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1. Introduction

Comprehensive study of the structural,
microstructural, and electrical properties of
RbZnPO,: insights into conduction mechanisms
and the OLPT models

Imen Gharbi, 1% Arafet Ghoudi,® Najoua Weslati,
Abderrazek Oueslati (2 *2

@ Mohamed Tliha® and

The structural, microstructural, compositional, vibrational, and electrical properties of the rubidium zinc
orthophosphate RbZnPO, compound have been comprehensively investigated. X-Ray powder
diffraction (XRPD) confirmed the crystallization of RbZnPO,4 in a monoclinic system (space group P2,),
adopting a stuffed tridymite-type structure. Elemental analysis via energy-dispersive X-ray spectroscopy
(EDS) confirmed the expected stoichiometry and homogeneous elemental distribution, while scanning
electron microscopy (SEM) revealed a dense microstructure with submicron grain sizes (~0.4205 pm).
Raman spectroscopy identified internal modes and external vibrational modes of the phosphate [PO4~
units, confirming the structural integrity of the phosphate framework. Impedance spectroscopy
highlighted the semiconducting behavior of the RbZnPO, compound, with grain and grain boundary
contributions effectively modeled using an equivalent circuit (R;//CPE;) + (R,//CPE,), where R and CPE
represent the resistance and the Constant Phase Element, respectively. Temperature-dependent
measurements revealed thermally activated conduction, characterized by negative temperature
coefficient of resistance (NTCR) behavior. Activation energies for grains, grain boundaries, and total
conduction were determined as 0.775, 1.173, and 0.581 eV, respectively. AC conductivity analyses further
indicated frequency-dependent transport, consistent with the Overlapping Large Polaron Tunneling
(OLPT) mechanism. The conduction mechanism has been thoroughly studied and well understood.
These results demonstrate that RbZnPO, is a chemically stable, structurally well-defined, and electrically
active phosphate, suitable for potential applications in thermally activated ionic or electronic conduction
systems, such as sensors.

and Cs"),*° facilitating ionic motion and creating promising
candidates for electronic applications.

The search for multifunctional materials with structural versa-
tility and tunable transport properties has brought phosphate-
based frameworks into focus. Among them, orthophosphates
with the general formula A"M>'PO, (large A® = monovalent
cation; small M®>" = Be, Mg, and Zn) adopting the stuffed
tridymite structure have attracted increasing attention due to
their open-framework architectures'® and ferroic behavior.”®
These compounds combine corner-sharing MO, and PO, tetra-
hedra to form a three-dimensional network with tunnel-like
voids that accommodate monovalent cations (e.g., K', TI*, Rb",
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Despite their structural similarity, members of this family
exhibit distinct ionic transport behaviors, governed by the size,
mobility, and interactions of the tunnel-residing cations (A") as
well as the rigidity of the host framework and the coordination of
divalent cations.>*'® For instance, RbMgPO, displays enhanced
ionic conductivity, attributed to its flexible Mg-based lattice where
a change in coordination is found and the formation of a super-
lattice which encourages ion hopping.'®'' However, the CsMgPO,
incorporates a larger Cs" cation within a flexible Mg-based frame-
work, showing moderate ionic conductivity. Although steric hin-
drance slightly restricts Cs" motion, the Mg framework retains
some flexibility.»'> Conduction in CsMgPO, also fits the OLPT
model, with hopping distances ranging from 1.54 A to 2.78 A.*

In comparison, KMgPO, and KZnPO, exhibit limited ionic
conduction compared to RbMgPO, or CsMgPO,, which can be
attributed to K ions’ relatively small size, low polarizability, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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their higher activation energies and reduced carrier mobility.">**
These characteristics result in weaker dynamic disorder and nar-
rower migration pathways within the tunnel structure. The latter
hinders the mobility of the cations within the tunnel structure.* In
the KMgPO,, the conduction behavior follows the correlated barrier
hopping (CBH) model before the phase transition and shifts to the
non-overlapping small polaron tunneling (NSPT) model afterward."®
In contrast, the conduction mechanism in o-KZnPO, is best
described by the overlapping large polaron tunneling (OLPT) model,
with an optimal polaron hopping distance ranging from 2.10 A to
3.34 A. This suggests a distinct charge transport regime that may
allow for improved mobility."*

In contrast, CsZnPO, and TIZnPO, demonstrate more con-
strained ionic diffusion, likely influenced by steric hindrance
and stronger electrostatic interactions, even though both
undergo temperature-induced phase transitions accompanied
by dielectric anomalies.">"'®

