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A NaCeP,0O; compound was successfully synthesized by a high-temperature reaction with the solid-state
method. Analyzing the XRD pattern, of the studied compound, confirms the orthorhombic phase with the
Pnma space group. The examination of SEM images reveals that the majority of grains are around 500 to
900 nm with a uniform distribution. As for the EDXS analysis, all chemical elements were detected and
found in the appropriate ratio. The curves of temperature-dependent imaginary modulus M” versus
angular frequency reveal the presence of one peak at each temperature, proving that the dominant
contribution is associated with the grains. The frequency dependence of the conductivity of alternating
current is explained using Jonscher's law. The close values of the activation energies obtained from the

jump frequency and extracted from the dielectric relaxation of the modulus spectra, as well as from the
Received 4th April 2023 t ductivity imply that the t t takes place by the Na* ions hoppi hanism. Th
Accepted 15th May 2023 continuous conductivity imply that the transport takes place by the Na™ ions hopping mechanism. The

charge carrier concentration in the title compound has been evaluated and shown to be independent of

DOI: 10.1039/d3ra02231e temperature. The exponent s increases with the increase in temperature; this behavior proves that the
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1. Introduction

In the last century, diphosphates have attracted a lot of atten-
tion due to their interesting optical and electrical properties,
which are relevant to their structural diversity. Researchers have
reported that the structure of this family of compounds is
mainly presented in seven different crystallographic types.*

However, in recent years, diphosphates with the general
formula M'LnP,0, (where M' is a monovalent cation and Ln is
a rare earth element or yttrium) have been well recognized as
multifunctional materials.> The remarkable optical properties
were found to be related to the fact that the Ln-Ln distances are
relatively large, leading to a very low fluorescence quenching
concentration.** Furthermore, thanks to their significant ionic
conductivity, these materials were reported to be previously
manufactured as ionic conductors, catalysts, sensors, and
rechargeable alkaline batteries.>™®

The structure of the M;LnP,0; diphosphates (where M; =K,
Cs, Na, and, Ln =Y, Ce, Yb) was found to change depending on
the ionic radii of the alkali metal and the rare earth element.*"**
The single-crystal structure's resolution was firstly reported for
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non-overlapping small polaron tunneling (NSPT) is the appropriate conduction mechanism model.

the CsYbP,0; (P24/c),"® KYP,0, (Cmcm),"* and NaYP,0; (P2,).**
After a literature survey, Férid and coworkers have conducted
several studies on sodium and Ln diphosphate's structure, and
have synthesized new compounds belonging to the NaLnP,0,
family of diphosphates. They reported that the Ln diphosphate
series is also defined by two different types of structure. They
reported that the NaPrP,0,,'* NaEuP,0; (ref. 17) NaHoP,0,,"
and NaYbP,O0- (ref. 19) crystallize in the P2,/n space group of the
monoclinic system. However, the NaCeP,O, (ref. 2) was re-
ported to be isostructural to the NaLaP,O, (ref. 21), where it
crystallizes in the Pnma space group of the orthorhombic
system. This family of compounds shows structural trans-
formation where the symmetry decreases with the decrease of
Ln's ionic radius.'**

Various phosphates containing trivalent cerium have been
proposed as strong green emitters under UV excitation,* as well
as those containing sodium, have been found to have excellent
ionic conductivity. For these reasons, we have selected the
NaCeP,0, compound for investigation.

NaCeP,0; has been studied from the perspective of struc-
ture, but to our knowledge, there are no reports of their elec-
trical response. Since electrical properties can be critical to
understanding the behavior of the studied material, they also
help define the nature and scope of application. The present
paper is devoted to describing the process of synthesis using the
solid-state method, as well as to reporting the X-ray diffraction
(XRD), scanning electron microscopy (SEM), energy dispersive

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra02231e&domain=pdf&date_stamp=2023-05-20
http://orcid.org/0000-0001-7228-4231
http://orcid.org/0000-0002-3221-3401
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra02231e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013022

Open Access Article. Published on 22 May 2023. Downloaded on 6/29/2026 12:11:27 PM.

