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1. Introduction
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Investigation of electronic parameters, carrier
transport mechanisms via the correlated barrier
hopping model, electrothermal NTCR effects, and
polarization contributions to the dielectric
response of Niz(PO,), orthophosphates
synthesized by the sintering process
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Iheb Garoui,® Sourour Ben Yahya,
Iskandar Chaabane,® Abderrazek QOueslati

Nickel orthophosphate, Niz(PO4),, was prepared through a conventional solid-state synthesis route and
its crystal structure was verified by X-ray diffraction, confirming a monoclinic phase with space group
P2,/c. Optical studies using UV-Vis spectroscopy revealed strong absorption in the ultraviolet region,
consistent with its semiconducting nature. The dielectric and electrical behaviors were systematically
examined as functions of both temperature and frequency using impedance and electric modulus
approaches, which allowed a clear distinction between grain and grain-boundary contributions,
relaxation processes, and charge transport mechanisms. The temperature-dependent variation of the
power-law exponent s(T) showed a decreasing trend, pointing to the correlated barrier hopping (CBH)
mechanism as the dominant conduction process within the investigated temperature range (393-633 K).
Based on this model, the maximum barrier energy was estimated as Wy = 0.66 eV. Analysis of the impe-
dance and modulus spectra confirmed a non-Debye type relaxation with well-resolved grain and grain-
boundary contributions. The impedance data were successfully fitted using an equivalent R//C//CPE cir-
cuit, and the variation in resistance further confirmed the NTCR behavior. The material displays a notably
high dielectric constant at low frequencies (¢’ ~ 1.58 x 10* at 633 K), reflecting effective polarization
processes and thermally activated charge carrier motion. At higher frequencies, it preserves stable
dielectric characteristics accompanied by moderate energy losses. Overall, these results establish a
strong correlation between relaxation phenomena and hopping-based charge transport, highlighting
Niz(POy4), as a potential candidate for high-frequency dielectric and microelectronic device applications.

strong covalent P-O bonds impart excellent thermal and
chemical stability. This rigidity, combined with tuneable ionic

Phosphate-based compounds have become a focal point of
research due to their exceptional structural robustness,
chemical adaptability, and versatile functional properties, mak-
ing them suitable for a wide range of technological applica-
tions. These include solid-state electrolytes, high-performance
dielectric components, energy storage devices, catalytic sys-
tems, and advanced communication technologies.'™ Their
crystal frameworks are built from PO, tetrahedra, where
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and electronic transport properties, allows phosphate materials
to be tailored for diverse functionalities, ranging from ceramic
capacitors® and microwave resonators”® to photovoltaic
systems”'® and emerging high-frequency devices for 5G/6G
communications."” Within this family, transition-metal phos-
phates stand out due to the synergy between the transition-
metal cation’s electronic configuration and the phosphate net-
work. The A3(PO,), family, where A represents a divalent
transition metal, has demonstrated remarkable potential, with
examples including Mg;(PO,),,"* Co;(PO,),,"* and Cus(PO,),.”
It is well recognized that the integration of distinct compounds
possessing superior electronic characteristics can give rise to
advanced composite materials with enhanced functional per-
formance. Such composites have garnered considerable
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technological interest in recent years due to their tenable
physical properties and potential applications in electronics,
energy storage, and catalysis.'® The introduction of a secondary
phase can markedly improve key electronic parameters such as
electrical conductivity, dielectric stability, and charge transport
efficiency by promoting interfacial interactions and synergistic
effects between the constituent phases.

In recent years, combining inorganic compounds with
carbon-based materials such as graphene, carbon nanotubes,
and carbon nanospheres has proven to be an effective approach
for improving the electronic, dielectric, and catalytic properties
of functional composites."® The intrinsic high conductivity and
large surface area of these carbon matrices enhance charge
transport and strengthen interfacial polarization, thereby
boosting the overall electronic performance of the hybrid
systems. For example, the Na;,5Crg,5Ti;75(PO4)3/C anode
material for sodium-ion batteries exhibited markedly enhanced
electrochemical behavior and improved charge transport
mechanisms.’® These findings highlight the considerable
potential of carbon-based hybrid composites for the develop-
ment of materials with optimized electronic and functional
properties for advanced technological applications. The electro-
nic properties of oxide- and transition-metal-based compounds
are highly sensitive to stoichiometry, particularly the oxygen
content."” Deviations from ideal stoichiometry, including oxygen
excess or deficiency, can alter the oxidation state of cations,
thereby significantly affecting charge transport, dielectric
response, and overall electronic behavior.

Nickel-based compounds have been widely studied due to
their outstanding structural flexibility and diverse functional
properties.'® For example, Ni,FeO," and NiCo,0,*° exhibit
remarkable electrochemical performance and are extensively
utilized in supercapacitors, gas sensors, and catalytic systems,
attributed to their mixed-valence nature and high electrical
conductivity. Nevertheless, metallic materials, hydroxides, and
their alloys are often constrained by their limited resistance to
aggressive environments, including elevated temperatures, oxi-
dative atmospheres, and electromagnetic radiation. In contrast,
oxide-based compounds display superior thermal and chemical
stability, preserving their structural integrity and performance
even at temperatures approaching 1000 °C.>" Moreover, metals,
hydroxides, and their alloys typically suffer from substantial
energy losses induced by eddy currents under alternating
electromagnetic fields, which further restricts their use in
high-frequency applications.**

Similarly, nickel phosphates such as Ni(PO,),,>
(NaNi,(PO,);/GF),>* K,NiP,0,,>® and LiNiPO,> have attracted
interest as potential candidates for dielectric, magnetic, and
energy-storage applications. These compounds combine the sta-
bility of the phosphate framework with the redox activity of Ni**
ions, favouring efficient charge transport and polarization phe-
nomena. Furthermore, the incorporation of nickel ions into
phosphate lattices can modulate the electronic structure and
enhance relaxation processes through hopping or localized
polaron mechanisms.>**”*® Consequently, the study of Niz(PO,),
contributes not only to understanding the intrinsic dielectric and
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conduction behavior of nickel phosphates but also to exploring
their potential for high-frequency and energy-related applications.
Nickel orthophosphate (Niz(PO,),) crystallizes in the monoclinic
space group P2,/c with lattice parameters a = 5.8283(2) A, b =
4.6931(1) A, ¢ = 10.0998(4) A, and f = 91.1(2)°. In its crystal
structure, Ni’* ions are coordinated by oxygen atoms from
phosphate groups, forming an extended three-dimensional
framework.”® This arrangement offers potential pathways for
polaron hopping and localized charge migration, making it an
attractive candidate for both conduction and dielectric relaxa-
tion studies. Previous investigations on Ni;3(PO,), have largely
focused on its crystal chemistry, thermodynamic properties, and
catalytic activity. However, comprehensive studies examining its
dielectric performance, impedance behavior, and conduction
mechanisms remain limited. Given the increasing demand for
lead-free, thermally stable, and environmentally benign dielec-
tric materials, a deeper understanding of the electrical transport
and polarization mechanisms in Ni3(PO,), is both timely and
essential. In particular, the influence of grain boundaries, defect
states, and thermal activation on its AC and DC transport
properties requires systematic exploration.