The RbZnPO, compound has been previously studied, with
initial studies focusing primarily on its crystal structure and the
optical properties of rare-earth-doped variants incorporating
Eu*",® Dy*","” and Sm*''® jons. Building on prior studies of
analogous orthophosphates such as (K, Rb, Cs)MgPO, and (K,
Tl, Cs)ZnPO,, the present work continues this line of research by
focusing specifically on RbZnPO,, aiming to further investigate its
structural, microstructural, vibrational, and electrical properties,
which remain insufficiently explored. Structural and microstructural
analyses, combined with Raman spectroscopy and complex impe-
dance spectroscopy, were employed to investigate the dominant
ionic transport pathways in RbZnPO, and to extract key transport
parameters governing its electrical behavior. These include the
activation energy for ion migration, the optimum hopping distance
(R.,), the density of states at the Fermi level (N(Eg)), and the spatial
extent of the polaron. Together, these parameters provide critical
insight into the charge transport regime and reveal how framework
flexibility, cation size, and electronic structure jointly govern ionic
conductivity in this class of open-framework phosphates.

In this context, the RbZnPO, compound emerges as an
interesting candidate due to the intermediate size and moder-
ate polarizability of the Rb" ion, which may offer a balance
between mobility and structural stability. This balance is
advantageous for applications such as thermally activated
sensors, dielectric components, and low-temperature solid-
state ionic conductors. Moreover, its structural analogy to
previously studied high-conductivity phases (e.g., RbMgPO,)
suggests that RbZnPO, may harbor underexplored potential
for optimized ionic transport. By elucidating the conduction
mechanism and quantifying its transport parameters, this
study aims to assess the viability of RbZnPO, in emerging
electrochemical and sensing technologies.

2. Experimental details
2.1. Synthesis

The RbZnPO, compound was synthesized via a conventional
solid-state reaction method, employing high-purity precursors,
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namely Rb,COj3, ZnO, and (NH,4),HPO, (>99%, Sigma-Aldrich).
The reagents were weighed according to stoichiometric ratios,
thoroughly mixed, and ground in an agate mortar for 1 hour to
ensure homogeneity. The resulting mixture was heated at 623 K
for 8 hours, with the process being repeated multiple times and
interspersed with intermediate grinding steps to enhance reac-
tion completeness. The powder mass was monitored through
repeated weighing until the target mass was achieved, indicating
the complete release of volatile byproducts (NH;, CO,, and H,0).
The resulting powder was finely ground and then pressed into
pellets 8 mm in diameter and 1.1 mm thick under a uniaxial
pressure of 5 tons per cm” The pellets were subsequently
calcined at 973 K for 10 hours and sintered at 1073 K for 2 hours
to achieve phase formation and densification.

2.2. Device characterization

The XRPD was employed to identify the crystalline phases and
refine the unit cell parameters of the RbZnPO, compound. The
measurements were performed at room temperature using a
Philips PW1710 diffractometer equipped with Cu Ko radiation
(A =1.5406 A), operating over a 20 range of 10° to 85°. To ensure
high-quality data, a total acquisition time of 12 hours was used,
comprising 12 successive scans (1 hour per scan), and the
resulting diffractogram corresponds to the cumulative sum of
these scans. Rietveld profile refinement was carried out using
the FullProf Suite,'® enabling precise determination of lattice
parameters and fitting quality without engaging in full struc-
tural refinement.

The morphology and elemental composition of the sample
were analyzed using a Schottky field emission scanning elec-
tron microscope (SU5000 FE-SEM) equipped with an energy
dispersive X-ray spectroscopy (EDS) system. High-resolution
SEM imaging was employed to investigate the surface micro-
structure, while point EDS analysis and elemental mapping
were conducted to determine the qualitative and spatial dis-
tribution of elements across the sample.

Raman spectroscopy was performed at room temperature
using a T-64000 Horiba-Jobin-Yvon triple monochromator
spectrometer. The measurements were carried out over a
spectral range of 10-1200 cm ' to investigate the vibrational
modes of the studied compound.

Impedance spectroscopy measurements were conducted using
a Solartron SI-1260 impedance/gain-phase analyzer in conjunction
with a Solartron 1296 dielectric interface and a Linkam LTS420
temperature control system. Data was acquired using two distinct
electrode configurations over a broad frequency range (1 to 10° Hz)
across temperatures spanning from 513 K to 673 K.

