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tric and transport properties of
NaxFe1/2Mn1/2O2 (x = 1 and 2/3)†

Faouzi Missaoui,a Kawthar Trablsi,a Krimi Moufida,a Ayten Ates,b

Abdelfattah Mahmoud, c Frédéric Boschinic and Abdallah Ben Rhaiem *a

NaxFe1/2Mn1/2O2 (x= 1 and 2/3) layered oxides were prepared by an improved solid-state synthesis method.

The XRD analysis confirmed the high purity of these samples. The Rietveld refinement of the crystalline

structure illustrated that the prepared materials crystallize in a hexagonal system in the R�3m space group

with the P3 structure for x = 1 and in a rhombohedral system with the P63/mmc space group and P2

structure type for x = 2/3. The vibrational study undertaken using IR and Raman spectroscopy

techniques yielded the existence of an MO6 group. Their dielectric properties were determined in

frequency range 0.1–107 Hz for a temperature range 333–453 K. The permittivity results indicated the

presence of two types of polarization, namely dipolar polarization and space charge polarization. The

frequency dependence of the conductivity was interpreted in terms of Jonscher's law. The DC

conductivity followed the Arrhenius laws either at low or at high temperatures. The temperature

dependence of the power law exponent which corresponds to the grain (s2) suggested that the

conduction of the P3-NaFe1/2Mn1/2O2 compound is ascribed to the CBH model, while P2-Na2/3Fe1/2Mn1/

2O2 can be attributed to the OLPT model.
1. Introduction

The layered sodium-transition metal oxides NaMO2 are
considered among the most promising cathode materials for
Na-ion batteries (NIBs) by providing comparable activity to
canonical Li-ion batteries (LIBs).1–14 Indeed, NaxMO2 (M = Fe,
Mn, Ni, Cr, and Co, etc.), have received much interest and have
been extensively explored as outstanding cathode materials for
NIBs owing to their high theoretical capacities, high working
voltage as well as simple synthesis processes and importantly
their structure rearrangement.15–17 The structure of NaxMO2

compounds can be divided into two major groups, O and P type
structures, based on the location of sodium ions at either
octahedral or prismatic sites, respectively, squeezed between
the edge-sharing sheets of [MO6] octahedra.17 First, NaxMnO2

crystallizes in two structures as described by Parant, et al.18 At
low temperature, a-NaMnO2 has an O3 shell structure with
a monoclinic structural distortion because of the Jahn–Teller
effect of Mn3+ ions. However, the orthorhombic b-NaMnO2

crystallizes at high temperature in a unique layered structure
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containing MnO2 sheets made up of a double stack of edge-
sharing MnO6 octahedra. The octahedral positions between
two adjacent sheets are occupied by Na ions.19 Second, Tetsuaki
Nishida et al.20 reported that NaFeO2 has two polymorphs,
namely b phase of orthorhombic symmetry and the a phase of
rhombohedral symmetry which is classied as O3-like shell
structure according to Delmas notation.21 In addition, different
transition metal elements can be mixed in the transition metal
layers to form NaxM1�yM

0
yO2 with enhanced electrochemical

properties. In this respect, NaNi1/2Mn1/2O2 provides a discharge
capacity of 125 mA g−1 between 3.8 V and 2 V, with 75% capacity
retention aer 50 cycles at 0.2 C, whereas Na2/3Ni1/3Mn2/3O2

delivers a high capacity of 161 mA h g−1 with poor cycle
stability,21,22 NaFe1/2Mn1/2O2 provides a capacity of 110 mA h g−1

in the potential range of 1.5–4.3 V, whereas Na2/3Fe1/2Mn1/2O2

exhibits a high capacity of 190 mA h g−1.23 Numerous XRD
studies of NaFexMn1−xO2 have highlighted the layered structure
for these compounds. Basically, NaFexMn1−xO2 is characterized
by either a P3 layered structure or an O3 layered structure.22 If
Fe : Mn ratio is 1/3 : 2/3 and 1/2 : 1/2, the NaFexMn1−xO2

compounds exhibit the P3 shell structure. However if the Fe :
Mn ratio is 2/3 : 1/3, the material forms O3 structure.23 The two
samples (for x = 1 and 2/3) crystallize in different layered
structures. All diffraction peaks of Na2/3Fe1/2Mn1/2O2 are
indexed in xh a P63/mmc space group (hexagonal lattice). These
mesh parameters include unit cell lengths a = b = 2.9154(2) Å
and c = 11.2599(1) Å, unit cell angles a = b = 90° and g = 120°.
However, the diffraction lines of NaFe1/2Mn1/2O2 are assigned to
RSC Adv., 2023, 13, 17923–17934 | 17923
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a rhombohedral lattice with space group R�3m, these lattice
parameters which include unit cell lengths a = b = 2 : 9590(6) Å
and c= 16 : 522(2) Å, unit cell angles a= b= 90° and g= 120°.23

