTiO; samples crystallized into the single ilmenite rhombohedral phase. An increase of
lattice parameters values is observed with Zn addition. The Zn substitution for Ni in NiTiO3
lattice resulted in increasing of conductivity. P-E measurements reveal nonlinear hysteretic
polarization behavior in both undoped and Zn-doped NiTiOs ceramics. Zn substitution increases
apparent polarization and electrical conductivity but also introduces stronger non-ideal effects.
These results indicate that Zn doping modifies the electrical and dielectric response of NiTiOs
through defect-assisted polarization mechanisms rather than enhancing intrinsic ferroelectricity.
Doping of Zn resulted in increasing of conductivity and degradation of the ferroelectric
properties of NiTiOs. Our work is a step further to understand the role of interaction in A-site in
nanocrystal ilmenite structure for electronic device application.
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