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Abstract

We prepared the compounds NaCuo2FeosxMnxO2 by the solid states method. The
structural analysis confirmed that the samples crystallize in hexagonal system with R-3m
space group. Fourier transform infrared spectroscopy shows vibrational modes of the
compounds NaCuo.2FeosxMnxO2 and proved the presence of the octahedral environment
MOe (M= Cu, Fe, Mn) which validates the structural study. The investigation by UV-visible
spectroscopy revealed a strong absorption of the prepared samples in the UV-visible range
and allows extracting the band gap (2.8 eV <Eg< 3 eV) which shows a small increase with
manganese content and exhibits the samples semiconductor behavior. Additionally, the
study of the real part of the dielectric permittivity using impedance spectroscopy
demonstrated high dielectric constant at low frequency and suggested the existence of space
charge polarization and dipolar polarization. However, the study of the imaginary part of the
dielectric permittivity proved that the dipolar polarization may be masked due to the high
ionic dc conductivity. Finally, modulus formalism indicated two relaxations attributed to the
grain boundary and grain relaxations.

Key words: NaCuo2FeosxMnxO2 compounds, semiconductor, optical properties,

dielectrical propreties.

l. Introduction

Sodium transition metal oxides NaxMO>, where M is a metal, have drawn extensive

attention of researchers and whetted the widest interest in view of their layered structure and



their electrochemical performances which make them used as electrodes for sodium ion

batteries, the best alternative for lithium ion batteries

Although, these materials have continued to trigger significant scientific concern in
terms of extracting more outstanding physical properties, such as optic and dielectric
properties; to the best of our knowledge, the number of papers tackling these properties is
scarce. It is noteworthy that NaxMO> samples are characterized by the presence of the
electronic configuration ([Ar] 3d") of the transition metal allowing them to have specific
electronic transitions, namely the d-d transitions on the metal site and the ligand to metal
transition (e.g.: O to Cu) [4]. Additionally, they display a low band gap (e.g.: Eq (NaFeO> =
2.45eV)), a high dielectric constant (e.g.:(¢'(LiFeO2)=7.10%) and a low dielectric loss (e.g.:
tgd (LiNiy3Co1sMna)xAlxO2) < 4) ... These properties open further fruitful lines of
investigation and offer promising opportunities for these compounds to be invested in
multiple scientific and technological applications including optoelectronics, gas absorber,

gas sensor, medical treatment ....

In our previous works, we attempted to determine the structural and electrical
properties of NaCuo.2FeosxMnxO2 samples (x= 0.4; 0.5; 0.6; 0.7) . The obtained
results revealed that these samples crystallize in the hexagonal system with the R-3m space
group and possess a trace of Fe2Os3 ( and in the supporting information).
Furthermore, the crystalline structure was handled. It is inferred that changing the Mn
percentage, affects the lattice structure and switches it from O3 in samples whose x=0.4 and
0.5 to P3 for samples whose x=0.6 and 0.7. Indeed, in both structure types, the crystalline
structure is formed by alternating sheets of CuFeMnO: sheets and NaO; sheets. The
CuFeMnO: sheets are formed by CuFeMnOs octahedra, whereas the NaO> sheets are formed
by either, NaOg octahedra in O3 structure, where sodium ions are located in octahedral sites,
or NaOe prisms in P3 structure, where sodium ions are located in prismatic sites.
Additionally, increasing Mn rate impacts the electrical conductivity and generates its
increase as well as changes the conduction mechanism. These outstanding results constitute
the basic impetus behind the attempts to identify further prominent features for these
materials. From this perspective, the basic objective of the current research is to investigate
the optic and dielectric properties of NaCuo.2FegsxMnxO2 samples (x= 0.4; 0.5; 0.6; 0.7) and

trace the evolution of optical and dielectric constants.