The P2-Na2/3Fe1/2Mn1/2O2 provides higher discharge capacity at
low C-rate of 12 mA g−1 in the voltage range of 1.5 to 4.3 V, and
about 190 mA h g−1, relative to O3-NaFe1/2Mn1/2O2 which has
a discharge capacity of about 105 mA h g−1. This suggests that
more Na+ extraction/insertion occurs through the P2-Na2/3Fe1/
2Mn1/2O2structure. Mortemard de Boisse and al have also
shown that the O3 phases have discharge capacities of about
135–140 mA h g−1, slightly lower than those of the P2 phases
(145–150 mA h g−1).24 The promising crystal structures and the
prominent electrochemical results of these compounds NaxFe1/
2Mn1/2O2 (x = 1 and 2/3) incite us to explore other physical
properties of these materials such as vibrational, and electrical
properties. Indeed, this type of structure inuences the elec-
trical properties of these compounds, in particular the electrical
conductivity because the Na+ charge carrier is free. Moreover, at
the band gap between the valence band and the conduction
band, which indicates semiconductor behavior, 3d transition
metals, are characterized by the overlap between the narrow 3d
bands.

In this research work, the layered P3/P2-NaxFe0.5Mn0.5O2-
with x = 1 and 2/3 samples were synthesized and the related
atomic structures were carefully investigated using Rietveld
renement. The vibrational study of both compounds was
undertaken using IR and Raman spectroscopy. The electrical
properties were examined to thoroughly clarify the transport
phenomena by combining conductivity and impedance
studies. This study provides and demonstrates the convenient
model accounting for the conduction mechanism of these
materials.

2. Experimental part

NaFe1/2Mn1/2O2 and Na2/3Fe1/2Mn1/2O2,were synthesized using
a solid-state process,23,27 using Na2CO3 (Sigma Aldrich, 99%),
Fe2O3(Sigma Aldrich, 99%), and Mn2O3(Sigma Aldrich, 99%) as
precursors with the molar ratios of 1 : 1/2 : 1/2 and 2/3 : 1/2 : 1/2,
respectively. The precursors were mixed and e thoroughly
ground using amortar and pestle, and then pressed into pellets.
Fig. 1 The Rietveld refinement XRD of synthesized of (a) Na2/3Fe1/2Mn1/

17924 | RSC Adv., 2023, 13, 17923–17934
The pellets were heated at 700 °C for 36 h for NaFe1/2Mn1/2O2

and 1000 °C for 12 h for Na2/3Fe1/2Mn1/2O2 in air. Subsequently,
they were quenched to room temperature and stored in an Ar-
lled glove box until use.

In order to conrm the purity of the produced samples, the
Bruker D8 Discover Twin-X-ray Twin's diffraction was used on
powder at room temperature with Cu Ka radiation (l = 1.5406
Å, 10°# 2q # 90°). With a 15 kV accelerating voltage and high
vacuum, a scanning electron microscope (XL30 FEG ESEM, FEI)
was utilized to examine their morphology. A PerkinElmer
spectrum 100 FT-IR spectrometer was invested for the IR spec-
troscopic study, which was conducted in the 350–1200 cm−1

spectral region. Raman spectra were measured using a micro-
Raman system (Renishaw inVia Qontor, UK) equipped with
a 785 nm laser.

Finally, the electric measurements were carried out using the
Soltran SI 1260 impedance analyzer in serial mode with an
alternate current in the temperature ranges of [333–453 K] and
frequency [10−1–107 Hz]. Pellets were placed between two elec-
trodes in a customized container and coated on the opposing
sides with a thin layer of silver to provide satisfactory contact.
Using a 5 t cm−2 pressure, the powder was crushed to create
a disc that was 8 mm in diameter, 1 mm thick and with an area
of 50.24 × 10−3 mm2.