3. Results and discussion

3.1. X-ray powder diffraction and polymorphism description

XRPD analysis confirmed that the RbZnPO, compound crystal-
lizes in the monoclinic system, adopting the stuffed tridymite-
type structure with the non-centrosymmetric space group P2;.
Fig. 1 displays the X-ray diffraction pattern, where all Bragg
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peaks are correctly indexed and satisfactorily modeled, con-
firming the high quality of the structural refinement. The
Rietveld refinement of the diffraction data at room temperature
yielded the following lattice parameters: a = 8.845 A, b = 5.403 A,
¢ = 8.967 A, and a monoclinic angle § = 89.749°. A detailed
analysis revealed that the unit cell parameters are consistent
with previously reported values.>° The quality of the refinement
was assessed through the agreement factors, which were found
to be R, = 4.66%, Ry, = 6.01%, and Rep = 1.99% (given in
Table 1), indicating a satisfactory fit between the observed and
calculated patterns. These structural results confirm the suc-
cessful synthesis of phase-pure RbZnPO, and align with the
framework topology typical of the tridymite-type phosphates.

The crystal structure of RbZnPO, adopts a regular stuffed
tridymite-type framework, as clearly illustrated in the inset of
Fig. 1, which was generated using Diamond software based on
the crystallographic data reported by Shuangyu Xin et al.® In
this structure, Zn*>* and P°* atoms are tetrahedrally coordinated
by oxygen atoms, forming a robust three-dimensional network
of corner-sharing ZnO, and PO, tetrahedra. The arrangement
of these tetrahedra forms distinct layers stacked along the a-
axis. The superposition of these layers creates well-defined
tunnels that run parallel to the bc plane. These tunnels are
occupied by Rb" cations, which stabilize the anionic framework
by compensating for the negative charge.

3.2. Elemental composition through energy dispersive X-ray
spectroscopy (EDS)

The EDS spectrum at room temperature, shown in Fig. 2, exhibits
distinct characteristic peaks corresponding to rubidium (Rb), zinc
(zn), phosphorus (P), and oxygen (O), which confirms the success-
ful incorporation of all expected elements in the synthesized
RbZnPO, compound. No impurity peaks are observed, indicating
a high-purity phase without contamination,>® making it suitable
for further electrical and structural characterization.
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Fig.1 Room-temperature Rietveld refinement of the X-ray powder dif-
fraction pattern of RbZnPO,4 compound: experimental (red dotted), Cal-
culated (black line), difference (blue), and Bragg Positions (green bars).
Inset: Crystal structure projection along the a-axis showing the bc-plane.
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Table 1 Crystallographic parameters of RbZnPO, refined from Rietveld
analysis of XRPD data at room temperature

Formula RbZnPO, at room temperature
Crystalline system Monoclinic

Space group P2,

Lattice parameters

a (A) 8.845

b (A) 5.403

c(A) 8.967

B () 89.749

Refinement parameters

Ry, (%)/Rup (%)/Rexp (%) 4.66/6.01/1.99

3.3. Microstructural analysis (SEM)

The SEM images at room temperature and different magnifica-
tions (x2.00k and x5.00k), shown in Fig. 3, reveal a dense
polycrystalline microstructure composed of grains with irregu-
lar shapes and varying sizes. The presence of well-packed grains
with limited visible porosity suggests efficient sintering during
solid-state synthesis.”" The grain size distribution, obtained
through statistical analysis, exhibits a log-normal distribution
with an average grain size of 0.4205 pm, indicating a predomi-
nantly submicron structure.>>*® The distribution spans from
100 nm to 2.5 pm, revealing a mix of nano- and micro-scale
grains. This variation in grain size can influence electrical
transport by modifying grain boundary density and interfacial
charge transport behavior.

The EDS elemental mapping for Rb (red), Zn (red), P (blue),
and O (red) (bottom row of Fig. 3) provides valuable insights
into the compositional uniformity of the synthesized RbZnPO,
compound. The uniform intensity across the mapping area
confirms that Rb is homogeneously distributed within the
sample, while the presence of dispersed Zn points suggests a
well-incorporated Zn phase without significant phase segrega-
tion. In addition, the P mapping also shows a uniform spread,
which indicates a homogeneous phosphate network through-
out the material. As for the O distribution, it is consistent with
the expected stoichiometry of the phosphate phase, which
further supports the integrity of the RbZnPO, compound.

The overall EDS results confirm that all elements are well-
distributed without noticeable clustering or phase separation,**

RbZnPO4
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Fig. 2 EDS spectrum and elemental composition of RbZnPO,4 recorded at
room temperature, confirming the presence of Rb, Zn, P, and O.

© 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/d5ma00506j

Open Access Article. Published on 07 August 2025. Downloaded on 12/26/2025 5:38:29 AM.

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

(cc)

Paper

o (71 K|

10 pm

which is essential for maintaining consistent electrical proper-
ties throughout the sample.