In phosphate frameworks containing PO, units, electrical
conduction often occurs via hopping mechanisms involving elec-
tron transfer between mixed-valence states such as P*" and
P>*.>3*31 This process generates localized distortions in the lattice,
giving rise to polarons quasiparticles formed by an electronic
charge coupled with lattice deformation. The dynamics of these
polarons are governed by factors such as temperature, bond length
variations, lattice vacancies, and electron-phonon interactions, all
of which influence the overall conductivity and dielectric relaxation
behavior. Complex impedance spectroscopy (CIS) is a particularly
powerful technique for probing such transport phenomena. By
analysing frequency- and temperature-dependent impedance
responses, CIS can separate the contributions of grains, grain
boundaries, and electrode interfaces.**** It also allows for the
determination of key dielectric and transport parameters such as
relaxation frequencies, relaxation times, dielectric constants, con-
ductivity, dielectric losses, and electric modulus and enables the
construction of equivalent circuit models to simulate resistive and
capacitive elements in polycrystalline ceramics under alternating
electric fields.**

Numerous synthetic approaches have been reported for the
preparation of oxide precursors, each providing control over the
composition, particle size, morphology, and defect concen-
tration of the final product.®® The choice of synthesis route plays
a crucial role in determining the phase purity and functional
performance of complex oxides, as demonstrated in systems
such as Nd;_,Ba,MnO;_;.>” Phosphate ceramics can be synthe-
sized through various routes, including solid-state reactions,
sol-gel processing,®® hydrothermal synthesis,>® precipitation,
and combustion methods.* Among these, the conventional
solid-state route is the most widely employed due to its simpli-
city, scalability, and cost-effectiveness. It relies on high-
temperature diffusion between precursor powders to achieve
complete phase formation, though it often requires extended
heating to ensure full reaction and densification.***' In this

© 2025 The Author(s). Published by the Royal Society of Chemistry
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work, Niz(PO,), ceramic was synthesized via the solid-state reac-
tion method and sintered at 900 °C. The optical band gap was
determined using UV-Visible spectroscopy. A comprehensive
investigation of its dielectric and transport properties was carried
out over a wide temperature range (393-633 K) employing impe-
dance (Z*), permittivity (¢*), electric modulus (M*), and electrical
conductivity (0*) formalisms. These findings offer valuable
insights into the structure-property correlations in Niz(POy),,
underscoring its promise as a functional ceramic for energy
storage, sensing, and frequency-dependent device applications.

2. Methodology

2.1 Solid-state process

Various synthesis methods have been developed for oxide
precursors, enabling precise control over composition, particle
size, morphology, and defect concentration.>® The selected
synthesis route critically influences the phase purity and func-
tional properties of complex oxides.*” In this study, Ni;(PO,),
was synthesized using the conventional solid-state method.
Eqn (1) illustrates the chemical reaction leading to the for-
mation of the Niz(PO,), compound.

3NiO + 2NH,H,PO, = Ni;(PO,), + 3H,0 + 2NH; (1)

Analytical-grade NiO, and NH,H,PO, powders were accurately
weighed in stoichiometric proportions and blended for 3 hours
at ambient temperature using an agate mortar to ensure uni-
form mixing. The homogenized mixture was compacted into
pellets with a diameter of 13 mm under a uniaxial load of 3 tons
per cm?, followed by preheating on a hot plate at 350 °C for
10 hours to eliminate volatile species. The preheated material
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was subsequently ground for 1 hour and re-compacted into
8 mm pellets. These were sintered at 900 °C for 3 hours in an
alumina crucible to facilitate phase formation and improve
densification. The final sintered products reached approxi-
mately 97% of their theoretical density. A schematic represen-
tation of the synthesis steps is provided in Fig. 1.

2.2 Instrumentation

Powder X-ray diffraction (PXRD) is a highly effective technique
for assessing the crystallinity of the sample. Measurements were
performed at room temperature using an 8D-Bruker Advance X-
ray diffractometer, operating over a 20 range of 10-80°, and
equipped with a copper anode (CuKuo, / = 0.15406 A).

A Shimadzu UV-3101PC spectrophotometer was employed to
record the UV-Vis absorption spectrum of the powdered
sample.

Electrical and dielectric measurements were performed
using a Solartron 1260 impedance analyzer, covering a broad
frequency range from 0.1 Hz to 1 MHz and a temperature range
of 393-633 K. The dielectric characterization aimed to investi-
gate grain and grain boundary contributions to the electrical
properties of the prepared Niz(PO,), pellets. The samples,
fabricated in disc form with an 8 mm diameter and 1 mm
thickness, were coated with a thin conductive layer (gold or
silver) on both surfaces to ensure optimal and stable electrical
contact. The pellets were placed between copper or platinum
electrodes inside a temperature-controlled chamber equipped
with a precision closed-loop feedback system, achieving a
temperature resolution of 0.1 K and stability better than
+0.5 K. Measurements were carried out under standard atmo-
spheric pressure with an applied AC voltage of 0.5 V, ensuring
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Fig. 1 Schematic illustration of the Niz(PO,), synthesis process via the solid-state reaction method.
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reproducible results over the entire frequency and temperature
ranges.

3. Results with discussion

3.1. Experimental and theoretical structural studies

X-ray powder diffraction (XRPD) analysis confirmed that
Ni3(PO,), crystallizes in the monoclinic system, adopting the
P2,/c space group. The diffraction pattern in Fig. 2 exhibits
sharp and well-defined Bragg peaks, all of which are correctly
indexed and precisely modelled, demonstrating the robustness
of the structural refinement. Rietveld analysis of the room-
temperature data yielded lattice parameters a = 5.843 A, b =
4.692 A, ¢ = 10.088 A, and f = 90.676°, in excellent agreement
with literature values.”>*>** The refinement quality, indicated
by the agreement factors (Rp = 5.46%, Rwp = 7.33%, Rexp =
2.62%, Table 1), confirms a high degree of correlation between
the observed and calculated patterns. These results verify the
successful synthesis of phase-pure Niz(PO,),.