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

(cc)

Paper

X-ray (EDXS), and infrared spectroscopy which were used to
characterize the synthesized compound. In addition, the
impedance spectroscopy measurement of the NaCeP,O,
compound was performed as a function of temperature. This
study will expand the knowledge of electrical conductivity,
shedding light on the transport mechanism within this mate-
rial, and the correlation between structure and ionic conduc-
tivity provides insight into the path of the transport
mechanism.

2. Experimental details

The NaCeP,0, ceramic was synthesized using a solid-state
reaction technique from high-purity oxides which are Na,CO;
(99%), CeO, (99.9%), and NH,H,PO, (99.9%). The raw materials
were weighed according to the stoichiometric amounts and
mixed using an agate mortar. The sample was dried at 373 K,
then calcined at 573 K for 5 hours to eliminate NH;, CO,, and
H,0. The sample was ground thoroughly to ensure that there
was no agglomeration in the powder. The fine powder was
pressed into cylindrical pellets of 8 mm in diameter and 1.3 mm
in thickness. These pellets were sintered at a temperature of
1273 K for 6 hours. The structural analysis of the synthesized
sample was performed at room temperature with the help of
a Philips PW 1710 diffractometer with copper radiation Ax, =
1.5418 A over the 26 range of 10°-60° with a step 0.02°. To
analyze the microstructure and elemental composition of the
samples, a scanning electron microscope (FEI Nova NanoSEM
200) coupled with an energy-dispersive X-ray (EDXS) analyzer
was used. The IR spectra were performed for the NaCeP,O,
compound on powder at room temperature using a Perki-
nElmer spectrophotometer (FTIR-100). The flat polished surface
of the sintered sample was electrode with air-drying silver paste.
The study of the real and imaginary parts of the impedance was
carried out at various temperatures from 473 to 573 K with
a frequency range of 100 Hz-7 MHz using a Solartron 1260
impedance analyzer.

3. Results and discussion

3.1. Crystalline parameters

The X-ray diffraction pattern of the NaCeP,0;, sample, recorded
at room temperature, is illustrated in Fig. 1. The refinement
leads to a rather good agreement between the experimental and
calculated pattern. All the reflection peaks of the X-ray profile
were indexed in the Pnma space group of the orthorhombic
system with the refined lattice parameters: a = 8.620 (4) A, b =
5.181(3) A, ¢ = 12.530 (6) A, V = 577.218(5) A%, Z = 4 and a reli-
ability factor of x> = 2.73. The unit cell parameters are in good
agreement with the literature values."”

The average crystallite size of the NaCeP,0;, was calculated
using the Debye-Scherrer formula:*

0.9

Ds. = ——
s B cos b

1)

where the 6 and £ are the diffraction angle and the half-height
width (FWHM) of the diffraction peak, respectively; A is the

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

o) . \:;gbs
3 — Yc¢
1600 '_ﬁ\.oglsck.;&!
1400 | | Dragg_positior
0 1200 [
g 1000f
g 800
£ 600
"
=
‘E 400
e 200 PELEE HUh 8 W EiimE we nilin
20 30 40 50
26(°)
Fig. 1 (a) Projection, along b direction, (b) X-ray diffraction pattern of

the NaCeP,0O diphosphate structure.

wavelength of the copper radiation (g, = 1.5406 A). To deter-
mine the value of the crystalline size, we need to conduct Lor-
entzian fit on the most intense peak of the XRD pattern, which
was located at 20 = 27.75°. The obtained value of the crystalline
size Dy, was found to be around 90 nm.

3.2. Structure description

The structure is characterized by a three-dimensional frame-
work of PO, tetrahedra (forming P,0, groups via corner-
sharing) and CeOq polyhedra are deformed and form infinite
ribbons parallel to the b-axis, which are occupied by Na atoms.
This framework is composed of four crystallographic building
blocks: four NaOy polyhedral, four CeOq polyhedral, and four
P,0; diphosphates in the unit cell where the cohesion of the
structure is provided by bridges Ce-O-P and Na-O-P. The
projection, along the b-axis of the structure, is shown in inset
Fig. 1a."

