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l, electric and dielectric
characterization of a NaCu0.2Fe0.3Mn0.5O2

compound

Ichrak Ben Slima,a Karim Karoui, a Abdelfattah Mahmoud, b Frédéric Boschinib

and Abdallah Ben Rhaiem *a

The compound NaCu0.2Fe0.3Mn0.5O2 was synthesized using a solid-state method and it crystallized in

a hexagonal system with a R�3m space group in an O3-type phase. The optical properties were measured

using UV-Vis absorption spectrometry to determine the absorption coefficient a and the optical band

gap Eg. The optical band gap energy of this sample is 2.45 eV, which indicates that it has semiconductor

characteristics. Furthermore, the electrical and dielectric properties of the material were investigated

using complex impedance spectroscopy between 10�1 Hz and 106 Hz at various temperatures (333–453

K). The permittivity results prove that there are two types of polarization, dipolar polarization and space

charge polarization. The Nyquist diagrams show the contribution of the effects of the grain, grain

boundary, and electrode properties. The frequency dependence of the conductivity was interpreted in

terms of Jonscher's law. The DC conductivity follows both the Mott and Arrhenius laws at low and high

temperature, respectively. The temperature dependence of the power law exponent(s) suggests that the

overlapping large polaron tunneling (OLPT) model is the dominant transport process in this material. The

optimum hopping length of the polaron (4 Å) is large compared with the interatomic spacing (2.384 Å

for Na–O and 2.011 Å for Cu, Fe, Mn–O).
1. Introduction

The NaxMO2 ternary oxides, where M is a 3d transition metal
(Co, Cr, Fe, Mn, V, and their combinations), are used as positive
electrodes for sodium ion batteries because of their simple
structure, easy of synthesis, environmental friendliness, high
exploitation potential and feasibility of commercial produc-
tion.1 Furthermore, those oxides have not only important elec-
trochemical properties but also exhibit various interesting
physical properties.

However, these electrode compounds are characterized by
a layered framework structure in which the sodium ion layers
(Na+) are intercalated between two MO2 sheets. The arrange-
ment of these sheets determines the type of structure of the
sample, and the MO2 sheets are formed either by MO6 octahe-
drons in the ‘O’ structure, where Na+ occupy an octahedral site,
or by MO4 polyhedrons in the ‘P’ structure, where Na+ occupy
a prismatic site.2 This type of structure inuences the electrical
properties of these compounds, in particular the electrical
conductivity because the charge carrier, Na+, is free to move. In
addition, to the band gap between the valence band and the
BP1171, 3000, Sfax, Tunisia. E-mail:

try B6, University of Liège, 4000, Liège,

the Royal Society of Chemistry
conduction band, which indicates the semiconductor
comportment, the 3d transition metals, are characterized by the
overlap between the narrow 3d bands.3

In this study, there was interest in the combination between
Cu, Fe and Mn due to their abundant resources, inexpensive
price and because they are harmless to the environment.4–6

Furthermore, the compound O3-Na0.9[Cu0.22Fe0.30Mn0.48]O2

shows interesting electrochemistry results such as: an energy
density equal to 210 W h kg�1, a 90% round-trip energy effi-
ciency and good cycling stability.7

These results encouraged the investigation and study of the
NaCu0.2Fe0.3Mn0.5O2 compound. Firstly, a structural study
using X-ray diffraction (XRD) at room temperature is reported.
Then, the band gap and Urbach energies obtained from the
absorbance spectra of UV-visible (UV-Vis) spectroscopy, at
ambient temperature were investigated. Finally, the complex
impedance spectroscopy measurements were performed, in the
temperature and frequency ranges of 333–453 K and 10�1 to
106 Hz, respectively, which were used to determine the electric
and dielectric properties.
2. Materials and methods