The crystal structure of Ni3(PO,),, shown in Fig. 3 and
obtained from the Crystallographic Information File (CIF) of
ICSD card no. 4269," consists of interconnected polyhedral
units. Table 1 presents the fractional atomic coordinates of the
atoms in the crystal structure. The positions of the oxygen atoms
(01-04) indicate the arrangement of oxygen ions forming poly-
hedral units around Ni and P atoms, defining the overall crystal
geometry, which consists of NiOg octahedra and PO, tetrahedra.
These well-defined atomic positions also confirm the excellent
stoichiometry of the Ni;(PO,), structure.** Each [NiOg] octahe-
dron shares oxygen edges with adjacent [NiOg] octahedra and is
further linked to [PO,] tetrahedra through two common oxygen
edges. Such connectivity may introduce O-O repulsion, which
can weaken the [NiO4]-[PO,] interactions and influence the
overall chemical stability of the lattice. However, the presence
of strong covalent P-O bonds impart considerable structural
integrity, ensuring that Niz(PO,), remains chemically stable.

The crystallite size and its distribution typically increase
with rising annealing temperature as a result of thermally
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Fig. 2 Room-temperature Rietveld refinement of the X-ray powder dif-
fraction pattern of Niz(PO,4), compound.
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Table 1 Refined structural parameters of Niz(PO4), compound at room
temperature

Formula Niz(POy),
Crystal system Monoclinic
Space-group P2/c
Cell parameters a=5843 A

b=4.692A

¢=10.088 A

B = 90.676°
Cell volume 276.566 A
VA 2
Atoms x Yy z
Ni(1) 0.5000 0 0
Ni(2) 0.2416 —0.0169 0.2751
P 0.2507 0.4200 0.0932
0o(1) 0.2590 0.7416 0.1054
0(2) 0.2521 0.1964 0.4509
o(3) 0.0464 0.3013 0.1734
0O(4) 0.4618 0.2671 0.1613
R-factors

5.46/7.33/2.62
1.06

J!ef/RWp/Rexp (%)
z

Fig. 3 Crystal structure of Niz(PO4), projected along the b-axis.

activated grain growth.*” The enlargement of grains enhances
intergranular connectivity, thereby facilitating charge transport
through improved electronic and ionic pathways and conse-
quently enhancing the capacitance behavior. In the present
work, Niz(PO,), was synthesized under optimized annealing
conditions to achieve a single-phase structure with a homo-
geneous crystallite size distribution. Generally, elevated anneal-
ing temperatures promote further grain coarsening, which can
improve transport characteristics; however, excessive thermal
treatment may also trigger oxygen diffusion and mass trans-
port, leading to the formation of vacancies or grain boundary
defects that degrade dielectric and electrical performance.*®
The average crystallite size of the Ni;(PO,), sample was
determined from the most intense diffraction peak (20 =
29.7959°) (Fig. 4(a)) using the Debye-Scherrer equation:*°

0.94
Dy = ﬁTs(@) (2)

Here, A denotes the X-ray wavelength (1.54059 A), 0 the diffrac-
tion angle, and f the full width at half maximum (FWHM).

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01096a

Open Access Article. Published on 10 November 2025. Downloaded on 2/12/2026 7:00:15 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

@ Intense peak
(a) —— Gauss Fit
P
_
=
= o
> z
= =)
7] *O
g &
~—
=
] e —_—
Dy =48 nml
$ |
354 256 258 260 262 264
20 (°)

Fig. 4

Based on the above equation, the mean crystallite size is
calculated to be around 48 nm. Furthermore, the William-
son-Hall (W-H) analysis was performed (Fig. 4(b)). The proce-
dure for constructing the W-H plot is described by eqn (3):*

0.9/
B x cos(0) = 5

+ 4¢ x sin(0) (3)

W-H

In the Williamson-Hall (W-H) method, 4sin(f) was plotted
along the x-axis and fcos() along the y-axis. The average
crystallite size obtained from the W-H plot is approximately
118 nm. It is noteworthy that the size calculated using the
Scherrer equation is smaller than that estimated by the W-H
model. This discrepancy arises from the fact that the Scherrer
approach neglects the strain contribution (&), suggesting that
the line broadening in the compound is influenced not only by
crystallite size but also by lattice deformation.*®

3.2. Optical response by UV-Visible spectroscopy

The UV-Vis absorption and reflectance spectra of Ni(PO,),
(Fig. 5(a)) exhibit well-defined bands centred at 430, 474, 706,
and 810 nm, along with a pronounced absorption edge below
300 nm in the ultraviolet range. This high-energy feature origi-
nates from charge transfer processes between O*>~ and Ni*" ions, a
phenomenon frequently observed in transition-metal phosphate
systems.*>*® The peaks observed in the visible to near-infrared
region are linked to intra-d electronic transitions of Ni** (3d®
configuration) under an octahedral crystal field. More precisely,
the absorptions at ~430 and 474 nm correspond to the *A,g(F) —
*T,g(P) transition, whereas those near 706 and 810 nm are
attributed to the *A,g(F) — *T,g(F) and *A,g(F) — *T,g(F) transi-
tions, respectively.’’® These optical signatures validate the octa-
hedral environment of Ni** ions in the Niz(PO,), lattice and align
with reported spectra of related nickel-containing materials.>* The
visible absorption is also responsible for the typical green

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) The Debye—-Scherrer plot and (b) the Williamson—Hall plot for Niz(PO4), compound.

appearance of nickel phosphates and highlights their promise
for applications in optoelectronics and catalysis.

The optical band gap is a fundamental parameter in many
scientific domains, including photovoltaics, lasers, photocata-
lysis, light-emitting diodes, and photoluminescence.> It repre-
sents the electronic transition at the absorption edge,
corresponding to the energy difference between the highest
occupied state of the valence band and the lowest unoccupied
state of the conduction band.>® The band gap energy was evaluated
using the Marotti method,>” which is based on plotting dRr/d/. as a
function of wavelength (). The band gap corresponds to the
maximum point of this curve, as illustrated in Fig. 5(b), and was
estimated using the relation E, = 1240/262 ~ 4.73 eV. To more
accurately determine both the value and the nature of the optical
band gap, the Schuster-Kubelka-Munk (SKM) model is often
employed. This approach is widely used to analyse the absorption
characteristics of semiconductors based on their diffuse reflec-
tance spectra, as expressed by the following relation:*®>°

(1-R)

FR) =7

(4)
The optical band gap of the examined material can be estimated
using Tauc’s method, which is defined by the following equation:*
1

(F(R)hv)n = A(hv — E,) (5)
where “hv” represents the photon energy, “A” denotes the optical
absorption coefficient, and “n” takes the value of “1/2” for direct
transitions or “2” for indirect transitions. Fig. 5(c) presents the
plots of (F(R)kw)* and (F(R)hv)"* as a function of photon energy ().
From these curves, the optical band gap was extracted, yielding
Eqq = 4.75 eV for the direct transition and Ey = 4.36 eV for the
indirect transition. To further verify the nature of the optical band
gap (direct or indirect), eqn (6) was rearranged, leading to the
following expression:

Mater. Adv., 2025, 6, 9761-9778 | 9765
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(a) UV-Visible absorption and reflectance spectra of Niz(PO4),. (b) Variation of the derivative of reflectance (dR/d4) with respect to wavelength (4).