3.3. Scanning electron microscope analysis

SEM analysis is a technique to image surface morphology by
providing information about the size, shape, and morphology

RSC Adv, 2023, 13, 15356-15365 | 15357
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of the studied sample is an analysis that scans a sample with an
electron beam to produce a magnified image.>® Fig. 2a depicted
a SEM image of grains at a 10 pm scale. The figure reveals a non-
uniform distribution of small and large grains interconnected
by pores in the observed morphology. Most of the grains are
well connected with few pores between them. Fig. 2b presents
the histogram particle size distribution of the NaCeP,O,
ceramic, where the average grain size was determined using
Image] software. The size of the majority of grains is found to be
around 500 to 900 nm. In addition, the histogram was fitted by
a log-normal distribution, revealing a uniform distribution.
The difference between the determined size by the XRD and
SEM analysis can be ascribed to the fact that XRD gives the
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Fig. 2 (a) and (b) SEM images (c) particle size distribution histogram

with corresponding log-normal distribution fit, and (d) EDXS spectrum
of the fractured surface of NaCeP,O; diphosphate.
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mean size of the crystallites, while SEM analysis takes into
account the grains, which can be defined as the region of
a polycrystalline material with the same -crystallographic
orientation and same structure.”” The size of the crystallites was
found to be much smaller than the grain sizes of the NaCeP,O,.
However, both the crystallites and the grains are on the nano-
metric scale. Nanocrystalline materials with particle or grain
sizes in the nanometer range (typically less than 100 nm) have
been attracting increasing attention in the last few years due to
their remarkable physical and chemical properties that may
significantly differ from those of the corresponding coarse-
grained materials with the same composition.””

EDXS analysis is an elemental analysis of surfaces in SEM,
which measures the energy and intensity distribution of X-ray
signals generated by the electron beam striking the surface of
the specimen. The elemental composition at a point, along
a line, or in a defined area, can be easily determined to a high
degree of precision.”®

The EDXS spectrum showed in Fig. 2c the presence of Na, Ce,
P, and O atoms, confirming that all constituent elements could
be detected and there is no loss of any integrated element
during the sintering. The weight and the atomic percentages of
chemical elements of the studied compound are given in the
table, which exists in the inset of Fig. 2c. The EDXS analysis
indicates that the chemical composition of this compound is
close to the nominal ones. The spectrum analysis affirms that
the using reagents were in a suitable stoichiometry. Conse-
quently, a perfect correlation between the XRD and EDXS
analysis is assured.

3.4. Infrared spectroscopy analysis

Infrared spectroscopy (IR) analysis is based on irradiating the
sample with a broad band of infrared frequencies, and the
intensity of the reflected or transmitted infrared radiation is
measured as a function of frequency. From the knowledge of
incident intensity and reflected or transmitted intensity, as
a function of infrared frequency, an infrared absorbance spec-
trum can be reconstructed. Absorption at specific frequencies is
characteristic of certain bonds. Thus, the IR spectrum identifies
the various bonds and functional groups within the molecule.

The IR spectrum of the studied compound is displayed in
Fig. 3. The assignment of the bands was achieved by compar-
ison with similar compounds.**** The frequencies of the
[P,O,]*" anion are assigned based on the characteristic vibra-
tions of the (P-O-P) bridge and (PO;) groups. As the (P-O) bond
in the (PO3) group is stronger than that in the (P-O-P) bridge,
the vibrational frequencies of (PO;) are expected to be higher
than those of (P-O-P). The bands due to the symmetric and
asymmetric stretching frequencies of (POj;) are usually seen in
the region of 1143 cm ™" to 1087 cm™".** The bands observed at
950 cm " and from 750 cm ™" to 618 cm " (Fig. 3) are attributed
to the asymmetric »,(POP) and symmetric v4(POP) stretching
modes.*** The bands assigned to the asymmetric 6,(PO3) and
symmetric ,(POP) deformations are also identified at 550 cm™*
and from 485 cm™ ' to 418 cm ™, respectively. Band assignments
for the fundamental modes of this compound are given in Table

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 IR spectrum of NaCP,O; diphosphate recorded at room
temperature.