The NaCu0.2Fe0.3Mn0.5O2 compound was synthesized using
a solid-state reaction. The precursors, of Na2CO3 (99%), CuO
(99%), Fe2O3 (99%) and Mn2O3 (99%) were obtained from
RSC Adv., 2022, 12, 1563–1570 | 1563
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Table 1 Refinement factors for the NaCu0.2Fe0.3Mn0.5O2 sample

c2 Rp Rwp Rexp Bragg R-factor RF-factor

4.71 14.5 11.8 5.42 2.728 3.523
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Sigma-Aldrich, and were mixed in proportional ratios. The ob-
tained powder was burned at 500 �C for 16 h, and then, the
sample was ground, pressed into pellets and transferred to an
oven at 850 �C for 24 h.

To determine the purity of the sample, powder XRD was
performed using a Bruker D8 Discover with Twin/Twin optics, at
room temperature, with Cu Ka radiation (l¼ 1.5406 Å, 10� # 2q
# 80�). To precisely determine the optical properties of the
prepared sample, a Shimadzu UV-3101 PC scanning spectro-
photometer was used at room temperature, with a wavelength
range of 200–800 nm, with a sample pellet of 0.5 mm of diam-
eter. Finally, the electrical property measurements were ob-
tained using complex impedance spectroscopy with a Solartron
SI 1260 impedance/gain phase analyzer in the temperature and
frequency ranges of 333–453 K and 10�1 to 106 Hz, respectively,
with a sample pellet with a thickness of 1 mm and a diameter of
8 mm.
3. Results and discussion
3.1. Structural properties

The XRD pattern associated with the NaCu0.2Fe0.3Mn0.5O2

compound is shown in Fig. 1. The results of the structural
renement by Rietveld method proved that this sample crys-
tallized in a hexagonal system with a R�3m space group and the
cell unit: a¼ 2.9389(1) Å, c¼ 16.5208(11) Å, a¼ b¼ 90� and g¼
120�. Yet, the renement factors, which were the t criteria,
such as reliability factor c2, t factors Rp and Rwp, which are
shown in Table 1, show small values indicating the perfect
conformity between the experimental and theoretical spectra
and suggesting the purity of the sample. In addition, these
results are in good agreement with those found by Mu et al.7

Fig. 2 shows the crystalline structure of the prepared sample.
It is marked by an alternate arrangement of NaO2 sheets with
those of CuFeMnO2. Here, both of the sodium ions and tran-
sition metals are linked to six oxygen atoms which build the
NaO6 and MO6 octahedra. Thus, the structure is an O3 type
where ‘O’means that the Na ion occupies an octahedral site and
Fig. 1 The XRD pattern of the NaCu0.2Fe0.3Mn0.5O2 sample.

1564 | RSC Adv., 2022, 12, 1563–1570
‘3’ indicates the number of sheets of transition metals in
a repeated unit of stacking. The NaCu0.2Fe0.3Mn0.5O2 sample
has a cell volume of 123.75(1) Å3 and the interatomic distances
are 2.384 Å and 2.011 Å for Na–O and CuFeMn–O, respectively.
The atomic coordinates are reported in Table 2.
3.2. Optical properties

The optical properties were obtained from the UV-Vis absor-
bance spectra measured at room and are displayed in Fig. 3.
This spectrum is characterized by a high absorbance in both the
ultra-violet and the visible region which means the NaCu0.2-
Fe0.3Mn0.5O2 compound is a suitable candidate for applications
in optoelectronics and photovoltaics.8,9 The presence of four
absorbance peaks at 248 nm, 370 nm, 529 nm and 689 nm are
noted. The peak which showed the maximum absorbance was
in the UV region at 248 nm and indicated the charges trans-
ferring from the valence band to the conduction band.10 The
peaks at 370 nm, 529 nm and 689 nm were associated with the
absorption of Mn, Fe and Cu, respectively,.11–13

For the determination of the optical gap energy the model
proposed by Tauc was used.14 In the region of high absorption,
Eg is related to the absorption coefficient a by the following
relationship:

ahn ¼ B(hn � Eg)
r (1)

where a ¼ 2.303 � A/e, B is a constant, Eg is the optical gap, and
r is a constant describing the nature of the optical transition
between the valence band and the conduction band.