(c) Plots of (F(R)h)*? and (F(R)h1)? as functions of photon energy (hv). (d) Dependence of In(xhy) on In(hy-4.73).

In(F(R)hv) = In(A) + nln(hv — Eg)

(6)

From the linear fitting of the curve, a slope value of 0.53 was
obtained (see Fig. 5(d)), corresponding to n ~ 1/2, which confirms
the direct nature of the optical transition in the Niz(PO,), com-
pound. It is clear that there is only a slight difference between the
band gap energy determined from the derivative method and that
obtained from the Tauc plot, which can be attributed to the
uncertainty AE,. These results further confirm that the compound
possesses a well-defined direct band gap of 4.74 £ 0.01 eV. This
nature of the band gap is consistent with those reported for other
phosphate-based materials, such as a-KYP,0,°" and K,Ba;(P,0-),.*

Since the Niz(PO,), compound shows direct band gap, we
estimated the conduction band minimum (Ecg) and valence
band maximum (Eyg) using the empirical formula:*

1

Ecg =y — E. — EEg (7)

Eyp = Ecp * Eg

(8)
In this relation, y denotes the absolute electronegativity of the
compound, whereas E. is a fundamental constant corres-
ponding to the free-electron energy on the hydrogen scale,
commonly taken as 4.5 eV. The electronegativity of the com-
pound was estimated using the following relation:*°

1= [ A"y (B) (05D )

9766 | Mater. Adv, 2025, 6, 9761-9778

In this framework, «, §, and y correspond to the atomic multi-
plicities of Ni, P, and O, respectively. From our calculations, the
absolute electronegativity of the sample was found to be 6.5 eV.
By combining this value with the calculated Evg, Ecg, and Egq,
a schematic band structure was constructed, as shown in
Fig. 6(a).

The disorder in the material was evaluated by calculating the
Urbach energy E,, which is expressed as follows:**

hv
+7

In(er) = In(o) z

(10)
Based on the In(«) versus hv plot (Fig. 6(b)), the Urbach energy
(E,) was found to be 0.47 eV. This relatively low value suggests
that the material has minimal structural disorder.

3.3. Impedance spectral response analysis

3.3.1. Frequency dependence of the real and imaginary
components of impedance. Impedance spectroscopy (IS) is a
powerful, non-destructive analytical method for examining
phosphate-based electrolyte materials by monitoring their cur-
rent response over a range of frequencies and temperatures.
Since its first application in electrical engineering by Oliver
Heaviside in 1880,%* IS has evolved to serve diverse domains
such as dielectric, electrochemical, and bioelectrical analysis,
with applications spanning biomaterials, photovoltaic devices,
sensing, frequency-dependent device applications, and electro-
chemical systems.®>°® The technique enables separation of the
electrical contributions from different regions of a material,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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including grain interiors (bulk), grain boundaries, and electrode-
material interfaces, each characterized by distinct relaxation
behaviors and resistive-capacitive properties.** These features
are identified through analysis of impedance spectra, which are
often plotted in the complex plane to derive parameters such as
resistance, capacitance, and relaxation time. Such parameters are
determined using established theoretical models and impedance
relations that link the real (Z’) and imaginary (Z”) components of
the complex impedance vector (Z*):

zx =7 +j7' (11)

Fig. 7(a) presents the variation of the real component of the
complex impedance (Z') with angular frequency for the
Ni3(PO,), material over the temperature range of 393-633 K.

The frequency response reveals two distinct regions. In the low-

frequency range, Z' remains almost constant, signifying DC
conduction dominated by long-range charge migration, where
carriers successfully hop between adjacent sites.>®”°® At higher
frequencies, Z' displays a pronounced dispersion, which is
associated with AC conduction arising from localized carrier
motion and incomplete hopping events. This behavior
indicates the coexistence of two conduction mechanisms:
extended-range charge transport at low frequencies and loca-
lized relaxation processes at high frequencies, which contribute
to AC conductivity.

As the temperature increases, the frequency at which Z’
begins to deviate from its low-frequency plateau shifts toward
higher values from around 18 rad s™* at 393 K to approximately
800 rad s~ ' at 633 K implying a thermally activated relaxation
process. In the high-frequency region, Z’ approaches a mini-
mum, nearly temperature-independent value, suggesting that
thermal energy reduces barriers to charge movement. Conver-
sely, in the low-frequency regime, Z’' decreases noticeably with
rising temperature, reflecting a negative temperature coefficient
of resistance (NTCR). This behavior is characteristic of semicon-
ductors and confirms the material’s NTC thermistor nature.**>*

The imaginary part of the impedance spectrum serves as a
key indicator of the dielectric relaxation characteristics of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic representation of the band structure. (b) Variation of In(x) with incident photon energy.

Niz(PO,), material, which arise from either charge carrier
motion or the reorientation of dipolar groups when subjected
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Fig. 7 (a) Temperature-dependent variation of the real component of
complex impedance (Z') with angular frequency in the range of 393-633 K.
(b) Temperature-dependent variation of the imaginary component of
complex impedance (Z”) with angular frequency in the range of 393-633 K.
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to an external electric field. In Fig. 7(b), the variation of —Z"
with angular frequency is presented for temperatures between
393 K and 633 K, illustrating how relaxation dynamics evolve
with increasing thermal energy. Each curve displays a distinct
peak, marking the transition region between DC and AC con-
duction, consistent with the features observed in the Z’ spectra
(Fig. 7(a)). This peak, known as the relaxation frequency,
represents the crossover from extended charge transport to
more localized carrier motion. The progressive broadening of
these peaks with temperature suggests a deviation from the
ideal Debye relaxation behavior,’® highlighting the intricate
interplay between polarization and conduction mechanisms in
the system. At frequencies below the peak, charge transport is
dominated by long-range hopping processes, while frequencies
above the peak are primarily associated with localized relaxa-
tion effects.

Fig. 8(a) presents the variation of relaxation time (z),
extracted from the Z” data, as a function of temperature. A
noticeable decrease in t with increasing temperature reveals a
thermally activated relaxation mechanism. This behavior is primar-
ily associated with ionic conduction, likely governed by polaron
hopping facilitated by local lattice vibrations, often referred to as
“rattling” motions. The reduction in 7 reflects enhanced charge
carrier mobility and progressive delocalization.”””* Moreover, this
evolution is accompanied by a tendency toward more uniform
relaxation, approaching Debye-like behavior at higher tempera-
tures, indicative of a narrowing relaxation time distribution.

For further insight, the imaginary part of the electric impe-
dance, Z"(w,T), was normalized by its maximum value, Z;r/m,
and plotted against the logarithm of the normalized angular
frequency, log(w/wmax), Where wp.y corresponds to the peak-
loss frequency. Here, T denotes temperature. The convergence
of impedance loss curves obtained at different temperatures
into a single master curve suggests that the relaxation time
distribution is temperature-independent. As depicted in
Fig. 8(b), the nearly perfect overlap of the curves confirms that
the relaxation dynamics remain unchanged over the investi-
gated temperature range.””