1. Materials and methods

Using the conventional solid state method, the NaCuo.2Feo.s-xMnxO2 compounds (x=
0.4; 0.5; 0.6; 0.7) were synthesized, where proportional ratios of Na,CO3 (Segma Aldrich,
99%), CuO (Segma Aldrich, 99%), Fe:O3 (Segma Aldrich, 99%) and Mn2Os (Segma
Aldrich, 99%) were mixed. Theses samples were subjugated to two thermal treatments at
500°C and 850°C for 16h and 24h, respectively, in air. The obtained samples were cooled in
a glove box filled with argon. The samples were prepared following the equation:

Na;COsz + (0.4) CuO + (0.8-x) Fe203 + x Mn203 + (0.1) O2 — 2 NaCuo.2Feos-xMnxO2 + CO2

We invested the X-Ray Diffraction on powder by ‘Bruker D8 Discover Twin- Twin’, at
room temperature, with Cu K, radiation (A = 1.5406 A, 10° < 20 < 80°) in order to verify the
purity of the prepared samples. . In order to specify the composition of the prepared
samples, Fourier transform infrared (FTIR) spectroscopy was performed on powder, at room
temperature, using ‘PERKIN-ELMER FT-IR Spectrum 1000°. Furthermore, to examine the
optical properties, the UV-Visible spectroscopy at room temperature was invested using
‘Shimadzu UV-3101 PC scanning spectrophotometer’, in the wavelength range of 200-800
nm on a pellet of 0.5 mm of thickness. Finally, the dielectric properties were extracted using
complex electric impedance spectroscopy with a ‘Solartron SI 1260 impedance/gain phase
analyzer’ in the frequency range [10 to 10° Hz], at various temperatures. Measurements

were undertaken on a pellet with a diameter of 8 mm and a thickness of 1mm.
I11.  Results and discussion
I11.1. Vibrational analysis

The vibrational study was carried out using Fourier transmission infrared
spectroscopy. FTIR analyses are depicted in .The FTIR graph revealed that the spectra
of all samples exhibit very similar characteristics. The transmittance peaks appearing
between 500 and 1400 cm™ are characteristic of the prepared samples and describe the
stretching and bonding of sodium and metal with oxygen in octahedral configuration, as
portrayed in . The peak at ~1650cm™ is associated to the absorbed water H,O by the
sample surface. This result proves the presence of the octahedral environment MOs (M= Cu,

Fe, Mn) and confirms the structural study.



111.2. Optical properties

highlights the absorbance spectra associated with NaCuo 2Feos-xMnxO2 samples (x= 0.4;
0.5; 0.6; 0.7) obtained using UV-visible spectroscopy at room temperature. It suggests the
presence of six absorption peaks. The maximum absorbance in the ultra-violet region of the
electromagnetic spectrum (A1) may reflect an increase in the power of the light source. While
the maximum absorbance, in visible region of the electromagnetic spectrum (As), denotes the
transition from the valence band to conduction band. Furthermore, these compounds exhibit a
strong absorbance in the visible region referring to the existence of 3d transition metal.
Indeed, relying on state of arts works, Mn3* (3d%), Fe** (3d°) and Cu?* (3d°) absorb light in
both ultra-violet and visible region. For Mn3*, two absorption peaks are present at 317 nm and
519 nm, respectively; for Fe*, the absorption peaks are at 368 nm and 440 nm; and those for
Cu?* appear at 356 nm and 780 nm . The deconvolution of the absorption spectrum shows
peaks around these wavelengths. The observed shift can be attributed to the matrix absorption
which complicated the deconvolution operation. These results lead us to attribute the wave
length 2 to the absorption of Mn3*. A3 can be assigned to the absorption of either Fe3* or
Cu?*. Finally, s and A are attributed to the absorption of Fe3* and Cu?*, respectively. The
transition associated with A, A4 and As can be ascribed to transitions: °Eq — °Tzg , A14(S) —
“T24(G) and ?B1g — 2B, of the Mn** , Fe®" and Cu?* ions; respectively. They are arranged in
octahedral configuration with oxygen ions
The strong absorption of NaCuo2FeosxMnxO, samples in the UV-visible range is
equally recorded in the absorbance spectra of Mgo.6C00.2Cuo.2FeCrO4 spinel ferrites, where
absorbance is near from the unity in the wavelength domain [200 nm- 800 nm]. This
corroborates that our prepared samples can be invested in optoelectronic applications as well
as in photo-catalysis materials and photovoltaic solar cells

Additionly, samples absorbance is related to the absorption coefficient noted . This
coefficient describes the amount of electromagnetic wave absorbed by a material. It is
determined through the following equation

q =B 1)

e

(1-R)?

where F(R) = —a

is the Kubelka—Munk equation, R is the diffuse reflectance and e

is the thikness of the sample.