Table1 Band assignments for observed infrared frequencies (cm™?) of
the NaCeP,0O; diphosphate

IR Assignment

1143
1087
1050
1007
950
750
618
550
528
485
468
437
418

v,(PO3)
Vs(POS) + Va(POS)

v,(POP) + r(POP)

64(PO3)

6(POP)

1, confirming the presence of the diphosphate group in the title
compound.

3.5. Impedance spectroscopy analysis

Impedance spectroscopy is a very effective technique to study
the electrical transport mechanism in materials. This technique
allows the separation of resistances whether it is related to
grains, grain boundaries, or electrode effects. This technique is
versatile and gives information on the mobility of individual
components within the system as well as on the occurrence of
specific interactions.**?*

This technique is a method to observe the way in which
a system follows perturbations at a steady state. Impedance is
evaluated from the response of the current to the varying
frequency of the imposed alternating voltage over a wide range,
and it is separated into real and imaginary components.*

3.5.1. Electric modulus analysis. The formalism of the
electrical modulus makes it easy to identify the conduction
process between the grain boundaries and the electrode polar-
ization effect.®

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Fig. 4 shows the variation of the imaginary part of the
modulus (M”), as a function of the angular frequency, in the
measured temperature range. Each curve is characterized by an
asymmetric relaxation peak M" max(@max = 1/7) which shifts to
higher frequencies when the temperature increases. This
pattern provides wider information related to charge transport
processes such as the mechanism of electrical transport,
conductivity relaxation, and ion dynamics as a function of
frequency and temperature.®”*® The frequency region below the
peak maximum M’ . is where the charge carriers are mobile
over long distances. As for the region above, it is where the
charge carriers are spatially confined to potential wells and
where they are mobile on short distances, making only the
localized motion within the wells. The broadening of the peak
points out the spread of relaxation with different meantime
constants and a non-Debye type relaxation for the studied
material. Further, the appearance of a peak in the modulus
spectrum provides a clear indication of conductivity
relaxation.’**

Using the equation proposed by Bergman-Kohlrausch, Wil-
liams, and Watts (KWW), the curves of M’ .. have been well
adjusted for this sample.*

" M//m‘tx
M = : (2)

((1=8)+ (8/(1+8) (B(oman/) + (©/0m)’) )

with, M max and wmay are the peak maxima and the corre-
sponding angular frequency, respectively. 8 (0 <4 < 1) is the
stretching factor that determines whether the relaxation in the
dielectric is of a Debye or a non-Debye nature.**

The fit values of 8 (8 < 1) suggest a non-Debye-type dielectric
relaxation and give evidence of dipole-dipole interactions in the
sample.

On the other hand, the temperature dependence of the
conductivity relaxation frequencies wn,.x is plotted in inset
Fig. 4, and the spectra obey the Arrhenius relation. The activa-
tion energy calculated from the slope of the plot is E,, = (1.34 £+
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Fig. 4 Variation of imaginary part (M”) of modulus with frequency at
various temperatures. Inset: the IN(wmax) vs. (1000/T) plot.
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0.05). This value is very close to the determined one from the dc-
conductivity in literature,” confirming that the transport is
through the ion hopping mechanism in the NaCeP,O,
compound. This transport mechanism is thermally activated to
overcome the potential barrier.

Fig. 5 shows the normalized plot of M /M”max at different
temperatures. The perfect overlap of the curves into a single
master one, at different temperatures, indicates that the Kohl-
rausch parameter § is temperature independent. Moreover,
dynamical processes occurring at different frequencies are
independent of temperature or have the same thermal
energy.'®*

3.5.2. Ac conductivity. One of the most efficient methods to
identify the multiple physical and chemical phenomena is to
provide the electrical characteristics of the studied material. In
this perspective, we use impedance spectroscopy to identify
charge transfer properties through electrical conductivity and
relaxation phenomena.

AC conductivity analysis helps to identify the type of charge
carrier transport, which is responsible for the conduction
process and its response as a function of frequency and
temperature.”*** The conductivity dispersion phenomenon is
described by Jonscher's universal power.*

GEIC(&)) =0qc t+ Ao’ (3)

where o4, is the dc conductivity; n and A are the characteristic
parameters where both of them are temperature dependent.
The exponent s (0 < s < 1) presents the degree of interaction
between mobile ions and the environments surrounding them.