3.3.2. Nyquist plot representation analysis (—Z" vs. Z'). The
Nyquist plot, serves as an effective tool for exploring the
electrical response of materials. It enables the identification
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Fig. 8 (a) Temperature dependence of the relaxation time (7). (b) Normal-
ized variation of Z”/Z” as a function of m/wmay at different temperatures

max

for the Niz(PO4), compound.
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of surface layer formation due to undesirable chemical processes
such as oxidation or hydration, and it reveals interfacial effects at
the electrode-material interface. Furthermore, Nyquist analysis
provides valuable information on the type and mobility of charge
carriers, as well as on the separate contributions from the bulk
(grain) and interfacial (grain boundary) regions of the material.>>
Fig. 9(a) presents the complex impedance spectra in Nyquist
form, displaying depressed and asymmetric semicircular arcs
whose diameters decrease progressively with increasing tem-
perature. This trend reflects non-Debye relaxation, associated
with a distribution of relaxation times arising from heteroge-
neous dipolar environments within the sample.” A single arc in
the plot may appear in two situations: (i) when grain boundaries
are highly conductive, resulting in negligible impedance and no
distinct arc, or (ii) when the bulk phase exhibits high conductiv-
ity, minimizing its impedance contribution and leaving only the
grain boundary response visible. The shift of the real-axis inter-
cept and the peak frequency of the semicircular arcs toward the
origin with temperature rise indicates enhanced electrical
conductivity.

To quantitatively assess the grain boundary contribution,
the depressed semicircular arcs were analyzed using an equiva-
lent circuit model in Zy., software,°“®* as illustrated in
Fig. 9(b). This figure presents both the sample geometry used
for complex impedance spectroscopy (CIS) measurements and
the corresponding equivalent circuit, comprising a resistor (R),
a capacitor (C), and a constant phase element (CPE) in parallel.
This configuration effectively models the non-ideal dielectric
behavior, allowing a clear distinction between bulk and grain
boundary contributions. During the Zy;, fitting process, the
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(a) @ 453K o 473K o 493K
. > 513K o 533K 553K
2.4x10° 1 573K 593K @ 613K
633K —— ECM Fit
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NCY

Fig. 9 (a) Nyquist plots (Z” vs. Z') for Niz(PO4), compound at various
temperatures. (b) Schematic illustration along with the sample geometry

Pellet 3 !
| Z(w)

1(®)

for CIS measurement and the equivalent circuit model used to fit the data.
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Table 2 Electrical parameters extracted from Zy fitting at selected
temperatures

T (K) R (10° Q) Cc (107" F) CPE-T (10 '° F) CPE-P

393 30.75 3.418 1.063 0.60456
413 23.99 3.424 1.091 0.57810
433 19.33 3.433 1.359 0.54744
453 14.82 3.441 1.711 0.61646
473 12.04 3.449 1.942 0.54243
493 9.492 3.466 2.146 0.53375
513 7.425 3.477 2.474 0.51353
533 5.710 3.488 2.699 0.53197
553 4.397 3.498 2.809 0.58448
573 3.545 3.512 3.145 0.56844
593 2.831 3.531 3.538 0.55779
613 2.365 3.546 4.052 0.54754
633 2.083 3.56 4.462 0.54283

constant phase element (CPE) is typically characterized by two
parameters, CPE-T (Q) and CPE-P (), and is mathematically
defined as:

1
[(CPE-T)(jeo)|

Here, CPE-T is expressed in units of capacitance, while the angular
frequency (w) is given in radians per second. The exponent CPE-P
takes values of 1, 0, and 0.5, corresponding to ideal capacitive,
resistive, and Warburg-type behaviors, respectively.”* The para-
meters obtained from the equivalent circuit fitting are summarized
in Table 2, which lists the calculated resistance (R), capacitance (C),
and constant phase element (CPE) values for the Niz(PO,), com-
pound. The high grain boundary resistance is likely due to
structural defects such as voids or micro-gaps in these regions.
The measured capacitance values, on the order of ~10~*' F for C
and ~10"'° F for Q, suggest that at higher frequencies, conduc-
tion is predominantly confined to the grains, whereas at lower
frequencies, it is mainly governed by grain boundary effects. The
increase of both parameters with temperature suggests enhanced
dielectric polarization and improved charge carrier mobility within
the material.

NTCR-type behavior

390 420 450 480 510 540 570 600 630
Temperature (K)

Fig. 10 Evolution of the resistivity against the temperature.
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Fig. 10 illustrates the temperature dependence of the elec-
trical resistivity of the prepared solid Niz(PO,), over a wide
temperature range (393-633 K). The results reveal an exponen-
tial decrease in resistivity with increasing temperature, con-
firming the semiconducting nature of the sample. This
behavior is attributed to thermally activated charge carriers
gaining higher mobility at elevated temperatures, which is
characteristic of a negative temperature coefficient of resis-
tance (NTCR) and reflects the thermal sensitivity of both
resistive and capacitive components.*

3.4. Electrical conduction: from DC to AC regimes

Analyzing the electrical conductivity (¢) as a function of fre-
quency and temperature is crucial for understanding the sam-
ple’s electrical response and identifying the dominant
conduction mechanism. The conductivity is evaluated using
the following relation:

e z'
oO=———
s (Z/2 +Z//2)

(13)

Where “e” and “‘s” refer to the thickness and area of the pellet,
respectively.

Fig. 11(a) illustrates the frequency-dependent conductivity
spectra of Niz(PO,), measured over the temperature range 393-
633 K. The spectra exhibit two main regions: a frequency-
independent plateau at low frequencies and a dispersive region
extending up to ~100 rad s '. Beyond this range, a slope-
changing dispersive regime emerges, progressively shifting
toward higher frequencies as the temperature increases. The
low-frequency plateau reflects the long-range transport of charge
carriers through hopping processes, corresponding to the DC
conductivity of the material. In this regime, carrier motion can
be approximated as hopping within an extended lattice of equiva-
lent potential wells. The dispersive region up to 100 rad s~ ' is
attributed to short-range hopping between localized sites, con-
fined to a double-well potential separated by large barriers,
enabling forward-backward hopping.”>”® Under the influence of
an AC electric field, this process becomes perturbed, resulting in
an exponential rise in conductivity.”® At frequencies exceeding
100 rad s ', the response is dominated by localized carrier
dynamics, most likely associated with polaron hopping coupled
with anharmonic lattice vibrations in the Niz(PO,), framework.
With increasing frequency, the conductivity continues to rise. At
elevated temperatures, the DC plateau in the low-frequency region
becomes more dominant compared to lower temperatures. The
critical frequency at which the conductivity deviates from the DC
plateau and begins to increase is identified as the hopping
frequency (wy). Hence, the conductivity response across the
studied temperature interval can be accurately modeled by
Jonscher’s universal power law:”>