3.4. Raman spectroscopy

The Raman spectra acquired at room temperature, covering the
spectral range of 10-1200 cm ', are shown in Fig. 4. The
observed vibrational bands identified in these spectra are
compiled in Table 2, which provides a comprehensive list of
their wavenumber values (in cm™ "), relative intensities, and
mode assignments. The bands are categorized by intensity as
very weak (vw), weak (w), medium (m), strong (s), very strong
(vs), and shoulder (sh).

These bands are further classified into external and internal
vibrations.”> The low-wavenumber region (11.7-390.6 cm ')
primarily corresponds to external modes which are mainly

1800

1600 4

1400

12004
1000+

800

Intensity (1.U)

External Modes

600

4004

200

T

T T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 100011001200
Wavenumber (cm™)

Fig. 4 Room-temperature Raman spectra of RbZnPO, recorded in the
10-1200 cm~! Wavenumber range, showing vibrational modes of the
[PO4I*" tetrahedra.

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

Fig. 3 Microstructural and compositional analysis of RboZnPO, synthesized by solid-state reaction and recorded at room temperature. (top left & middle)
SEM images at different magnifications showing a polycrystalline microstructure. (top right) Grain size distribution fitted with a log-normal function,
revealing an average grain size of 0.4205 um. (bottom row) EDS elemental mapping of Rb, Zn, P, and O.
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associated with the translational and rotational (librational)
motions of the PO,*>~ tetrahedra, the Rb* and Zn*' cations,
and the interactions between these units.">'®*® The higher
wavenumber region (415.4-1148.2 cm ™) corresponds to internal
modes and is associated with vibrations of the phosphate PO,*~
group.>® Notably, the bending (§) and stretching (v) vibrations of
the PO,>~ group are identified within the internal modes. The
symmetric and asymmetric bending modes (s and J,5) appear
between 415.4 and 499 cm ™! and between 552 and 725.4 cm 7,
respectively. The symmetric and asymmetric stretching modes
(vs and v,,) are observed in the range of 983.8-1008.4 cm ™" and
1023.5-1148.2 cm™ ', respectively.>’ ' These spectral features
confirm the structural integrity of the phosphate units within
the compound and provide valuable insight into the vibrational
behavior of the RbZnPO, crystal lattice.

3.5. Electrical characterization (impedance spectroscopy)

Impedance spectroscopy was employed to investigate the elec-
trical behavior of the RbZnPO, compound, and the complex
electric modulus formalism was applied to gain deeper insight
into its relaxation dynamics. Fig. 5 presents the complex
modulus plots (M” vs. M’), as well as the real (M') and imaginary
(M") parts of the modulus as a function of angular frequency,
recorded over the temperature range 513-673 K.

The complex modulus plot shown in Fig. 5(a) reveals two
overlapping arcs with depressed centers located below the real
axis, characteristic of non-Debye relaxation behavior."**® The
shape of these arcs indicates the presence of two distinct
dielectric relaxation processes, attributed to the contributions
from grains and grain boundaries. The modulus formalism is
particularly effective in highlighting such features due to its
sensitivity to regions with lower capacitance, such as grains.'**"

As shown in Fig. 5(b), the real part of the modulus (M)
exhibits typical dispersive behavior. Each curve features a low-

Mater. Adv,, 2025, 6, 6358-6369 | 6361
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Table 2 Assignment of Raman bands for the RbZnPO, compound

Band’s wavenumber (cm ™) Assignments

11.7 vw; 16.9 vw; 26.4 vw; 47.4 w; 62.2 w; 68.5 w; 87.7 w; External
109.6 w; 120 sh; 141.3 w; 155 w; 208 w; 281.8 sh; 292.5 m; modes
329 sh; 334.6 sh; 357.8 vw; 363 vw; 382.5 sh; 390.6 w

415.4 vw; 428.4 w; 470.8 w; 499 vw 5PO,]
0-P-0
552 w; 590.6 W; 645.8 W; 673.8 w; 725.4 vw 34s[PO4]
0-P-0
983.8 vs; 1008.4 w vs [PO,]
0-P
1023.5 w; 1044 w; 1065.3 w; 1117.5 w; 1142.5 sh; 1148.2 m v, [PO,]
0-P

vw: very weak; sh: shoulder; m: medium,; s: strong; vs: very strong; v as:
symmetric and asymmetric stretching modes; Js,s: symmetric and
asymmetric bending modes.

frequency plateau followed by a gradual increase and a high-
frequency saturation region. With increasing temperature, the
dispersion shifts toward higher frequencies, indicating a
decrease in relaxation time and confirming the thermally
activated nature of the relaxation processes.'**’

Fig. 5(c) presents the imaginary part of the modulus (M") as
a function of frequency. A broad asymmetric peak appears at
each temperature and shifts to higher frequencies as the
temperature increases, reflecting thermally activated charge
carrier dynamics."'® The broadness of the peak suggests the
superposition of multiple relaxation processes. This feature

View Article Online
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supports the presence of both grain and grain boundary con-
tributions. To model this behavior, the M” spectra were suc-
cessfully fitted using a double Bergman function, which
accurately captures the overlapping relaxation modes observed
in the experimental data."**"*?