3. Results and discussion
3.1. X-ray diffraction and structural analysis

The X-ray diffraction patterns of the compounds NaxFe1/2Mn1/2O2

for x = 1 and 2/3 are depicted in Fig. 1. The reection peaks of
NaFe1/2Mn1/2O2 diagram were indexed by trigonal with space
group R�3m (isostructural at a-NaFeO2 (ICSD #187705)) and
characterized by a P3 layered structure. It is noteworthy that
several traces of NaFeO2 were observed. Furthermore, the Na2/
3Fe1/2Mn1/2O2 diagram was indexed by hexagonal lattice with
space group P63/mmc (PDF# 16-3250), which is isostructural
with P2-type NaxCoO2. This result is in good agreement with the
result reported by Yuliang Cao et al.25 Certain impurity peaks
were detected from the diffraction patterns. These impurities
correspond to Na3FeO3 and Mn2O3 phases. Table 1 displays the
cell parameters and the renement parameters. The schematic
2O2, (b) NaFe1/2Mn1/2O2 at room temperature.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Crystal data of NaFe1/2Mn1/2O2 and Na2/3Fe1/2Mn1/2O2

Compounds NaFe1/2Mn1/2O2 Na2/3Fe1/2Mn1/2O2

System Trigonal Hexagonal
Space group R�3m P63/mmc
Formula units (Å) a = b = 2.9327(2) a = b = 2.918(5)

c = 16.6268(17) c = 11.301(2)
g = 120° g = 120°

RB 0.754 1.247
Rf 0.489 1.371
c2% 1.43 1.61
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diagram of the P3 and P2-structure is provided in Fig. 2(a) and
(b). In P2-Na2/3Fe1/2Mn1/2O2, the Na ions in prismatic sites are
sandwiched between the MO2 sheets to form a layered struc-
ture. It is clearly observed that the repetitive unit number of
Fig. 2 View of lamellar structure of (a) P3-NaFe1/2Mn1/2O2, (b) P3-Na2/3F

© 2023 The Author(s). Published by the Royal Society of Chemistry
MO2 sheets is 2 and the Na ions in prismatic site have two
different types, Naf (shares face) and Nae (shares edge), sharing
face or edge with MO6 octahedra, respectively. Both sites are
simultaneously occupied by Na ions to minimize electrostatic
repulsion between sodium ions.26 In P3-NaFe1/2Mn1/2O2, the
Na+ ions occupy prismatic sites which share faces and edges
with the surrounding MO6 octahedra.27 The atomic positions of
each sample are illustrated in Table 1S† and the interatomic
distances of Na–O and FeMn–O are portrayed in Table 2.

The investigation of the sample morphology and particle size
is carried out using the scanning electrode microscope (SEM).
The SEM images of the investigated materials are summarized
in Fig. 3. The micrographs show the agglomeration of the
primary particles, and a Lorentzian t indicating that the
average particle size is 1.088 mm for x = 1 and 1.297 mm for x =

2/3 (Fig. S1†). Fig. S2† reveals the elemental composition and
e1/2Mn1/2O2 (c) the Na+ geometric site in P3 structure vs. P2 structure.

RSC Adv., 2023, 13, 17923–17934 | 17925

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra02570e


Table 2 Interatomic distances

NaxFe1/2Mn1/2O2 x = 1 x = 2/3

Na1–O (Å) 2.412 3.604
Na2–O (Å) 3.403
MnFe–O (Å) 1.994 2.956
Na1–Na2 (Å) 1.664
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homogeneity investigated through EDX microanalysis. We infer
the homogenous distribution of all elements (Na, Fe, Mn, and
O), which is indicative that they are all stable at high tempera-
tures of 700 and 1000 °C for NaFe1/2Mn1/2O2 and Na2/3Fe1/2Mn1/

2O2, respectively.
3.2. FTIR and Raman studies

At room temperature, between 350 and 1200 cm−1, the FTIR
spectra of NaFe1/2Mn1/2O2 and Na2/3Fe1/2Mn1/2O2 powders were
carried out (Fig. 4a). The both spectra conrm the presence of
the octahedral groups MO6 (M=Mn and Fe) in the compounds.
Indeed, the observed band at 355 cm−1 for both compounds is
attributed to the deformation vibration n4 (F1u). The weak bands
Fig. 4 (a) Fourier transform infrared (FTIR) of NaFe1/2Mn1/2O2 and Na2/3

Fig. 3 SEM images, (a) NaFe1/2Mn1/2O2, (b) Na2/3Fe1/2Mn1/2O2.