Fig. 4 presents the Tauc plot of (ahn)2 versus hn. The value of
the gap energy can be determined from the intersection of the
extrapolation of the linear part of (ahn)2 with the energy axis.
Fig. 2 The crystalline structure of the NaCu0.2Fe0.3Mn0.5O2 sample.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The atomic positions of the NaCu0.2Fe0.3Mn0.5O2 sample

Atom Wyckoff x (Å) y (Å) z (Å)

Na 3b 0 0 0.500
Cu 3a 0 0 0
Fe 3a 0 0 0
Mn 3a 0 0 0
O 6c 0 0 0.268

Fig. 3 The UV-visible absorbance spectrum of the NaCu0.2Fe0.3-
Mn0.5O2 sample.

Fig. 4 The Tauc plot of the NaCu0.2Fe0.3Mn0.5O2 sample.

Fig. 5 The variation of Ln(a) versus hn.
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The gap energy of the NaCu0.2Fe0.3Mn0.5O2 compound was
equal to 2.45 eV which indicated the semiconductor character
of this compound. Indeed, the band gap of this sample is
smaller than the band gap of LiCoO2, which is widely used as an
electrode in lithium-ion batteries, which is 2.7 eV.15

The variation of Ln(a) versus (hn) is plotted in Fig. 5 and it
was used to determine the Urbach energy, which describes the
disorder of a material, using:16

a ¼ a0 exp

�
hn

Eu

�
(2)

where a0 is a constant, and Eu is the Urbach energy. The
Urbach energy was found to be 18.51 eV, which was superior to
that of the tail of the bands, previously found in the litera-
ture.17 It was noticed that there was an inverse variation
between the optical gap and the disorder. In fact, the gap
characterized the energetic difference between the tails of the
bands, however the Urbach energy is dened by the width of
the tail of the valence bands or conduction band, and there-
fore an increase in disorder was accompanied by a decrease in
the forbidden band.

3.3. Dielectric properties

3.3.1. Dielectric constant. The analysis of the real part of
the permittivity and the dielectric loss lead to the investigation
© 2022 The Author(s). Published by the Royal Society of Chemistry
of the phenomenon of polarization in the sample. Fig. 6 shows
the evolution of 30 as a function of angular frequency at various
temperatures, which was characterized by an exponential
decrease. It was clear that 30 showed dispersions at low
frequencies, which was veried by the increase of the 30 value
to 107 as the temperature increased at 1 Hz, and became
almost saturated at higher frequencies. This low frequency
dielectric dispersion was associated with the effect of the space
charge accumulation and/or the movement of the conductive
ions. The magnitude of the dielectric constant depended on
the degree of polarization and the charge displacement in the
crystal. It could be observed that 30 became a constant value at
high frequencies, and this was attributed to the absence of
space charge polarization near the grain boundary interface.
Then, the high dielectric constant in this material
ð106\3

0
max\108Þ, compared to that of Na2CoSiO4

ð10\3
0
max\104Þ which was used as battery electrode,18
RSC Adv., 2022, 12, 1563–1570 | 1565
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Fig. 6 The variation of the real part of the permittivity of the
NaCu0.2Fe0.3Mn0.5O2 sample.

Fig. 7 The imaginary part of complex polarizability as a function of
frequency.