Overall, the modulus analysis confirms the simultaneous
contribution of grains and grain boundaries to the electrical
response of RbZnPO,. The observed non-Debye behavior, the
temperature-dependent relaxation times, and the successful
fitting using the double Bergman model provide strong evi-
dence for multiple thermally activated relaxation mechanisms
governed by localized charge carrier hopping.''*?**?

The Nyquist plot, shown in Fig. 6(a), exhibits two distinct
semicircles, corresponding to the contributions from the grains
(high-frequencies region) and grain boundaries (low-frequencies
region).** Furthermore, the observed decrease in the diameters of
the semicircles with increasing temperature indicates that the
material’s resistance decreases as the temperature rises, reflecting
the NTCR behavior.>*** This trend is typical of thermally activated
conduction mechanisms and confirms the semiconductor-like
nature of the RbZnPO, compound.'"3>?°

The experimental data were well-interpreted using an equiva-
lent circuit model comprising two parallel branches, (R,//CPE,) +
(R,//CPE,), where R,//CPE, represents the grain resistance and
constant phase element (fractal capacitance), and R,//CPE, corre-
sponds to the grain boundary resistance and constant phase
element. To accurately reproduce the frequency-dependent impe-
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Fig. 5 Electrical modulus analysis of RbZnPQO, in the 513-673 K temperature range. (a) Complex modulus plot (M” vs. M’); (b) frequency dependence of
modulus’ (M) real part (c) Frequency dependence of modulus’ (M”) imaginary part with fitted curves.
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Frequency dependence of real (Z') and (c) imaginary (—Z”) parts of complex impedance.
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dance behavior, the real (Z') and imaginary (—Z") components
were fitted using analytical expressions derived from this model.
These expressions incorporate the frequency-dependent nature of
the CPEs and are given by:

Ry (1 + R Q1™ cos(a,%))
[1 + R Q1™ Cos(alg)}z-F[RlQlw“l sin(otlg>]2

7' =

Ry <1 + Ry Q2™ cos (oc%))

[1 + R, Q% cos (azg)} 2+ [RzszftZ sin (azg)} :

|
T

R12Q1 w®! sin (0(1 g)

{1 + R Q1w cos(oq )] {RlQlw“ sm(oclzﬂ2

7

R22 0, sin (127;)

i+ 200 (] 4 0 )

These formulations allow for precise modeling of the impe-
dance spectra, accounting for the non-ideal capacitive behavior
observed in both the grain and grain boundaries. They rein-
force the interpretation derived from the Nyquist plots and
support the reliability of the equivalent circuit approach used.

The frequency dependence of the real (Z’) and imaginary
(=Z") parts of the complex impedance, respectively shown in
Fig. 6(b) and (c), provides valuable insights into the charge
transport and relaxation mechanisms within the material. As
shown in Fig. 6(b), (Z') exhibits a high value in the low-
frequency region, particularly at lower temperatures, reflecting
the dominant contribution of grain boundary resistance and
possible space charge accumulation.’” With increasing fre-
quency, (Z') gradually decreases due to the reduced contribu-
tion of interfacial polarization and the dominant role of grain
conduction at higher frequencies, where charge carriers can no
longer follow the rapidly oscillating electric field.*® At high
frequencies, (Z') reaches a nearly constant minimum value that
systematically decreases with temperature, suggesting
enhanced electrical conductivity due to thermally activated
charge carriers.”®

Meanwhile, the imaginary part (—Z”), shown in Fig. 6(c),
displays a well-defined relaxation peak at each temperature.
The peak shifts toward higher frequencies and decreases in
magnitude with increasing temperature, indicating a thermally
activated relaxation process with shorter relaxation times at
elevated temperatures. The absence of multiple peaks suggests
the dominance of a single relaxation mechanism, likely asso-
ciated with the grain boundary effect, which generally occurs in
the low-frequency region. The asymmetric and broadened
nature of the peak points to a non-Debye relaxation
behavior,'*??*® which is consistent with the use of constant
phase elements in the equivalent circuit model. Overall, these
findings corroborate the semiconducting behavior of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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material and the efficient conduction across grains and grain
boundaries at higher temperatures.