17926 | RSC Adv., 2023, 13, 17923–17934
observed at 535 and 684 cm−1 for NaFe1/2Mn1/2O2 compound
and at 538 and 688 cm−1 for NaFe1/2Mn1/2O2 compound corre-
spond to the stretch vibration at n3 (F1u). Notably, the stretching
vibration of the Na–O band is represented by the peaks detected
at about 868 and 904 cm−1 for composition x= 1 and at 866 and
902 cm−1 for x = 2/3.28,29

Fig. 4b displays the pure Raman spectra in the 100–800 cm−1

wave number range of NaFe1/2Mn1/2O2 and Na2/3Fe1/2Mn1/2O2

compounds. Two main bands are found, which is in good
consistency with what the results that have been reported in the
literature. The elongation vibration is attributed to n1 (A1g)
observed band at 587 and 613 cm−1 for x = 1 and x = 2/3,
respectively. The band observed at 448 cm−1 for the
compound NaFe1/2Mn1/2O2 and those observed at 469 and
368 cm−1 for the compound Na2/3Fe1/2Mn1/2O2 are ascribed to n2
(Eg). The distortion vibration assigned to the n4 (F1u) band
observed at 253 cm−1 corroborates the presence of octahedra
MO6 in sample 1. The deformation vibration n5 (F2g) observed at
155 cm−1 in the compound NaFe1/2Mn1/2O2,30 can be accounted
for in terms of the fact that the vibrational studies at room
temperature conrm the octahedral environment MO6 (M = Fe,
Mn) observed in the structural study for these materials.
Fe1/2Mn1/2O2. (b) Raman of NaFe1/2Mn1/2O2 and Na2/3Fe1/2Mn1/2O2.

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

Al though multiple reports have focused on lamellar oxide,
numerous mechanisms have not been fully investigated to
account for the different behaviors of dielectric features. Addi-
tionally, in the state of artworks, the dielectric study of these
particular lamellar oxides was not fully deciphered and thor-
oughly addressed.

Impedance spectroscopy stands as one of the most
outstanding and powerful tools to investigate the dielectric and
electrical properties of these materials in large frequency and
temperature ranges. Furthermore, the dependence of dielectric
parameters on frequency and temperature can be analyzed as
follows31

3 = 3′ + i$3′′

where 3 stands for the dielectric constant which can be regarded
as a complex number. 3′ and 3′′ indicate the real and imaginary
parts of the dielectric constant which refer to the stored energy
and the energy dissipation of the applied electric eld, respec-
tively. These two parameters can therefore be calculated using
the following equations.31

3
0 ¼ Z00

2pfC0ðZ02 þ Z002
�

300 ¼ Z
0

2pfC0ðZ02 þ Z002
�

where Z′ and Z′′ express the real and the imaginary parts of the
impedance, respectively. f corresponds to the frequency and C0

refers to the free space capacitance (C0 ¼ 30A
d

where d is the

pellet thickness and A is the area).
Fig. 5a and b illustrate the real (3′) component of the

dielectric permittivity for x = 1 and x = 2/3. It is obvious that
lower frequencies have greater values for these dielectric
constants.32 Basically, the capability for storing energy
decreases as the 3′ value drops at higher frequencies.33 The
Maxwell-interfacial Wagner's polarization may account for
Fig. 5 Dielectric constants of the samples (a) NaFe1/2Mn1/2O2, (b) Na2/3F

© 2023 The Author(s). Published by the Royal Society of Chemistry
the observed dielectric behavior for both compounds. This
explanation interpretation is in good accordance with Koop's
phenomenological theory of dielectric materials. Relying
upon these models, the dielectric structure of the prepared
sample is presumed to involve good-conductive grains sepa-
rated by poor-conductive grain boundaries. The sample
grains and grain borders need to be crossed by electrons
during the exchange process. The inter-grain conductivity
drops refer to the weakening of the electron hopping trig-
gered by the grain boundary.34,35 We can also infer from
Fig. 6a and b that the dielectric constants (3′) rapidly fall at
low frequencies before becoming frequency independent at
high frequencies. This is in good conformity with previous
ndings.36,37 As the electrons in the grain can no longer follow
the alternating eld, the consistency of (3′) is at high
frequencies. Since the electrons hopping are thermally
stimulated, it is also detected that 3′ increases as the
temperature increases.

Such physical phenomena, such as the conduction process,
the dielectric relaxation, the interfacial polarization, and the
molecular dipole moment, were chiey responsible for the
dielectric loss that quantitatively dened the electrical energy
dissipation.38 The dissipation factor was computed based on the
following equation.

tan d ¼ 300

30

where 3′ and 3′′ are the real and imaginary parts of the dielectric
constant (3*), respectively.

Fig. 6a and b reveal that tan d has relatively modest values of
1.01–12.69 for both compounds. It is to be noted that materials
with little energy loss are needed for possible applications in
electronic devices, which makes the compounds NaFe1/2Mn1/

2O2 and Na2/3Fe1/2Mn1/2O2 an optimum choice. The dielectric
loss factor proved to drop with an increase in frequency. Resting
on Koop's theory, existing imperfections or impurities in the
material build up a potential barrier for the transportation of
the charge carriers. The space charge polarization restricts the
partial conduction of charges until they are clogged at a possible
barrier or grain boundary. These compounds equally depict two
relaxation peaks in a low and a high-frequency region,
e1/2Mn1/2O2 at different temperatures.