) 5

0(T,0) = 04c(T) + 0ac(®) = 04c {1 + (a) } (14)
In this relation, the frequency exponent s lies within the range
0 < s < 1,” and its value is influenced by the degree of
interaction among mobile ions. According to Jonscher’s model,
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mechanism in Niz(PO4),.

the frequency dependence of conductivity originates from relaxa-
tion processes driven by mobile charge carriers. When a charge
carrier hops from one site to another, it resides transiently between
two potential energy minima before completing the transition. To
gain a deeper understanding of AC conduction, it is essential to
analyze how the frequency exponent “s” varies with both tempera-
ture and frequency. Various theoretical models such as Quantum
Mechanical Tunneling (QMT), Correlated Barrier Hopping (CBH),
Small Polaron Tunneling (SPT), and Overlapping Large Polaron
Tunneling (OLPT) have been proposed to interpret these conduc-
tion processes.””®° In their work, Nowick and co-workers®" sug-
gested employing a normalized conductivity versus frequency plot
to minimize DC conductivity contributions when extracting the
Jonscher exponent “s”. The resulting plot (Fig. 11(b)) demonstrates
a clear linear region with slope “s”, which characterizes the degree
of interaction among charge carriers participating in the polariza-
tion and transport mechanisms.

Fig. 11(c) illustrates the temperature dependence of the fre-
quency exponent s for Niz(PO,),. A gradual decrease in s is observed
within the 393-633 K range, indicating that the conduction mecha-
nism in this compound is consistent with the Correlated Barrier
Hopping (CBH) model.”*** Within the framework of this model,
the exponent “s” is expressed by the following relation:*

6KgT

s=1
s W

(15)
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The self-trapping energy (Wy), determined from eqn (15) in
Fig. 11(c), is found to be 0.66 eV. The electrical transport in
Niz(PO,), is mainly controlled by a small-polaron hopping
process, in which charge carriers become localized on Ni sites
and move between adjacent Ni ions through successive Ni**/
Ni** redox transitions. This hopping is accompanied by a local
lattice distortion within the phosphate network, characteristic
of polaronic conduction. Fig. 11(d) depicts the carrier hopping
process in Niz(PO,),, which is predominantly governed by the
Correlated Barrier Hopping (CBH) mechanism. In this model,
electronic conduction originates from thermally activated
hopping of localized electrons between neighboring Ni cation
sites, with the phosphate framework playing a crucial role
in modulating the potential barriers that control carrier
motion. At high frequencies, the charge transport becomes
increasingly restricted to short-range polaron hopping, reflect-
ing localized carrier dynamics. As the temperature rises, the
effective potential barriers decrease, thereby enhancing carrier
mobility and facilitating more efficient charge transport. The
dominance of the CBH mechanism in Niz(PO,), aligns well
with observations in related phosphate systems such as
K,NiP,0,,”® LiNi; sP,0,,%" NajNi, »(P,0,),,% and TIFeP,0,>
(see Table 3), confirming that thermally activated hopping
between localized states governs the conduction behavior con-
sistent with the non-Debye relaxation character of these
materials.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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To assess the activation energy in Niz(PO,),, Fig. 12 displays the
plot of In(og. x T) against 1000/T. The activation energy (E,) was
extracted from this relationship using the following equation:®*

— D0 ex —Ea
Udc—T p KsT

Here, E, represents the activation energy, kg is the Boltzmann
constant, and T is the absolute temperature in kelvin. The activa-
tion energy determined for Niz(PO,), is 0.28 eV, which is markedly
lower than that of other Ni-based phosphate compounds, includ-
ing LiNiPO,,*® LiNi, 5P,05,** and K,NiP,0,** and Ni-based other
compounds listed in Table 3. This relatively small value indicates
that charge carriers in Ni;(PO,), require significantly less thermal
energy to surmount the potential barriers governing conduction.
In alkali-containing nickel phosphates, the presence of Li* or K
ions introduces additional electrostatic interactions and structural
constraints, which can restrict carrier mobility and raise the energy
barriers for hopping or migration. By contrast, the simpler frame-
work of Niz(PO,),, composed only of Ni** and phosphate groups,
offers more open conduction pathways with reduced potential
barriers, thus favoring charge transport at lower thermal energies.

(16)

3.5. Frequency-dependent dielectric polarization analysis

In recent years, inorganic phosphate materials have attracted
considerable interest due to their remarkable dielectric
properties.”*®*% In this work, the dielectric behavior of the
synthesized Ni;(PO,), ceramic was investigated by analyzing the
effects of frequency and temperature on the real part of the
dielectric permittivity (¢') and the dielectric loss factor (tand). As
shown in Fig. 13(a), ¢ exhibits a strong dependence on both
frequency and temperature. At lower frequencies, the permittivity
values are significantly higher and increase with temperature,
reaching around 1.58 x 10" at 633 K. In this work, the real part of
the dielectric permittivity (¢') was calculated from the complex
impedance measurements using the following relation:*®

"
, V4

= 17
& wCO(Z/2+Z//2) ( )

The capacitance (C,) is determined using the relation (C, = (£04)/d)),
where (&) is the permittivity of free space, “A” is the electrode area,
and “d” is the thickness of the pellet.

The real part of the dielectric constant (¢') indicates how
effectively a material can store electric energy under an applied
field. As shown in Fig. 13(a), & is relatively high at low
frequencies but gradually decreases as the frequency increases.
This behavior is attributed to the combined effects of various
polarization processes, including interfacial (space charge) and
dipolar polarization, which govern the material’s electrical
response.””" At higher frequencies, slower polarization
mechanisms cannot follow the rapidly oscillating field, leading
to a reduction in ¢'. At low frequencies (Region I, <10® rad s ),
interfacial polarization dominates due to charge accumulation
at grain boundaries and interfaces. At higher frequencies
(Region 1II), dipolar polarization becomes more significant.
Both contributions decrease as frequency continues to rise.”>
Additionally, ¢’ decreases with decreasing temperature because

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Reported activation energies (E,), dielectric constants (¢/), and
conduction models of phosphate-based compounds

Activation
Temperature energy Conduction
Compound range (K) (eV) ¢ model Ref.
K,NiP,0, 603-728 1 ~10° CBH 25
LiNiPO, 423-573 0.68 ~2 x 10* — 26
and
86
LiNi, 5P,0, 633-723 0.85 — CBH 84
Naj ¢Ni, ,(P,05), 594-710 1.03 — CBH 85
SrNiP,0O, 609-728 0.97 — OLPT 87
NaMn,(PO,);  300-573 — ~90 — 10
TIFeP,0O- 473-673 0.52-1.3 &3 x 10* CBH 2
CsFeP,0, 453-673 0.13-0.44 ~2 x 10° — 35
Ni3(PO,)s 393-633 0.28 1.58 x CBH This
10* work
-12
L4 @ Experimental DC Conductivity Data
Linear Model Adjustment
2 43
=
<
g -14
—_
=
¥y Ea=0.28 eV
)
= -151
- )
o=2rads?!
-16 T T T T T T T T T T
16 1.7 1.8 1.9 2.0 2.1 2.2 2.3 24 2.5 2.6
1000/T(K)
Fig. 12 Plot of In(agqc x T) versus 1000/T.