Fig. 8 The variation of Ln(ua) versus the inverse of temperature.
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implies that this compound could be a candidate for use in
energetic devices. Indeed, materials with a large dielectric
constant can be used as a dielectric gate or an active channel in
eld-effect transistor (FET) devices.19

3.3.2. Complex polarizability. To understand the
phenomena of dielectric relaxation better, the complex
polarizability a*, proposed by Scaife20 was focused on next.
This allows more investigation of the intrinsic dielectric
properties of a compound because it gives appropriate weight
to all polarization mechanisms. In fact, by using this
formalism, diverse, coexisting relaxation processes in
a sample could be easily separated. Thus, the complex polar-
izability is dened as:

a* ¼ a
0 � ia00 ¼ ð3*þ 1Þ

ð3*þ 2Þ (3)

where a0 and a00 are the real and imaginary parts of the complex
polarizability (a*), respectively, and 3* is the complex dielectric
constant. Using the above relationship, the imaginary part of
the complex polarizability parameter a00 could be calculated as
follows:

a00 ¼ 3300

ð30 þ 2Þ2 þ 3002
(4)

where 30 and 300 are the real and imaginary parts of the dielectric
constant (3*), respectively.

Fig. 7 shows the imaginary part of the complex polarizability
as a function of frequency at different temperatures. This is
characterized by relaxation peaks, dened by a maximum
frequency uam

, which shied towards high frequency with the
increase of temperature (see Fig. 8). This variation follows the
Arrhenius behavior:

ua ¼ ua0 exp

�
� Ea

KT

�
(5)

where ua0
is a pre-factor, K is the Boltzmann constant, T is the

temperature. and Ea is the activation energy, which is 0.11 eV.
1566 | RSC Adv., 2022, 12, 1563–1570
3.3.3. Dielectric loss factor. The dielectric loss factor
changes the loss of electrical energy introduced from the
movement of the charge carrier and the orientation of dipoles.
This can be calculated from:

tan d ¼ 300

30
(6)

where 30 and 300 are the real and imaginary parts of the dielectric
constant (3*), respectively.

Fig. 9 shows that the relatively low value of tan d, is about 0–
15. It should be noted that, materials with a low energy loss are
necessary for battery applications, which means that the
NaCu0.2Fe0.3Mn0.5O2 compound is a good candidate for such
applications. This also shows two relaxation peaks in a low and
a high frequency region, respectively. These peaks were indexed
for space charge and dipolar polarization, respectively. With the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 The variation of the dielectric loss factor at different
temperatures.

Fig. 11 A simulation of the Nyquist plot at a temperature of 333 K.
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increase of temperature, the dielectric loss shis to a higher
frequency which indicated that the polarization was thermally
activated.
3.4. Electric properties

3.4.1. Impedance spectroscopy. The electric properties were
determined from the complex impedance spectroscopy results in
the temperature and frequency ranges of 333–453 K and 1–
106 Hz, respectively. These results were translated using
a Nyquist plot: �Z00 ¼ f(Z0), as shown in Fig. 10. This plot proved
the presence of three semi-circles placed in three frequency
domains. In the high frequency this was a grain effect, in the
medium frequency it was a grain boundary effect, and in the low
frequency it appeared as an electrode effect. These effects were
simulated by an equivalent circuit (Fig. 11) using ZView soware.
This equivalent circuit was formed by three cells in series: the
rst was formed by a resistance Rg, a capacity Cg and a fractal
capacity CPEg and all were parallel indicating the grain effect, the
second was a combination of a resistance Rgb in parallel with
a fractal capacity CPEgb representing the grain boundary effect,
Fig. 10 Nyquist plots of the NaCu0.2Fe0.3Mn0.5O2 compound.

© 2022 The Author(s). Published by the Royal Society of Chemistry
and the third one was a fractal capacity CPEe interpreted as the
electrode effect. Fig. 11 shows the simulation of �Z00 versus Z0 at
a temperature of 333 K and the effect of each one of the equiv-
alent circuit cells. The intersection of the Nyquist plots with the Z0

axes is used to obtain the resistivity of the sample and their values
were obtained from the plot simulations with the equivalent
circuit. Using the resistivity, the grain conductivity was calculated
based on the following relationship:

sg ¼ e

RgS
(7)

where: e is the thickness of the pellet, S is the surface area of the
pellet, and Rg is the resistance determined from the equivalent
circuit.