RSC Adv., 2023, 13, 17923–17934 | 17927
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Fig. 6 Frequency-dependent dielectric loss (tan d) of (a) NaFe1/2Mn1/2O2, (b) Na2/3Fe1/2Mn1/2O2.
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respectively. These peaks are indexed for space charge and
dipole polarization, respectively. The heights of the relaxation
peaks for x = 1 are higher than those for x = 2/3, while the
relaxation peaks for x = 1 are found at higher frequencies
compared to the peaks for x = 2/3. Consequently, tan d has high
values in the lower frequencies zone, and then decreases in the
higher frequencies range. The space charge polarization makes
it harder for charge carriers to move around in the low
frequency domain, requiring additional energy. The values of
tan(d) are hence higher in this frequency range. The material's
resistivity drops with frequency, which results in less energy
being used by the passage of charge carriers. As a result, the
high frequency region's dielectric loss lowers. Additionally, it is
evident that tan(d) gets darker as the temperature increases. It is
worthed noting that low energy loss plays a crucial role for the
materials in battery applications. In this context, the compound
Na2/3Fe1/2Mn1/2O2 is a promising candidate compared to NaFe1/
2Mn1/2O2 for such applications.27

Fig. 8 outlines the plot of ln(ud) vs. 1000/T (ud is the angular
frequency of grain boundary relaxation). It is noteworthy that
the values of ud go down with the increase in temperature,
which indicates the thermally activated process. The
temperature-dependent characteristics of ud follow the Arrhe-
nius relation, as presented below:
Fig. 7 The variation of ln(ud) versus the inverse of temperature (a) NaFe

17928 | RSC Adv., 2023, 13, 17923–17934
ud ¼ u0e

�
� Ea

KBT

�

where Ea is the activation energy.
The Ea values estimated from the slope of the linear t plot

(see Fig. 7a and b) amount to 0.74 eV (T > 363 K) and 0.1 eV (T <
363 K) for NaFe1/2Mn1/2O2 and correspond to 0.62 eV for Na2/
3Fe1/2Mn1/2O2.
3.4. Electrical impedance spectroscopy

Complex impedance spectroscopy (CIS) stands for a basic and
powerful procedure invested to explore the electrical behaviour
of the material. It supplies information on the relaxation time
electrical conductivity and movement.40

The complex frequency-dependent impedance corresponds
to a non-destructive technique depicting the electrode contri-
bution, the grain boundary, and the bulk (grain) in the
compound when the time-reversed electric eld is applied. The
charge carrier notably tends to become active and triggers
dipole orientation.

Fig. 8 and 9 exhibit Nyquist diagrams of NaFe1/2Mn1/2O2 and
Na2/3Fe1/2Mn1/2O2 respectively at different temperatures. The
equivalent circuit parameters are foregrounded in Tables 2Sa
and b.† The features of these spectra involve three distinct
1/2Mn1/2O2, (b) Na2/3Fe1/2Mn1/2O2.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Nyquist diagrams of NaFe1/2Mn1/2O2 sample, (b) equivalent circuit for NaFe1/2Mn1/2O2 sample.

Fig. 9 (a) Nyquist diagrams of Na2/3Fe1/2Mn1/2O2 sample, (b) equivalent circuit for Na2/3Fe1/2Mn1/2O2 sample.
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frequency domains, comprising the grain effect, correlated with
high frequency, the grain boundary effect, and electrode effect,
respectively at medium and low frequency of NaFe1/2Mn1/2O2

compound. However, the Na2/3Fe1/2Mn1/2O2 compound is
marked with the two distinct frequency domains, involving the
grain effect, correlated with high grain boundary effect at low
frequency. Basically, the loss peak occurs when the jump
frequency roughly matches the frequency of an applied external
AC eld. Furthermore, the hopping mechanism indicates that
electrical conductivity rises with temperature which causes the
thermally activated charge carriers.37

The Nyquist diagrams for both compounds indicate that the
resistance drops as a function of temperature, which may refer
to the improvement of the number of charge carriers and their
mobility temperature. Therefore, conductivity rises with the rise
in temperature. Such behaviour conrms that the conduction
process is thermally activated, hence proving the semi-
conducting characteristic of samples.