Fig. 6 illustrated the ac conductivity of the NaCeP,O,
compound with frequency at different temperatures. In the low-
frequency regions, a nearly constant conductivity is observed,
where charge transport can be explained by a hopping model.*®
In this region, ions jump from one site to the adjacent vacancy
successfully resulting in a long-range transitional motion of
ions contributing to the dc conductivity. In contrast, in the
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Fig. 6 Plots of conductivity (loga) vs. frequency (log w) at different
temperatures for NaCeP,O;.

high-frequency region, a dispersive region attributed to ac
conductivity is noteworthy, where the conductivity relaxation is
mainly caused by the forward-backward hopping mechanism of
the ions. Different scaling models have been proposed.***
Among them, we indicated Ghosh's model:

Oac w
ne—r(2) )
where wy, is the hopping frequency of charge carriers.

The superposition of conductivity plots, of the NaCeP,0O,
sample at different temperatures, is shown in Fig. 7. The
conductivity spectra, presented in this way, merge on a single
curve which implies that the relaxation dynamics of charge
carriers are independent of temperature. The inset of Fig. 7
shows the temperature dependence of the hopping frequency,
where an Arrhenius-type behavior is shown. The activation

12 A 0 ©,
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n \\,\
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Fig. 7 Plot of (o4c/04c) versus (w/wy,) at different temperatures. Inset:
temperature dependence of the hopping frequency w,.
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energy calculated from the slope of In(wy,) versus 1000/T is found
to be Eyop, = 1.23 & 0.05 eV. This value is different from that
determined above from the relaxation mechanism and the dc-
conductivity in the literature.

Four theoretical models have been developed to explain the
frequency and temperature dependence of the AC conductivity
and the exponent s(7). These models were based on relaxation
and induced by the hopping or tunneling of electrons or ions
between equilibrium sites.*” The behavior of the exponent “s”
and the corresponding mechanisms have been discussed in
several previous research papers.*® Accordingly, the correlated
barrier hopping model “CBH” is predominant if “s” decreases
with the rise of temperature. As for the quantum mechanical
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0.76 ©
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Fig. 8 Variation of the frequency exponent s at different

temperatures.
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tunneling model “QMT”, “s” was reported to be very close to 0.8
and increases slightly with increasing temperature or can be
independent of the temperature. In the overlapping large
polaron tunneling model “OLPT ”, exponent “s” is frequency
and temperature-dependent, where it decreases as the temper-
ature increases to a minimum value at a given temperature and
then increases with the increase of temperature. However, in
the non-overlapping small polaron tunneling model “NSPT”,
“s” is temperature-dependent and it increases with the increase
of temperature.”

The temperature dependence of the s exponent is plotted in
Fig. 8. The values are in the range of 0.72 to 0.86, where they
increase with the increase in temperature. This result suggests
that the non-overlapping small polaron tunneling (NSPT) model
is a suitable model to characterize the electrical conduction
mechanism in the NaCeP,0, compound.®*-*

To discover the temperature dependence of the electrical
properties of the NaCeP,0, compound, the ac conductivity is
tacked out. It also outputs information about the conduct of the
charge carriers.

The AC conductivity expression is given by:*>~>*

(me) ks Ta ' w[N (Eg)]’R,*
12

(5)

ac =

where o' is the spatial extension of the polaron, N(Eg) is the
density of states near the Fermi level, and R, is the tunneling
distance. The In(o,.) at different frequencies is shown in Fig. 9,
which affirms the good conformity between the theoretical
calculations and experimental data.

The values of the product of « " and N(Eg) were adjusted to
fit the calculated curves of In(o,.) versus T. The obtained values
of a~" and N(Ey) are listed in Table 2.
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Fig. 9 Temperature dependence of the In(c,c) at different frequencies.
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Table 2 Fitting parameters of the NSPT model and the values of a*
and N(Eg)

Frequency (kHz) N(ev'm™) (x10*) a (A
1 0.268 0.920
10 0.623 1.202
100 0.771 1.370
1000 1.27 1.577

The values of the density of states N(Eg) are reasonable for
localized states. We observe the augmentation of both param-
eters & ' and N(Eg) with frequency, which is in good agreement
with the literature.*"*

The variation of the tuning distance R,,, as a function of the
frequency and temperature, is displayed in Fig. 10. The values of
R, are in the order of the inter-atomic spacing and these values
vary in the range of (2.8 A to 3.9 A).