charge carriers become less mobile and respond more slowly to
the applied field. The dielectric constant of Niz(PO,), reaches
approximately 1.58 x 10" at 633 K, reflecting its strong ability to
resist electric field penetration and sustain polarization.®® As
shown in Table 3, most phosphate-based compounds exhibit
comparably high dielectric constants in the range of 10°~10%,
confirming their high polarizability and suitability for dielectric
applications. Niz(PO,), stand out for their pronounced dielec-
tric responses, which may arise from efficient polarization
processes involving defect dipoles, space charge accumulation,
or localized hopping of charge carriers.

The pronounced dielectric response is primarily influenced
by interfacial effects, particularly space charge polarization at
grain boundaries, in line with the Maxwell-Wagner model.****
This occurs in heterogeneous materials where conductive grains
are separated by less conductive boundaries (inset Fig. 13(a)).
Under low-frequency electric fields, charges accumulate at these
interfaces, enhancing polarization.”® The extent of this effect
depends on differences in conductivity and permittivity between
grains and boundaries, structural imperfections, and temperature.

Mater. Adv,, 2025, 6, 9761-9778 | 9771
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(b) Variation of tan é with angular frequency at different temperatures for
Niz(PO4),.

As the temperature rises, increased carrier mobility strengthens
interfacial polarization, resulting in higher ¢'. Unlike intrinsic
dipolar contributions, this mechanism arises mainly from the
microstructural arrangement of the material.

To further examine the stability of the dielectric response at
high frequencies, the dielectric properties of the studied com-
pound were analyzed over the temperature range of 393-633 K,
as summarized in Table 4. At each temperature, the dielectric
constant (¢’) shows a slight decrease with increasing frequency;
for example, at 393 K, ¢’ values are 75.2 (1 kHz), 71.6 (10 kHz),
and 69.6 (100 kHz). Similarly, the dielectric loss (tano)
diminishes with frequency, indicating that energy dissipation
is somewhat higher at lower frequencies but remains low across
the high-frequency range. At a fixed frequency, both ¢’ and tan ¢
gradually increase with temperature for instance, at 10 kHz, &’
rises from 71.6 at 393 K to 76.7 at 633 K, while tan ¢ increases
from 0.0269 to 0.0695. This behavior reflects thermally acti-
vated dipolar motion, which enhances dielectric polarization as
the temperature rises. Even at the highest measured tempera-
ture, dielectric losses remain moderate (e.g., tand = 0.309 at
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Table 4 Dielectric constant (¢/) and loss tangent (tand) of the

studied compound as a function of temperature at selected frequencies
(1, 10, 100 kHz)

100 10 1

Frequency (kHz)

Temperature (K) & tan o ¢ tan o ¢ tan o
393 69.6 0.0182 71.6 0.0269 75.2 0.0633
413 69.8 0.0189 71.9 0.0268 75.5 0.0631
433 70.1 0.0198 72.3 0.0291 75.9 0.0709
453 70.4 0.0206 72.6 0.0303 76.3 0.0804
473 70.7 0.0210 72.9 0.0327 76.6 0.100
493 71 0.0219 73.4 0.0350 76.9 0.115
513 71.3 0.0222 73.7 0.0353 77.6 0.126
533 71.7 0.0237 73.8 0.0368 78.1 0.151
553 72.1 0.0248 74.7 0.0476 80.4 0.182
573 72.4 0.0258 75.2 0.0529 81.4 0.212
593 72.8 0.0269 75.7 0.0588 82.5 0.246
613 73.2 0.0281 76.3 0.0647 83.6 0.282
633 73.5 0.0287 76.7 0.0695 84.4 0.309

1 kHz and 633 K), indicating good stability of the dielectric
response. Overall, the material demonstrates consistent high-
frequency dielectric behavior with moderate energy dissipation,
suggesting its potential suitability for high-frequency electronic
or dielectric applications.

The dielectric loss factor (tand) characterizes the ratio
between the energy dissipated (¢”) and the energy stored (¢')
within the material.”®> A larger tan§ value reflects stronger
energy dissipation, typically associated with resistive contribu-
tions or relaxation processes caused by structural defects.
Conversely, a smaller tané indicates lower dielectric losses,
enhancing the suitability of the material for energy storage
applications. Analyzing the variation of tand with frequency
and temperature provides essential information about the
balance between storage and dissipation mechanisms, thereby
supporting the overall dielectric assessment. The dissipation
factor can be expressed mathematically as:

8//
tand = > (18)
Fig. 13(b) illustrates that the loss tangent (tan J) for Niz(PO,),
ranges from about 25 at low frequencies to nearly 0.02 at high
frequencies. The variation of tané with frequency reveals a
consistent decrease across all investigated temperatures (393-
633 K), accompanied by a dispersion in the low-frequency
region. According to Koop’s theory, imperfections within the
material introduce potential barriers that hinder the mobility of
charge carriers.”® This behavior is characteristic of thermally
activated dielectric relaxation, where the loss peak arises from
energy dissipation associated with the dynamic hopping of
charge carriers.*>®” The dielectric loss increases progressively
with temperature due to the higher thermal energy, which
enhances both carrier mobility and the population of thermally
excited charge carriers. At lower temperatures, the reduced
carrier mobility suppresses conduction, leading to weaker
dielectric losses. In contrast, at elevated temperatures, the
combined effects of intensified hopping transport and inter-
facial polarization result in higher conductivity and a more
pronounced dielectric loss response.’”*®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.6. Analysis of electric modulus spectra and dielectric
relaxation behavior

The complex electric modulus is a powerful tool for investigat-
ing the detailed electrical and dielectric characteristics of
materials, providing deeper understanding of the underlying
mechanisms. In phosphate-based systems, many studies have
shown that modulus analysis effectively uncovers the key
processes governing dielectric relaxation.>*** This approach
is especially useful for detecting secondary effects that may be
difficult to resolve or that overlap in standard impedance
spectroscopy due to differences in relaxation time
constants.®>°® The complex modulus, M*, can be expressed in
terms of the complex dielectric permittivity (¢*) as follows:*®

. _ 1 B 1 _ 8/ . 6//
M (0) = & (w) Y — e T Y22 +»’8/2 )
=M +jM" (19)

Fig. 14 displays the complex diagrams plots of the complex
modulus over the investigated frequency and temperature ranges.
Unlike Nyquist plots of complex impedance, which primarily
emphasize the most resistive components of the material and thus
provide limited sensitivity to the least capacitive contributions, the
modulus representation proves particularly effective in separating
electrode-related effects. In these plots, the frequency increases
from left to right along the real axis (M’). All curves originate at zero,
confirming the absence of electrode polarization effects.”® Across
the studied temperature range, the semicircles observed on the
right correspond to the high-frequency response of the grains,
while those on the left are linked to the low-frequency response of
grain boundaries. The appearance of these arcs clearly demon-
strates that both grain and grain boundary capacitances play an
active role in the conduction process of the material.