Adapted circuits are those that express the conformity of
theoretical and experimental spectra with low error values. In
our case, for NaFe1/2Mn1/2O2, the selected equivalent circuit is
dened by three cells in series, as displayed in Fig. 8b. The rst
cell indicates the grain effect, the second stands for the grain
boundary effect and the last corresponds to the electrode effect.
For the Na2/3Fe1/2Mn1/2O2 sample the selected equivalent circuit
© 2023 The Author(s). Published by the Royal Society of Chemistry
is dened by two cells in series, as exhibited in Fig. 9b. The rst
cell indicates the grain effect and the second represents the
grain boundary effect. In Fig. 10, we can infer that the grain and
grain boundary resistance values of these compounds drop with
increasing temperature, suggesting the behavior of a semi-
conductor for our samples.39 In addition, it was found that the
values of Rbg proved to be higher than those of Rg. This may be
assigned to the fact that the atomic arrangement near the grain
boundary region is disordered, yielding increased electron
scattering.

3.5. AC conductivity

Investigating charge carrier physics not only allows the classi-
cation of conduction types but also provides details on
conduction modes. Fig. 11a portrays the variation of (sac) as
a function of ln(u) of the NaFe1/2Mn1/2O2 sample at different
temperatures. We report the existence of three domains, the
rst at high frequency suggesting the grain effect, the second at
medium frequency representing the grain boundary effect and
the third at low frequency corresponding to the electrode effect.
Notably, two domains, the rst at high frequency indicating the
grain effect and the second at low frequency suggesting the
grain boundary effect, characterize the variation of conductivity
as a function of the frequency for the compound Na2/3Fe1/2Mn1/

2O2 (Fig. 11b). The low frequency (ln(u) $ 4 rad s−1) spike
RSC Adv., 2023, 13, 17923–17934 | 17929
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Fig. 10 The variation of (a) Rg, Rbg versus the temperature for NaFe1/2Mn1/2O2 and (b) Rg, Rbg versus the of temperature for Na2/3Fe1/2Mn1/2O2.

Fig. 11 Frequency dependence of conductivity of the samples (a) NaFe1/2Mn1/2O2, (b) Na2/3Fe1/2Mn1/2O2 versus the inverse of temperature.
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characterizing electrode–electrolyte interfacial phenomena is
assigned to the space charge polarization at the blocking elec-
trodes of NaFe1/2Mn1/2O2 compound. In each frequency
domain, the conductivity is estimated relying
onJonscher'slaw:40

sac = sdc + AuS

where sdc is the sample direct current conductivity, A is
a temperature-dependent constant that determines the strength
of polarizability and the exponent s is the power law exponent. s
is used to identify the interaction between mobile ions with the
environments surrounding them where 0 < s < 1.

The Na+ ion presents the same high frequency conduction
behavior as both compounds exhibit only one high frequency
dispersion region. The latter is related to hopping conduction,
in which mobile ions can cross barriers more easily when
temperature increases. Conductivity proved to be caused by
mobile ions (Na+-ions), depending on their environment.
Moreover, the Fe/MnO6 octahedra exert a signicant impact on
the mobility of Na+ ions.

According to Yabuuch N. et al. the compounds with higher
conductivity have high electrochemical performance. There-
fore, the conductivity of Na2/3Fe1/2Mn1/2O2 compound demon-
strates almost twice the conductivity of NaFe1/2Mn1/2O2

compound. Thus, we concluded that the variation of sodium
17930 | RSC Adv., 2023, 13, 17923–17934
content inuences the electrochemical performance of the
cathode material in sodium-ion batteries.

At the low frequency region, the curves indicate that our
samples exhibit semiconducting behaviour in all temperature
ranges. The experimental data of dc conductivity are well tted
by the Mott and Davis law, which determines small polaron
hopping (SPH) (Fig. 12a and b)40 in terms of:

sdcT ¼ s0e

�
� Ea

KBT

�

where Ea represents the activation energy of the dc-conductivity
and s0 expresses the pre-exponential factor when the tempera-
ture tends to innite values. These activation energy as obtained
from a linear t of the experimental data are Ea = 0.2 eV for T <
363 K and Ea= 0.53 eV for T > 363 K of x= 1 as a consequence Ea
= 0.42 eV of x = 2/3. We observe a shi in slope for the NaFe1/
2Mn1/2O2 compound approaching T = 363 K. At low tempera-
ture, a small number of the charge carriers were thermally
active and their movement was not the same as that at high
temperature. It is noted that both compounds are characterized
by the same activation energy at high temperature. For the
compound NaFe1/2Mn1/2O2, the doubling of the activation
energy at 363 K can be accounted for in terms of a change in the
charge carrier (from a small polaron to a large polaron or from
a single polaron to a double polaron).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 The variation of ln(sdc) of the samples (a) NaFe1/2Mn1/2O2, (b) Na2/3Fe1/2Mn1/2O2 versus 1000/t.
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The conductivity value of Na2/3Fe1/2Mn1/2O2 almost doubles
that of NaFe1/2Mn1/2O2 referring to the fact that the Na+ ions are
freer in the rst compound. Indeed, the Na–O inter-atomic
distance in the P2 type structure is equal to 3.604 Å, which is
larger than that of P3 structure (2.412 Å). In addition, the
mobility of sodium is easier in this structure and therefore the
ionic conduction is greater in this compound.