To quantitatively support these interpretations, a detailed
analysis of the extracted resistance and capacitance values
versus temperature was performed. Bar plots of these para-
meters are presented in Fig. 7. As illustrated, both the grain
resistance (R,) and grain boundary resistance (R,), shown in
Fig. 7(a) and (b), respectively, decrease significantly with
increasing temperature. This behavior is characteristic of semi-
conducting materials, where thermal activation enhances
charge carrier mobility.*' In contrast, the capacitance values
of the constant phase element CPE (Q; and Q,), depicted in
Fig. 7(c) and (d), exhibit a notable increase with temperature.
This increase can be attributed to enhanced dielectric polariza-
tion and thermally activated dipolar or space charge contribu-
tions. These observations indicate improved charge storage
capability and increased interfacial polarization at elevated
temperatures. Overall, the results highlight the effective ther-
mal activation of conduction and polarization mechanisms and
suggest the presence of relatively low interfacial barriers, as
inferred from the Nyquist analysis.*?

To gain deeper insight into the relaxation mechanisms
underlying the observed impedance behavior, the imaginary
part of the impedance (—Z") was further analyzed using the
distribution of relaxation times (DRT) method at the studied
temperature range, as presented in Fig. 8. The DRT (—Z] ..
versus logyo(t)) spectrum reveals a broad and asymmetric dis-
tribution of relaxation processes. The increase of (—Z; ) with
the increase of log;o(r) suggests that slower, more resistive
relaxation mechanisms are likely governed by grain bound-
aries. This relationship underscores the non-ideal, thermally
activated, and heterogeneous nature of electrical relaxation in
the material®® and can be effectively described using the DRT
formalism.***

The temperature dependence of the DC conductivity for
grains (og), grain boundaries (ogg), and total conductivity
(oror) was evaluated using the extracted parameters from the
equivalent circuit model, and the results are depicted in Fig. 9.
These conductivities were calculated, at the studied tempera-
ture range, using the following relations:*®

e
= 3
%G =STh; (3)

e C]

B RCG (4)

e
= 5
Otot S (RI +R2) ( )

where is the sample’s thickness, R is the resistance (R, for
grains, R, for grain boundaries), S is the surface area of the
measured pellet, and C is the capacitance (C, for grains, C, for
grain boundaries).
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The grains and grain boundaries’ pure capacitance are
determined using the following equation:®

1—oy2 1

Cip=Rip M2 x QM2

(6)

where Q is the capacitance of the constant phase element CPE
and « is the fractal exponent.

The Arrhenius plots of In(c) versus 1000/T exhibit linear
behavior for all components, confirming the thermally

6364 | Mater. Adv, 2025, 6, 6358-6369

activated nature of the conduction processes. Grains, grain
boundaries, and total activation energies (Eg, Egs, and Eror)
were estimated from the slopes of the linear fits according to
the Arrhenius equation:*”

(7)

EG, GB, TOT
kgT

0G, GB, tot = 00 €XP (—

where o, is the pre-exponential factor and kg is the Boltzmann
constant.

-10
n S ] @ In(oy)
R, =0.9876 /R, = 0.9872/ R, *= 0.9878 ® i)
-121 O In(o,y)
Lineair Fit|
-144
S
o (0 775
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= -16 0.031)
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Fig. 9 Arrhenius plots of grain, grain boundary, and total conductivity
(In(og.aa 1oT)) Versus (1000/T), confirming NTCR behavior and determining
the activation energies.
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The activation energies were found to be (0.775 £+ 0.031) eV
for grains, (1.173 %+ 0.043) eV for grain boundaries, and
(0.581 + 0.022) eV for the total conductivity. These results
indicate that grain boundaries exhibit a higher energy barrier
for charge transport from grains, reflecting their more resistive
nature. The lower activation energy of the total conductivity
suggests that the overall conduction is dominated by the
grains’ contribution, especially at higher temperatures.

This analysis reinforces the conclusions drawn from the
impedance spectra, showing that grain boundaries strongly
block charge movement at low temperatures. In contrast, grain
conductivity becomes dominant as thermal activation
increases. The good linearity of the Arrhenius plots further
validates the reliability of the equivalent circuit model used to
extract the resistance values.