Fig. 15(a) shows the temperature- and frequency-dependent
variation of the real part of the complex modulus (M’) for the
synthesized Ni;(PO,), compound. At low frequencies, M’
remains nearly zero, indicating negligible electrode polarization.

Grain Response

Fig. 14 Complex diagrams of electric modulus, at various temperatures.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 (a) Evolutions of real part M’ of complex electric modulus as a
function of angular frequency. (b) Imaginary part (M”) of the electric
modulus versus angular frequency at various temperatures.

As the frequency increases, a noticeable dispersion emerges,
which is associated with the localized motion of charge
919 At higher frequencies, M’ reaches asymptotic
values, reflecting the reduced influence of the external electric
field on charge-carrier dynamics.

Fig. 15(b) shows the variation of the imaginary component
of the electric modulus (M") with frequency for Ni;(PO,),
ceramic across the studied temperature range. The spectra
reveal a distinct relaxation peak (w,) at each temperature,
which is mainly attributed to grain boundary effects. The
occurrence of these peaks confirms the existence of a relaxation
process linked to the transition from localized (short-range) to
extended (long-range) charge carrier dynamics.’® At frequencies
lower than wy, electrical conduction is governed by long-range
hopping of charges, whereas at higher frequencies, carriers are
restricted to localized states.'® The presence of short-range
hopping contributions becomes evident above the relaxation
frequency. With increasing temperature, the peaks gradually
shift toward higher frequencies and display asymmetric broad-
ening, indicating enhanced relaxation processes caused by
thermally activated charge carriers. Such behavior highlights
the non-Debye nature of relaxation in Niz(PO,),."*!

carriers.

Mater. Adv.,, 2025, 6, 9761-9778 | 9773


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01096a

Open Access Article. Published on 10 November 2025. Downloaded on 2/12/2026 7:00:15 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 5 Summarizes the parameters extracted from egn (20) applied to
the frequency-dependent modulus (M”) data

"

T (K) Mmax a)P ﬁ

633 0.00526 1577.46 0.80568
613 0.00522 1467.86 0.80293
593 0.00523 1253.02 0.80410
573 0.00527 995.31 0.79981
553 0.00527 790.60 0.78362
533 0.00538 628 0.77562
513 0.00527 498.83 0.77161
493 0.00547 396.24 0.76025
473 0.00543 314.745 0.75853
453 0.00540 250.011 0.74804
433 0.00548 198.59 0.74204
413 0.00563 157.74 0.73236
393 0.00561 125.30 0.72626

To gain further insight into the dielectric relaxation mechanism
from the frequency dependence of M”, the modulus parameters

(B, wp, M » . Jwas evaluated using the following expression:”®

M) = Y, (@) ;
e () P+ ()]

In this analysis, M"(w) denotes the imaginary part of the electric

(20)

modulus, while M, represents its maximum value. The angular
frequency is expressed as w, and w;, corresponds to the frequency at
which M"(w) attains its peak. The parameter f§ describes the degree
of broadening in the modulus spectrum and quantifies the devia-
tion from ideal Debye-type relaxation (with 0 < § < 1). Physically,
the exponent f provides key insight into the relaxation dynamics of
the material: for an ideal dielectric, f = 1, reflecting the abseznce of
significant dipole-dipole interactions, typical of Debye relaxation.
When < 1, however, the system exhibits notable dipole-dipole
interactions, signifying a non-Debye relaxation process. Table 5
presents the temperature dependence of the parameters obtained
from fitting the results of eqn (20).

14.0 @ Data

Arrhenius behavior

13.5
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12.5- Ea=0.26 eV

12.0 1
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11.0 4
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Fig. 16 Variation of In(w, x T) as a function of 1000/T for the Niz(PO4),
sample.
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For Niz(PO,),, the f parameter remains below 1 throughout
the studied temperature range, confirming the non-Debye nat-
ure of the conduction mechanism (Table 5). Moreover, f
increases gradually with rising temperature, which can be attrib-
uted to the thermal activation of charge carriers. As temperature
increases, the mobility of these carriers improves and dipole-
dipole interactions become less dominant, leading to a narrow-
ing of the relaxation time distribution. This trend reflects a
progressive shift toward more uniform relaxation dynamics,
although still deviating from the ideal Debye behavior.

To determine the activation energies linked to electrical
relaxation, the relaxation peak frequencies (w,) were extracted
from the high-frequency peaks observed in the modulus spec-
tra. Fig. 16 shows the logarithmic variation of (w, x T) as a
function of 1000/7, confirming that the (w,) peaks obey the
Arrhenius law. The activation energy was determined to be E, =
0.26 eV. This value, in close agreement with that obtained from
DC conductivity measurements, highlights a strong correlation
between the relaxation dynamics and the charge transport
mechanism in the Niz(PO,), system.

4. Conclusion

With the increasing interest in inorganic phosphates, this work
explores the structural, optical, electrical, and dielectric properties
of Ni;z(PO,), synthesized by a conventional solid-state reaction. The
synthesis route employed is both cost-effective and scalable, enhan-
cing the material’s potential for industrial use. X-ray diffraction
(XRD) confirmed the phase purity and revealed a monoclinic
structure consistent with crystallographic calculations. Optical
analysis revealed a wide band gap of 4.74 + 0.01 eV, indicative of
semiconducting behavior. Impedance spectroscopy demonstrated
thermally activated electrical conduction with a non-Debye relaxa-
tion process, while DC conductivity followed the Arrhenius law with
an activation energy of 0.28 eV, significantly lower than that of
related Ni-based phosphates. The decrease of the frequency expo-
nent s with temperature further confirms that charge transport is
governed by the Correlated Barrier Hopping (CBH) mechanism. At
low frequencies, the dielectric permittivity exhibits very high values
(¢ ~ 1.58 x 10" at 633 K), which increase with temperature due to
interfacial polarization at grain boundaries, consistent with the
Maxwell-Wagner model. The material also maintains stable high-
frequency dielectric behavior with moderate energy dissipation,
highlighting its efficient polarization response. Overall, the combi-
nation of structural stability, low activation energy, and strong
dielectric performance positions Niz(PO,), as a promising candi-
date for high-permittivity components, energy storage devices, and
high-frequency electronic applications.
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