Particularly, when compared to other similar compounds
such as LiCoO2, which is the most preferred positive electrode
material, an enhancement of conduction inNaFe1/2Mn1/2O2 and
Na2/3Fe1/2Mn1/2O2 was recorded. Indeed, at room temperature
LiCoO2 has conductivity of 2.29 × 10−4 (U cm)−1,41 which is
lower than that of NaFe1/2Mn1/2O2 and Na2/3Fe1/2Mn1/2O2,
whose conductivities are 4.62 × 10−4 and 9.32 × 10−4 (U cm)−1,
respectively. Thus, Na2/3Fe1/2Mn1/2O2 is a viable option and
potential cathode candidate for Na ion batteries.

To gain a deeper and better insight into the change in the
activation energy at 363 K for NaFe1/2Mn1/2O2 compound and
the increase in conductivity by the reduction in the rate of
sodium (x), undertaking a study of the mechanism of conduc-
tion in these materials is intrinsic.

The originality as well as the main contribution of our study
lies basically in extracting of our study different s values for
different relaxation processes. The variation of s1 (the power law
exponent which corresponds to the grain boundary) and s2 (the
power law exponent which corresponds to the grain) for the
compound NaFe1/2Mn1/2O2 is plotted in Fig. 13a and b. The
exponent s1 increases in the temperature range 333–363 K and
then decreases (low value s1 < 0.5) at the beginning of the
temperature 363 K, which conrms that the grain boundary
conduction mechanism changes from the non-overlapping
small polaron tunneling (NSPT) to the overlapping large-
polaron tunneling model (OLPT) model.42,43 The exponent s2
decreases with temperature and lies between 0.65 and 0.95,
indicating that the grain conduction phenomenon in this
material corresponds to the correlated barrier hopping (CBH)
model.42 As far as this model is concerned, the exponent (s) can

be identied by the following relation: s ¼ 1� 6KBT
WM

.42 It is clear

that there is a change of slope in the variation of s. Fitting the
curve of s through the use of this equation allows to calculate
© 2023 The Author(s). Published by the Royal Society of Chemistry
the energy for self-trapping WM (Fig. S3†). The value of WM2 =

0.42 eV for T > 363 is the double ofWM1 = 0.18 eV for T < 363 K,
which proves that there is a transition from a CBH model of
a single polaron at low temperature to a CBH model of double
polaron for T > 363 K.42 Fig. 13c and d portray the variation of s1
and s2 of the compound Na2/3Fe1/2Mn1/2O2. The coefficient
s1which corresponds to the grain boundary decreases, increases
to a great extent according to the temperature and the one
which corresponds to the grain (s2) decreases according to the
temperature and it is lower than 0.32. According to Elliott,43 the
OLPT is the most appropriate model in both frequency
domains.

Since the frequency dependence of conductivity is important
for exploring the mechanism of conduction, the temperature
dependence of conductivity is equally fundamental to trace the
evolution of the CBH and OLPTmodels at the grain level in both
compounds. Fig. S4a.† demonstrates the variation of AC
conductivity as a function of the inverse of the temperature at
different frequencies. The correlated barrier hopping corre-
sponds to a model of electron transfer by thermal activation
over the barrier between two sites, each displaying a coulombic
potential associated related to it. The good accordance between
the experimental data and the theoretical calculation t
corroborated that the CBH model characterizes well the
behavior of the NaFe1/2Mn1/2O2 sample well, allowing a better
estimation of the parameters according to the equation.44

dAC ¼ np2NNP3
0
Ru

6

24

where n refers to the number of polaron involved in the hopping
process, NNp is proportional to the square of the concentration
of states and 3′ stands for the dielectric constant for a xed
frequency value. The hopping can be indicated by a single
polaron or by a bipolaron, where:

NNp = NT
2 (for bipolar hopping)

NNp ¼ NT
2e

�Ueff

2KBT ðfor single polaronÞ
RSC Adv., 2023, 13, 17923–17934 | 17931
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Fig. 13 The variation of the exponent s (a and c) grain boundary, (b and d) grain of NaFe1/2Mn1/2O2 and Na2/3Fe1/2Mn1/2O2 of compounds
respectively as a function of temperature.
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The hopping length Ru is determined by the expression:

Ru ¼ 4ne2

p3030½WM þ KBT lnðus0Þ�
whereWM stands for the height of the maximum barrier, whose
value drops to a value u, provided in the case of a single polaron
by the following expression:

W ¼ WM � e2

p3030R

The multiple parameters invested in the tting procedure
are outlined in Tables 3Sa and b.† The negative sign of the
effective energy for the single polaron CBH model is associ-
ated with the strong interaction between electron and photon.
Fig. 14 reveals that the density states decrease with increasing
frequency, which is quite expected since the frequency
increase stimulates the mobility of the charge carriers, indi-
cating their non-localization.