This fact can be explained by keeping in mind that at low and
high temperatures, the structure of NaCeP,O, was probably
preserved and the conductivity was due to a single actuation of
the conduction mechanism. Transport properties in this
material appear to be due to the Na" ions hopping mecha-
nism.?! The Na' mobility may occur through a one-dimensional
channel along the b direction. Based on the atom positions, the
Na® within the chains is only 3.9 A. The complex geometry of the
(P,05) group and CeO, polyhedrons, makes the Na* hopping
difficult compared to intrachain mobility and therefore favors
the transport of Na' along a one-dimensional tunnel. Most
likely, this feature wasn't favorable to good ionic conduction
with the increase in temperature. Hence, we can deduce that the
conduction transport properties, in this material, appear to be
due to the Na' ion's hopping mechanism along a one-
dimensional tunnel.

In hopping transport, we can use the relation between the
continuous conductivity 4. and the hopping frequency wy:*

4.5
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Fig. 10 Variation of the R,, (A) parameter according to the frequency
(NSPT model).
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Fig. 11 Variation of the effective charge carrier N. as a function of
temperature. Inset: mobility u for the NaCeP,O diphosphate.

2,2
Odc = (—IJ\ZICTik}:T) Wh (6)
where r, is the hopping distance (, = Na-Na distances, which
is found to be 3.9 A) and N, is the number of effective charge
carriers. According to the previous equation, the temperature
dependence of N, is exposed in Fig. 11. It is apparent that N,
varies softly depending on the temperature, therefore it can be
considered as a constant with a value of 6.8 x 10** (£0.3 x 10>
m ). A comparison between the number density of Na* sites
(Nna = 1.198 x 10°° m ™) and the number of effective charge
carriers shows that 56.74% of Na' ions are responsible for the
conduction in this material.
The charge carrier mobility 4 can be obtained by involving

eqn (7):

Tdc
7
o, (7)

m=

The temperature dependence of u is exhibited in the inset of
Fig. 11. An Arrhenius-type behavior is shown. The activation
energy calculated from the slope of In(uT) versus 1000/T (inset
Fig. 11) is found to be E, = 1.29 & 0.01 eV. This value is very
close to that determined above from the hopping frequency
(Enopp = 1.23 + 0.05 eV), implying that the mobility of the
charge carrier is due to a hopping mechanism in the investi-
gated material.

4. Conclusion

In the present work, we have carried out the synthesis of
NaCeP,0; using a solid-state reaction. X-ray analysis revealed
that this material crystallizes in the Pnma space group of the
orthorhombic symmetry. SEM images reveal the appearance of
particles with a similar shape and an unequal size with
a uniform distribution, where the majority of grains were found
to be around 500 to 900 nm. All chemical elements Na, Ce, P,
and O in the studied compound were mainly found in their
appropriate ratios. As for the IR spectroscopy, the transmittance

© 2023 The Author(s). Published by the Royal Society of Chemistry
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spectra recorded at room temperature have given information
about the vibration modes of functional group P,0;.

As for the impedance spectroscopy, the electrical study
revealed that the activation energies, deduced from conductivity
hopping frequency Eno,, = 1.23 £ 0.05 eV and relaxation
frequency E,,= (1.34 £ 0.05), are close. Therefore, transport
properties in this material appear to be due to Na' ions'
hopping mechanism along the b direction located between
[P,O,]*” groups and CeO, polyhedrons. In addition, the
concentration of the charge carrier is independent of temper-
ature. A comparison among the number of sites of Na*" ions and
the number of effective charge carriers indicates that 56.34% of
the Na' is responsible for the conduction in this material.

The ac conductivity obeys the augmented Jonscher's power
law at different temperatures. Scaling analysis of the conduc-
tivity provides the time-temperature superposition principle on
the charge carrier dynamics in the material. The electrical
conductivity of this sample has been theoretically supported by
the NSPT model.
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