Furthermore, the optical gap energy Eg was established using Tauc model . The
gap energy Eg and the absorption coefficient o are expressed in terms of the following
relationship:

oahv=B (hv-Eg)"' (2

where B is a constant and r is a constant describing the nature of the optical transition between

the valence band and the conduction band.

The value of the gap energy of NaCuo2FeosxMnxO2 samples was computed according to
Tauc’s plot (ahv) 2 versus (hv), as illustrated in through the intercept of the
extrapolation of linear part of (ahv) 2 with the (hv) axis. Examining these results reveal that
the values of direct band gap ( ) vary in the range of 2.8e V< Eg < 3 eV, which confirms
the semiconductor character of these compounds. Within this framework, the Mn substitution
on Fe sites generates slowly the increase in Eq value. This may be accounted for by the fact
that, when the Mn rate is higher than Fe rate, optical absorption in Mn based oxides is
affected by d-d charge transfer between Mn ions at various sites and eg-eg transition of
electron. Doping Mn at Fe sites inhibits the formation of new energy level for Fe which

affected, therefore, the gap energy

For instance, the gap energy of NaCuo.2FeosxMnxO2 samples is close to those of
LiFeO2 (2.4 eV) and NaFeO: (2.17 eV). Thus, a study conducted by A.K. Tangra et al.,
unveiled the optical, magnetic and biocompatible applications of the AFeO2 compounds to be
used in medicine. These authors emphasized their efficiency and feasibility in terms of
combating breast cancer cells. Therefore, our samples can be equally invested for medical

treatment

As the gap energy is attached to the absorption coefficient a, the extinction coefficient

k is connected to it as well, via:

k=2 3)

41T

presents the evolution of the extinction coefficient k as a function of the
wavelength A. all samples show an increase to a maximum value as A increases then k drops
when A rises. The extinction coefficient k identifies a small value ranging between 107 and

10, similarly to the recently studied LiCoO2, indicating that NaCuo2Feos.xMnxO2 samples



possess a low optical absorption loss when the incident light spreads through the crystal,
which confirms their good transparency
This result corroborate that the prepared samples correspond to outstanding materials

in terms of photovoltaic solar cells and nonlinear optical applications

Another intrinsic coefficient that needs to be investigated is refractive index n which
describes the dispersion of the electromagnetic wave in a sample. It is calculated based on
reflectivity R measurements following the equation below:

1+VR
n= m (4)

As illustrated in , the refractive indices vary between 1.1 and 1.4, confirming
extinction coefficient result and indicating the samples transparency. Noting that, sample
whose x= 0.7 has the lower refractive index. Furthermore, the evolutions of this index
present a minimum in the Ultra-Violet domain then it remain constant in the domain [400

nm — 700 nm], while in the domain [700 nm- 800 nm] a dispersion behavior appears.

This result is indicative that these compounds can act as good candidates in

antireflection coatings with low refractive index

Furthermore, these constants (n and k), when gathered, allow the study of the optical

dielectric constant &.p through the following relationships:

€op =€’ + j&" (5)
Eop = nz'kz (6)
Ep'"= 20K (7)

In this regard, the real part (¢ oo") and the imaginary part (g,,") of the optical

dielectric constant accounts for the slowing down of the light speed in the material and the
free carriers’ absorption of the associated radiation, respectively. Indeed, and 7/ trace

the evolution of €, " and ¢,," as a function of wavelength. First of all, the evolution of £ '
and &,," displays the same behavior of n and k, where ¢ o, " varies within the range 1.2- 1.8
and €,,"ranges in the order 10°% as the coefficient k. These results prove the transparency of

the sample with very a small absorption loss.



In order to better and deeper investigate the optical area; the optical conductivity was

invested to explore the optical transitions in a material. In other terms, the allowed interbond

transitions . The Optical conductivity is computed using the relation:
Oop = (8)

where c is the velocity of light and «. is the absorption coefficient.

In this respect, the evolution of the optical conductivity vs. the photon energy is
depicted in . In the visible domain, there is a maximum of conductivity, which implies
that the photon energy induces more excited electrons at this domain. Such a result may be
applied in opto-electronic devices, where our material seems to be a good alternative as an
optical filter in the visible range to select specific frequencies . It’s worth noting that the

optical conductivity o, decreases with the increase in Mn percentage. This can be ascribed

to the increase of the optical gap which goes up with the rise of Mn amount.