Fig. S4b† exhibits the variation of ln(sac) conductivity as
a function of the inverse of temperature for Na2/3Fe1/2Mn1/2O2

sample. These curves are tted using the following expression
which corresponds to the OLPT model:45

sacðuÞ ¼ p4

12
e2ðkTÞ2N2ðEFÞ uRu

4

2akT þ uH0rp

Ru
2

17932 | RSC Adv., 2023, 13, 17923–17934
where Ruis the intersite separation, rp is the radius of the large
polaron, and uH0

is denoted by

uH0
¼ e2

43prp

where 3p is the effective dielectric constant and the tunneling
distance for a xed frequency that can be computed with
reference to the equation:

Ru ¼ 1

4a

�
ln

�
1

us0

�
� uH0

KBT

�
þ
"�

ln

�
1

us0

�
� uH0

KT

�2
þ 8arpuH0

KT

#2

where N(EF) represents the density of the contained state, s0
indicates the relaxation time considered as a constant of the
order of 10−13 sin numerous prior works, uH0

expresses the
activation energy related to the transfer of charge between the
overlapping sites, KB is the Boltzmann constant, rp refers to the
radius of the polaron and Ru stands for the distance of the
tunnel polarons.

These expressions were used in order to better and deeper
understand the changes occurring in the material when this
model takes place. However, in the OLPT model (Table 4S†), the
increase of the frequency entails the decrease of the density of
the charge carrier NT (Fig. 14c), the polaron radius rp and its
hopping energy uH0

. This indicates that the increase in
frequency stimulates the mobility of the charge carrier and
triggers the reduction of the polaron radius and therefore its
hopping energy.46,47
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Frequency dependency of the density states NT for NaFe1/2Mn1/2O2 (a) single polaron (b) bipolaron (c) Na2/3Fe1/2Mn1/2O2.
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In the current research work, we proved that the environ-
ment of Na in the materials NaxFe1/2Mn1/2O2 (x = 1 and 2/3)
impacts the conduction model. For x = 1, the structure is of
P3 type, where Na+ occupies prismatic sites which share faces
and edges with the octahedra MO6. The conductivity obeys,
therefore, the jumpmodel. However, for x= 2/3, the structure is
of P2 type, where Na+ occupies prismatic sites which share only
the edges with the octahedra MO6. The conductivity obeys,
therefore, the tunnel model. Indeed, the height of the NaO6

prism in the P2 structure is higher than that in the P3 structure,
which gives rise to the tunnel model (OLPT) in the compound
Na2/3Fe1/2Mn1/2O2.

5. Conclusion

In this work, we successfully synthesized NaxFe1/2Mn1/2O2

samples (x = 1 and 2/3) using a solid state method. We
conrmed that the compounds present hexagonal and rhom-
bohedral lattices, with R�3m and P63/mmc space groups,
respectively, for x = 1 and 2/3. Therefore the compound
NaFe1/2Mn1/2O2 has a P3 type structure, while the compound
Na2/3Fe1/2Mn1/2O2 has a P2 type structure. The presence of the
MO6 group in these materials was conrmed by the FTIR and
Raman vibration spectra. SEM analysis reveals that these
samples have a homogeneous morphology with regularly sha-
ped grains. The analysis of complex impedance measurements
proved the presence of grain and grain boundary effects for
both compounds. The study of dielectric and conductivity sdc of
NaFe1/2Mn1/2O2 compound demonstrated a change in
© 2023 The Author(s). Published by the Royal Society of Chemistry
activation energy at T = 363 K, which is conrmed by a change
in conduction mechanism. We found that the values of the
dielectric loss for x = 2/3 are lower than those for x = 1. It has
been found that the grain conduction mechanism in these
materials is dependent on the sodium environment. It is of the
CBH type in the P3 structure and of the OLPT type in the P2
structure. It is inferred for both compounds that the density
states decrease with increasing frequency, which is expected
since increasing frequency stimulates the mobility of charge
carriers, indicating their non-localization.
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