To gain deeper insights into the conduction mechanisms of the
RbZnPO, compound, the variation of AC conductivity (oac) versus
angular frequency (o) was investigated and presented in Fig. 10. In
the measured frequency and temperature range, it is observed that
AC conductivity increases with both temperature and frequency.
This behavior further supports the NTCR characteristics and the
semiconducting properties of the RbZnPO, compound.*® In addi-
tion, two distinct regimes are evident. At low frequencies, the AC
conductivity exhibits a frequency-independent plateau, commonly
known as DC conductivity. In this regime, the applied electric field
is unable to disrupt the hopping process, and the long-range
mobilizations of charge carriers are responsible for such a plateau
region. At higher frequencies, the AC conductivity values converge
and become nearly temperature-independent, indicating that
charge transport is less influenced by thermal activation. This
high-frequency dispersion region reflects the localized nature of
AC conductivity, primarily associated with short-range hopping of
charge carriers.*® The fit curves, shown in red, align well with the
experimental data, confirming the validity of Jonscher’s power-law
expression, which is the following:">"*¢

I Goo T2

T1+720? 1+ 2a?

OAC + A’ (8)
where o5 denotes the low-frequency conductivity, ¢, represents the
estimated high-frequency conductivity, o is the angular frequency,
is the relaxation time, A is a temperature-dependent pre-factor, and s
is the power-law exponent (0 < s < 2) that reflects the degree of
interaction between mobile ions and their surrounding
environment.""*°

To better understand the conduction process at the microscopic
level and to accurately interpret the AC conductivity behavior of the
studied material, several theoretical models have been considered to
describe how charge carriers move through disordered or flexible
frameworks under an alternating electric field. In the quantum
mechanical tunneling (QMT) model, charge carriers tunnel through
potential barriers without requiring thermal activation, resulting in
a temperature-independent frequency exponent s(7). In contrast,
the correlated barrier hopping (CBH) model assumes that carriers
hop between localized states over energy barriers, with the expo-
nent s(7) decreasing as temperature increases due to enhanced
thermal activation. The non-overlapping small polaron

© 2025 The Author(s). Published by the Royal Society of Chemistry
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frequency (). Inset: Temperature dependence of the frequency exponent
s(T), showing non-monotonic behavior consistent with OLPT model.

tunneling (NSPT) model involves localized charge carriers (small
polarons) tunneling between isolated sites without wavefunction
overlap, leading to a frequency exponent s(7) that increases with
rising temperature. Finally, the overlapping large polaron tun-
neling (OLPT) model describes charge transport via large, spa-
tially extended polarons whose wavefunctions overlap between
sites; in this case, s(T) exhibits a non-monotonic behavior, first
decreasing with temperature to reach a minimum, and then
increasing again. This distinct temperature dependence of s(7)
serves as a key diagnostic for identifying the dominant conduc-
tion mechanism in a given material.>

The temperature dependence of the frequency exponent
s(T), derived from the Jonscher power law, is presented in the
inset of Fig. 10. The behavior of the frequency exponent s(7)
exhibits a decrease as the temperature increases, reaching a
minimum around 633 K, then increases with the increase of
temperature. This non-monotonic trend suggests that the con-
duction mechanism is consistent with the OLPT model.

According to the derived model, the exponent s(7) is given by

the following expression:">*
8oR, + ;Wki';j
S(T) =1- B . (9)
WHOVp
2R,
( * * R(/)kB T)

where o denotes the polaron spatial extension, Wy, is the
polaron hopping energy, r,, represents the polaron radius, ks
is the Boltzmann constant, and R, corresponds to the optimum
hopping distance.

The AC conductivity gac(w) was determined using the the-
oretical expression:*!

ﬂ?4€2 (kB T)2N(EF)2 w(R(/))4

17 X (10)
(20{]{3 T+ —WHO, p)

where N(Er) represents the density of states at the Fermi level.

UAc(a)) =
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The optimal hopping distance R, (or hopping length) is
calculated at a fixed frequency ® by solving the following

equation:**3!
1 W 2 Sty 14
HO oW HOTp HO
0 =7 —+1 — (I —
4o (kBT+ 1‘1((01.'0)) + kBT (n(w10)+kBT>
(11)

where 1, refers to the relaxation time.

This calculation is closely related to the logarithmic varia-
tion of the AC conductivity (In oac) as a function of the inverse
temperature (1000/7) at various frequencies. As shown in
Fig. 11, this variation exhibits a thermally activated behavior
characterized by a series of nearly linear curves. This behavior
indicates that the conduction mechanism is governed by
temperature-dependent activation processes.>* The AC conduc-
tivity increases with increasing frequency, which consists of a
hopping-type mechanism involving localized charge carriers.>>
The successful fitting of this behavior using the OLPT model
further supports the interpretation that the charge transport in
the studied material occurs via tunneling of large polarons
between overlapping potential wells.”®> The parameters
extracted from the fitting procedure are summarized in Table 3.