By increasing in temperature, the resistivity, decreased,
which involved the increase of the conductivity of the grain.
This means that the conductivity was thermally activated and
conrmed the semiconductor behavior of the sample. To
understand the variation of the grain conductivity better, Fig. 12
Fig. 12 The variation of the grain conductivity of the NaCu0.2Fe0.3-
Mn0.5O2 compound.

RSC Adv., 2022, 12, 1563–1570 | 1567
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Fig. 13 The variation of Ln(sac) versus Ln(u) at different temperatures
for the NaCu0.2Fe0.3Mn0.5O2 compound.

Fig. 14 The variation of the exponent S as a function of temperature.
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shows Ln(sg) a function of temperature. It is characterized by
the presence of two domains: high and low temperature.

At a high temperature of 383–453 K, all of the charge carriers
were thermally active, so, the variation of the grain conductivity
followed the Arrhenius law:21

sg ¼ s0 exp

�
� Ea

KT

�
(8)

where s0 is a pre-factor, Ea is the activation energy, K the
Boltzmann constant and T is the temperature. The activation
energy of this conductivity was equal to 0.53 eV and s0 ¼ 4.97 �
10�2 U�1 cm�1.

By comparing the activation energies found from the grain
conductivity and the complex polarizability, which were 0.53 eV
and 0.11 eV, respectively, it was shown that they were not the
same, which means that the conduction process cannot occur
by a hopping process.

At low temperatures of 333–373 K, a small number of the
charge carriers were thermally active and their movement was
not the same, so, the variation of grain conductivity followed
variable range hopping (VRH) known as the Mott [T]�1/4 law:22

s ¼ s1 exp

�
�T0

T

�1
4

(9)

where s1 is a pre-exponential factor, T0 is a constant equal to: s1
¼ 6.73 � 10�3 U�1 cm�1 and T0 ¼ 430 K.

3.4.2. AC conductivity. Fig. 13 shows the variation of
Ln(sac) versus Ln(u) at different temperatures. It is character-
ized by the presence of two domains: the rst at a high
frequency indicating the grain effect, and the second at a low
frequency showing the grain boundary effect.

The variation of AC conductivity at high frequencies is
marked by the presence of a plateau (s0) and a dispersion
domain. This evolution follows the Jonscher power law:23

sac(u) ¼ s0 + Aus(T) (10)

The slope obtained by the t of the linear part at high
frequency of Ln(sac)¼ f(Ln(u)) allowed the determination of the
1568 | RSC Adv., 2022, 12, 1563–1570
‘S’ exponent which shows the degree of interaction of the
mobile ion and its environment. The variation of ‘S’ as a func-
tion of the temperature makes it possible to specify the
conduction mechanism in the sample (Fig. 14).

As previously indicated, at low temperatures, the sample was
not totally thermally activated, and as a result, the variation as
a function of the temperature of ‘S’ did not give an adequate
conduction model. Although, for T > 360 K the exponent ‘S’
decreased when the temperature increased, to give a minimum
above 443 K, and then began to increase which meant that the
conduction mechanism was overlapping the OLPT.24

As the frequency dependence of conductivity is important for
investigating the mechanism of conduction, the temperature
dependence of conductivity is also important to determine the
evolution of the OLPT model. Fig. 15 shows the variation of AC
conductivity as function of the inverse of the temperature at
Fig. 15 The variation of Ln(sac) versus 1000/T.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Parameters of the OLPT model

Frequency
(103 Hz)

NEF

(1019 eV�1 m�1)
a

(109 m�1) WH0 (eV) rp (Å)