The optical study shows that the gap energies of our compound remain higher than
those of lithium-based compounds such as LiCoOz (2.15 eV) and LiMnO> (1.97 eV) [35]
but they are lower than those of monophosphate materials such as the compound NaCoPO4
in the three phases o, B and y (Ege = 4.08 , Egs = 4.35 and Eg, = 3.88 eV) [44]. In addition,
our compounds are characterized by low extinction coefficient K (between 5 107 and 2.5 10°
®) which is of the same order of magnitude as that of pervoskyte compounds such as
[DMA]2ZnCls, [DMA]2ZnBrs and [DMA]2CoCls (between 2 107 and 1.8 10°) [39]. These
findings proved that these samples could be used in optoelectronic applications, active

channel in FET devices, medical treatment and photovoltaic cells.
111.3. dielectric properties

In order to investigate the dynamic responses of the materials’ constituents, it is quite
informative to trace the evolution of their dielectric properties against the frequency

However, the complex dielectric permittivity is expressed as follows:
gel*= o't j £0)" )

where &' is the real part of the dielectric permittivity indicating the ability of a material to
be polarized or expressing its storage capacity and &.," is the imaginary part of the dielectric

permittivity corresponding to the energy loss in a sample



Within this framework, the frequency dependence of the real part of the dielectric
constant e/’, at the temperature range [333 K- 453 K], of the NaCuo.2Feos-xMnxO2 samples
(x= 0.4; 0.5; 0.6; 0.7) is illustrated in . Through analyzing these graphs, we can assert
that in the low frequency region, the evolution of &’ is marked by a dispersion domain with a
higher value of e’ (~107); and in the high frequency region, it is characterized by a drop to
a very small and constant value of ./’ (~10%). The highly value of &’ at low frequencies can
be assigned to the accumulation of the space charge at the interface and the high self ability
of the permanent dipoles to be aligned along the electric field. On the other side, at high
frequencies, as the applied field varies quickly, the permanent dipoles cannot follow it.
Therefore, their response will be irrelevant and the variation of the dielectric constant e’
remains constant. Additionally, we notice that the real part of the dielectric permittivity is
thermally activated since it increases as the temperature goes up. This refers basically to the
fact that more dipoles are polarized and follow the field orientation . This finding
implies that the prepared samples are powerful candidates as active channels or dielectric

gates to be used in FET devices

To this extent, the influence of Mn substitution on the real part of the dielectric
permittivity could be deduced. presents the evolution of /', at high frequencies, at
333K. It confirms that €' increases with the increase of Mn rate. This can be explained as
follows; in an octahedral site, the oxidation states of Fe and Mn ions are Fe®*'/Fe** and
Mn®/Mn*. Dopping Fe by Mn decreases the formation of defects and decreases the
formation of Jahn Teller distortion of Mn** to Mn®". As a result, Mn dopping increases the
oxidation state of Mn and therefore increases the dielectric constant as well as the electrical
conductivity . Noting that, the increase of the electrical conductivity by increasing Mn

amount was proved in our previous work

Furthermore, the evolution of the imaginary part of the dielectric permittivity &.,"
against the frequency in log-log plot at various temperatures, plotted , exhibits a
linear response and reveals the absence of not only dielectric relaxations but also the dipolar
relaxation. This can be accounted for in terms of the effect of the ionic dc conductivity (cdc),
which obscures any relaxation process that might exist . This proves that the

conduction in these materials is very significant and therefore promising.

To further understand this phenomenon we used a simulation based on the Cole-Cole

model following the equation



) _ . (1—o)IL
es—ex( )Y sin(— )
" 1 2 Odc
& (o) = = + 10
el ( ) 1_,_2(0‘:)1)1—0( cos((l zoc)H)_l_(a%)zu—oc) goWw ( )

Where ¢, and g are the high-frequency and static low frequency limits of the real
permittivity, o4 is the DC conductivity and a is the Cole—Cole exponent.

The fit results of the frequency dependence of the imaginary part of the dielectric
constant are shown in (supporting information). The conformity between theoretical
and experimental data confirms that the cole-cole model describes well the relaxation process
in these samples. Then, we can conclude the DC conductivity values and they are
recapitulated in (supporting information). The DC conductivity values varies
between 10 and 102 (Q cm)™? and proves an increase as temperature increases. The high
value of DC conductivity justifies the absence of dipolar relaxation.