According to the OLPT model, the frequency dependence of
both conductivity and activation energy arises from the
enhanced tunneling probability at higher frequencies, which
facilitates polaron movement and leads to a reduction in
activation energy.”>** The good agreement between experi-
mental data and the fitting confirms the relevance of this
model in describing the conduction process in this system,
likely linked to the disordered nature or structural flexibility of
the material.”> In the present case, the studied compound
adopts a stuffed tridymite-type structure with monoclinic sym-
metry (P2; space group), a framework known for its inherent
structural flexibility and dynamic disorder, especially due to the
rotation and distortion of PO, and ZnO, tetrahedral units. Such
features promote local potential fluctuations and enhance the
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Fig. 11 Fitting of AC conductivity data at different frequencies using the
OLPT model, demonstrating the frequency and temperature-dependent
polaron hopping behavior.
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Table 3 Fitting parameters of the experimental AC conductivity data
using the OLPT model

Frequency (Hz) N(Eg) (x 10") o (A7) (x 107%) Wiy (eV) 1, (A)
100 1.331 5.69 1.542 3.455
500 1.537 4.66 1.570 3.513
1000 1.500 4.06 1.582 3.554
5000 1.579 3.73 1.653 3.636
10000 1.745 2.85 1.751 3.802
15000 1.821 0.255 1.780 3.867

overlap of polaron wavefunctions, thereby facilitating the tun-
neling process described by the OLPT mechanism.

Fig. 12(a) displays the variation of the density of states at the
Fermi level, N(Eg), and the tunneling parameter o versus fre-
quency, within the framework of the OLPT model. It is observed
that N(Eg) increases with frequency, indicating enhanced avail-
ability of localized states contributing to the conduction process.
However, « decreases as the frequency increases, indicating that
the effective tunneling distance of polarons shortens due to
enhanced wavefunction overlap. This trend supports the notion
that the conduction mechanism is driven by polaron hopping,
with tunneling enhanced at higher frequencies.

Fig. 12(b) shows the variation of the optimum hopping
distance R, versus temperature for selected frequencies. The
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Fig. 12 Variation of (a) « (A% and N(Ef) (eV™ cm ) according to the
frequency (OLPT model) and (b) temperature-dependence of the tunnel-

ing distance R,, (A) at different frequencies, supporting the large polaron
conduction mechanism.
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inset depicts the dimensions of the structural tunnels within
the stuffed tridymite-type framework, which range from 4.669 A
to 5.563 A. The calculated R, values, lying between 5.5 A and
13 A, are comparable to or larger than the tunnel dimensions,
particularly at lower frequencies and higher temperatures. This
indicates that the charge transport mechanism involves
polaron hopping over spatial distances that are relevant to
the structural features of the material. The fact that R, exceeds
the tunnel size, at lower frequencies and higher temperatures,
supports the notion that large polarons tunnel between spa-
tially proximate localized states either within or across adjacent
tunnels. Furthermore, the observed decrease in tunneling
distance with increasing frequency implies a shift in the trans-
port mechanism, suggesting that charge carriers progressively
transition from long-range to shortrange tunneling
mechanisms.>®

4. Conclusions

In this study, the RbZnPO, compound was successfully synthe-
sized via solid-state reaction and characterized using a suite of
complementary techniques. X-ray powder diffraction confirmed
the formation of a phase-pure monoclinic structure of the
stuffed tridymite type, with well-refined lattice parameters
and a satisfactory Rietveld fit. Elemental analysis through
EDS validated the expected stoichiometry and purity of the
synthesized compound, while SEM micrographs revealed a
dense microstructure composed of submicron grains with
homogeneous elemental distribution. Raman spectroscopy pro-
vided further confirmation of the structural integrity, showcas-
ing characteristic external and internal vibrational modes of
the phosphate network.

Impedance spectroscopy results highlighted the semicon-
ducting nature of RbZnPO,, exhibiting typical NTCR behavior
and non-Debye relaxation. The electrical response was domi-
nated by grain boundary effects at low temperatures and
transitioned toward grain-dominated conduction at higher
temperatures. The thermally activated charge transport was
determined through Arrhenius analysis, which revealed higher
activation energy for grain boundaries compared to grains. AC
conductivity analysis, supported by Jonscher’s power law and
the OLPT model, confirmed that conduction occurs via ther-
mally activated hopping mechanisms involving localized
carriers.

Overall, the structural and electrical investigations pre-
sented in this work establish RbZnPO, as a stable and promis-
ing candidate for potential applications in thermally activated
ionic or electronic conduction systems, such as sensors or
energy storage devices.
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