1000 8.6461 3.025 0.485 0.718
500 9.1461 2.490 0.517 0.697
100 9.9728 2.132 0.549 0.716
50 10.293 2.089 0.557 0.738
10 11.794 1.978 0.579 0.785
5 12.004 1.901 0.588 0.823
1 13.756 1.732 0.616 0.935
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different frequencies. The good agreement between the exper-
imental data and the theoretical calculation t proved that the
OLPT model described the behavior of the NaCu0.2Fe0.3Mn0.5O2

sample well, enabling an estimation of the parameters accord-
ing to the equation:25,26

sðuÞ ¼ p4

12
e2ðKBTÞ2½NðEFÞ�2 uRu

4

2aKBT þ �
WHorp

�
Ru

2
� (11)

where rp is the polaron radius, a is the inverse localization
length of the polaron,WH0 is the hopping energy of the polaron,
N(EF) is the density of states in the Fermi level, and Ru is the
tunneling distance which could be calculated using eqn (8):
Fig. 16 The variation of the parameters of the OLPT model versus the fr
lengths of the polaron, (c) the hopping energy of the polaron, and (d) th
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KBT

�2

þ 8a
WHo

KBT

#1
2

(12)

Table 3 regroups the parameters of the theoretical adjust-
ment of the OLPT model and Fig. 16 displays the variation
function of frequency. It was noticed that the density of states
decreased with increasing frequency as deduced by Mott law,27

and also there was a decrease of the polaron radius, and the
hopping energy as a function of the frequency was remarkable
although this was expected because the decrease in frequency
stimulated the mobility of the free charge carriers. It was also
noted that the extracted values of Ru varied over a range of 4 Å,
and also with the interatomic spacing (2.384 Å for Na–O and
2.011 Å for Cu, Fe, Mn–O). This nding suggests that the
conduction process of these samples, was ensured because of
the large polaron. In this case, the spatial extent of the polaron
was large when compared with the interatomic distance.28

In comparison with other similar compounds such as
LiCoO2, which is the most preferred positive electrode material,
an improvement of conduction in NaCu0.2Fe0.3Mn0.5O2 was
noticed. Indeed, the conductivity of NaCu0.2Fe0.3Mn0.5O2, which
equency. (a) density of states in the Fermi level, (b) inverse localization
e polaron radius.
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is 6 � 10�4 U�1 cm�1, was greater than that of LiCoO2, which is
2.29 � 10�4 U�1 cm�1 at room temperature.29 Therefore,
NaCu0.2Fe0.3Mn0.5O2 is a good candidate for Na ion battery
applications.

4. Conclusions

The NaCu0.2Fe0.3Mn0.5O2 sample was synthesized via a solid-
state method. The XRD results prove that this compound crys-
tallizes in a hexagonal system with the R�3m space group. In
addition, optical evaluation indicates that its energy gap is
2.5 eV, which veries its semiconductor behavior. A dielectric
study of this sample was carried out and the polarization
phenomena exhibited were due to space charge polarization at
low frequency and dipolar polarization at high frequency. The
high dielectric constant of NaCu0.2Fe0.3Mn0.5O2

ð106\3
0
max\108Þ shows that this material could be a candidate

for use in energetic devices. Indeed, materials with a large
dielectric constant can be used as dielectric gates or active
channels in FET devices. Then, analysis of the complex
impedance measurements proves the presence of grain, grain
boundary, and electrode effects using Nyquist diagrams. The
choice for the adequate equivalent circuit allows for the evalu-
ation of the grain conductivity and shows that the evolution
follows the VRH model at a low temperature and the Arrhenius
law at a high temperature, with an activation energy of 0.53 eV.
The variation of AC conductivity was used to investigate the
conduction mechanism, which is the overlapping large polaron
tunneling model. In this model the value of the jump distance
Ru is bigger than the interatomic distance and it was seen that
the parameters NEF, WH0, and rp decrease with an increase in
frequency. The electrical performance of this material shows
that it may be a good candidate for Na-ion battery applications.
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