Thus, the study of the electrical modulus seems to be the best tool to check the
relaxation process in our samples. The imaginary part of the electric modulus M" was

calculated using the following expression

M"=—— (11)

er24g"2

where ¢’ and £"are the real and imaginary parts of the dielectric permittivity.

displays the imaginary part of modulus M" against frequency at various
temperatures. It’s marked by the presence of two relaxation peaks. The first is at the
neighborhood of 10* Hz and 10°Hz, indicating the grain boundary relaxation. The second one
appears at high frequencies, corresponding to the grain relaxation. At low frequencies, M"(w)
spectra are close to zero. This refers basically to the fact that modulus deletes the electrode
effect . By increasing Mn amount, the peaks shift towards high frequencies, which makes
us unable to follow the relaxation in the sample whose x= 0.7 ( ). As a result, the
relaxation time is reduced and the ionic transport becomes faster .This result suggests the

enhancement of the conductivity which is corroborated in our previous work

By increasing temperature, the relaxation peaks shift to high frequency, indicating
that the relaxation process of conductivity is thermally activated. In order to pursue the
evolution of the maximum frequency, characteristic of the relaxation of grains, the variation
of Ln (wmax) as a function of the inverse of temperature, is identified in . This variation

follows the law of Arrhenius and the activation energies are recorded in



Then, the high dielectric constant of these materials (of the order of 10° at low
frequency), which is of the same order of magnitude as that of the peroveskyte compounds
[DMA]2ZnCls, [DMA]2ZnBrs and [DMA]2CoCls (between 10° and 5 10°) [39], implies that
these compounds could be a candidate in energy devices. Indeed, materials with high
dielectric constant can be used as dielectric gate, gas absorber, gas sensors and super

capacitors [53, 54].
Conclusion

NaCuo.2Feo.s-xMnxO2 compounds are preferred as electrodes for sodium ion batteries
which highlight their significance in electrochemical applications. Consequently, it is crucial
to investigate their optical and dielectric properties. NaCuo.2Feos-xMnxO2 samples were
prepared using solid states method. Structural study revealed that these samples crystallize
in hexagonal system with the R-3m space group. The vibrational study confirmed the
structural study and showed the presence of all functional groups in the samples.
Furthermore, the optical study was carried out using UV-Visible spectroscopy. It proved that
the prepared samples stand for semiconductors whose gap energy varies between [2.8-3eV].
The increase in Mn percentage generates an increase in Eg value. We infer that the evolution

of nand eqp’ vary in the range 1.2- 1.8. Likewise, &,," and k are very low, vary in the order
108, These findings proved that these samples could be used in optoelectronic applications,
FET devices, medical treatment and photovoltaic cells. The dielectric study, using complex
electric impedance spectroscopy, demonstrated that NaCuo.2Feos-xMnxO2 samples possess a
high dielectric constant (gei’ (~107) at low frequency and e’ (~10%) at high frequency) and
increase when Mn percentage rises. This proves the importance of these materials which can
be used in several applications such as dielectric gates, gas absorbers, gas sensors and
supercapacitors. The investigation of modulus formalism indicates two relaxations, namely
grain boundary (around 10* Hz) and grain relaxation (around 10° Hz). These relaxations

shift to higher frequencies by increasing the Mn rate, which generates a faster ionic

transport.
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Figure 1: FTIR spectra of pattern associated to NaCug.2Feo.s-xMnxO2 samples (x=
0.4; 0.5; 0.6; 0.7)
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Figure 2: UV-visible absorbance spectra of NaCuo.2Feo.sxMnxO2 samples (x= 0.4;

0.5; 0.6; 0.7)
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Figure 3: Tauc’s plot of NaCuo.2Feos-xMnxO2 samples (x= 0.4; 0.5; 0.6; 0.7)
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Figure 4 : variation of the extinction coefficient of NaCuo.2Feo.sxMnxO2 samples (x=
0.4;0.5; 0.6; 0.7)
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Figure 5 : variation of the refractive index of NaCuo.2Feo.sxMnxO2 samples (x= 0.4;
0.5; 0.6; 0.7)
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Figure 6 : variation of the real part of the optical dielectric constant of

NaCuo.2Feos-xMnxO2 samples (x= 0.4; 0.5; 0.6; 0.7)
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Figure 7 : variation of the imaginary part of the optical dielectric constant of

NaCuo.2Feo.s-xMnxO2 samples (x= 0.4; 0.5; 0.6; 0.7)
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Figure 8: variation of the optical conductivity of



NaCuo.2Feos-xMnxO2 samples (x= 0.4; 0.5; 0.6; 0.7)
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Figure 9 : the frequency dependence of the real part of the dielectric constant €e’ of
the NaCuo.2Feos-xMnxO2 samples (x= 0.4; 0.5; 0.6; 0.7)
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Figure 10: evolution of the real part of the dielectric constant gei” as a function of Mn

percentage of NaCuo.2Feo.s-xMnxO2 samples (x= 0.4; 0.5; 0.6; 0.7) at high frequencies
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Figure 11 : evolution of the imaginary part of the dielectric permittivity ¢;" against
the frequency in log-log plot of the NaCuo.2Feo.s-xMnxO2 samples (x= 0.4; 0.5; 0.6; 0.7)
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Figure 12: evolution of the imaginary part of modulus M" of the

NaCuo.2Feos-xMnxO2 samples (x= 0.4; 0.5; 0.6; 0.7)
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Figure 13: evolution of the imaginary part of modulus M" as a function of Mn

percentage of NaCuo.2Feos-xMnxO2 samples (x= 0.4; 0.5; 0.6; 0.7)
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Table 1 : The vibration peaks appeared from FTIR spectra of NaCuo.2Feos-xMnxO2
samples (x=0.4; 0.5; 0.6; 0.7).

x=0.4 | x=0.5 | x=0.6 x=0.7 Ref

- 1034 - 1034 Stretching and bonding O-Fe-O [20]

peak 6 | 1651 |1624 | 1651 1653 Bonding O-H [21]

Table 2 : Gap energy of NaCuo 2FeosxMnxO2 samples (x= 0.4; 0.5; 0.6; 0.7)

X Eq (EV)
0.5 2.95

0.7 2.98




intensity (a.u)

Table 3 : activation energy of NaCuo.2Feo.s-xMnxO2 samples (x= 0.4; 0.5; 0.6; 0.7)

X Ea(eV)
0.4 0.45
0.5 0.43
0.6 0.5
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Figure S15 : XRD pattern associated to NaCuo.2Feo.s-xMnxO2 samples (x= 0.4; 0.5; 0.6; 0.7)
[1]

Fig. S1 exhibits the X-Ray Diffraction patterns of NaCuo.2Feo.s-xMnxO2 compounds
(x= 0.4; 0.5; 0.6; 0.7). The structure refinement by the Rietveld method using FullProf
software confirmed that the samples crystallize in the hexagonal system and are indexed to
the R-3m space group and we detect some trace of Fe;Os. The cell parameters and the fit

criteria are plotted in table S1.
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Figure S16 : Fit of the imaginary part of the dielectric permittivity €" against the

frequency using cole-cole model of the NaCuo.2Feo.s-xMnxO2 samples (x= 0.4; 0.5; 0.6; 0.7)



Table S4 : System: hexagonal, space group: R-3m [1]

X a(A) C(A) xz Rp pr Rexp

0.5 2.9389(1)  16.5208 (11)  2.42 9.67 8.08 5.20

0.7 27326 (5) 16.7607 (4) 551 11.1 11.7 5.51

Tableau S5 : oqc conductivity obtained from the adjustment of the imaginary part of
the dielectric permittivity €" against the frequency of the NaCuo 2Feo.s-xMnxO2 samples (x=
0.4;0.5; 0.6; 0.7)

= 04 X= 05 X= X=
(Qcm)? (Qcm)? 0.6(Q cm)*? 0.7(Q cm)?

343 K 1.91.10° 9.89.10° 3.80.10° 4.83.10°

5 6 5 5



363 K 2.36.10° 6.68.10° 6.48.10° 1.43.10°

423 K 4.71.10° 1.15.10° 8.44.10° 8.32.10°

~
w
~
~

443 K 8.33.10° 2.53.100 1.20.10° 2.20.100
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