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KEYWORDS Abstract The Na3;NbyAs3;0,9 compound is synthesized by solid state reaction method and charac-
Dielectric properties; terized by X-ray diffraction. The structure is described as a three-dimensional anionic framework
Modulus analysis; having two kinds of tunnels where sodium cations are located. The framework of the title com-
Ac conductivity; pound is thus of open character and the motion of sodium cations through the tunnels seems to
BVS analysis be feasible. This factor led us to study the ionic conduction. In this work, we present the dielectric

and electrical properties of NasNbyAs;0;9 compound by using the complex impedance spec-
troscopy technique, in the frequency range 0.01 — 13000 kHz. The conductivity measurements of
the obtained ceramic are studied over a temperature range from 300 to 620 °C. The real and imag-
inary parts of the dielectric constant were found to decrease with frequency and to increase with
temperature. The values of the frequency of the maximum of the imaginary part of the modulus
and of the impedance are different indicating a non-Debye type of relaxation process. The values
of the activation energy (E,) calculated by different methods are in conformity. The Bond Valence
Sum (BVS) model is used to identify the conduction pathways for the monovalent cations, allowing
a better correlation between the electrical and the structural data. It suggests that the most probable
sodium conduction pathway is along c-direction.
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1. Introduction

The arsenates compounds containing a monovalent cation
have attracted researchers due to their physical properties

Table 1 Characteristics of the used chemicals.

Purity (%)

The used chemicals Manufacturers

Na,CO; >99.5 Sigma-aldrich
As,O5 99 Merck
Nb,Os5 >99.9 Fluka

and their potential applications in several domains. They can
exhibit ionic conduction properties, magnetic performances
. (Ben Amor et al., 2008; Ben Smida et al., 2015; Chérif
et al., 2011, 2012; Falah et al., 2015; Marzouki et al., 2014;
Ouerfelli et al., 2007, 2015). Add to this, materials with open
framework built up from polyanion groups like AsO, are con-
sidered as cationic conductor compounds in positive electrode
in lithium batteries. In particular, LiCoAsO, arsenate with oli-
vine structure (Arroyo-de Dompablo et al., 2006) shows inter-
esting electrochemical properties. Where, Li-ions was
reversibly deinserted / inserted from/into material at average
voltages of 4.8 and 4.6 V respectively. In addition, the delithi-
ated material maintaining the olivine structural framework.
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Fig. 2 Frequency dependence of real part of the impedance at different temperatures.



Ac conductivity, electric modulus analysis, dielectric behavior and Bond Valence Sum

5629
7X10‘ « 300 °C 2‘4x1°4_ 420 °C
4 ° o
6x10‘ ’J’\_'. -Zigog 2,0x10 + 440 °C
5x10 . . . o
s AN Cl_ eac 460 °C
& 4x10 F /--\:; +360 °C c ) //\\' +480 °C
N 3x10 4% : Ry 1,2x10" o % .500°C
2x10* 8'°’“°°"_’/\ 1520°C
x10t 4,0x10°
10° 10* 10°  10° 10’
f (Hz)
1,8x10°1 =540 °C+600 °C
1,5)(103 . 560 °C 61 0 °C
1 2510° ~580 °C 620 °C ﬁ
,2X

Fig. 3  Variation of the imaginary part of the impedance as a function of frequency at several temperatures.

f(Hz)

1,2
1,0
2o,s- _E0,8;
N N o6, g
N N 0,4 Sl
0,2
f (Hz)
1,2
10 =540 °C~600 °C

0,8

g
N 0,6
i 04

0,2

. s %4y
- A
s JiW LA
. J.v LI
AN CINA
s 3 ..y
o AT "y
ALY
AW -
'..&
LS
-
Mv' .;f

+560°C-610°C %
.580°C- 620 °C i N

Fig.4 Normalized imaginary part of impedance Z" / Z" ,,.x for Na;NbsAs;0,9 compound as a function of frequency at the temperature
range 300 — 620 °C.



5630

S.F. Chérif et al.

For this reason, we have investigated the Na—Nb - As - O
systems in which, at the best of our knowledge, only five
materials were synthesized: Na,AsNbOg (Hizaoui et al.,
1999), NazAs,NbOy (Hizaoui et al., 1999), NaAsNb,Og
(Harrison et al., 1994), NaAsNb4O3 (Bestaoui et al., 1998)
and Na3;NbyAs3;O;9 (Chérif et al., 2012). Four of these com-
pounds exhibit a three dimensional framework characterized
by the presence of tunnels in which sodium cations are located.
Only the first one have a layer structure where Na ™ cations are
located between the covalent [NbAsOg]*~ layers in hexagonal
channels. For the last one, it was synthesized in a single-

A17-
-16 - E
=15+
-14-
13-
124
-11-

=0,96 eV

a(1)

Ln(z) (s)

11 12 13 14 15 16 17 18
10T (k")

Fig. 5 Arrhenius plot of Ln (t) versus 10* / T.

crystal form via a solid state reaction at 800 °C (Cheérif
et al., 2012). The structural study showed that the arsenate pre-
sents two types of tunnels where Na* cations are located. The
concept of bond valence can be successfully used to simulate
cations migration in the crystal bulk. In this case, the BVS
model offers a useful tool to relate the novel crystal structure
to its ionic conductivity properties.

The present work is devoted in the first part to study the
electrical and dielectric properties of Naz;NbyAs;09 at the
temperature range 300 — 620 °C and in the frequency domain
of 0.01 — 13000 kHz and in the second part to simulate the
transport pathway of sodium ions by using the Bond Valence
Sum model (BVS).

2. Experimental details

All chemicals were commercially available and were used with-
out any further purification. The characteristics of the used
chemicals for the preparation of the studied compound in
forms of monocrystals or polycrystalline powders are collected
in Table 1.

Single crystals and the polycrystalline powder of the title
compound were obtained by a solid state reaction as men-
tioned in previous works (Cherif et al., 2012, 2019).

The Na3;NbyAs;0;9 compound was characterized by single
crystal X-ray diffraction. It crystallizes in the orthorhombic
system, space group C222; with a = 13.014(2) A,
b = 24.170(3) A, ¢ = 5.0880(9) A and Z = 4. Add to this,
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Fig. 6 Frequency dependence plot of real part of dielectric constant.
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it was characterized by X-ray powder diffraction technique
using a PAN-analytical X’Pert PRO X-ray diffractometer
equipped with copper anticathode (Ag, = 1.5406 A). Fig. 1
shows the X-ray diffraction patterns of the calcined powder
recorded at room temperature and the calculated one. All
the reflection peaks of the XRD pattern were indexed and lat-
tice parameters refined using Celref 3.0 program (Altermatt
and Brown, 1987). The best agreement was found in an
orthorhombic system (C222; space group) and the refined least
squares lattice parameters are: a = 13.015(2) A b= 24.175(4)
Aandc = 5.0857(1) A which are in good agreement with the
literature (Chérif et al., 2012).

The electrical measurements were carried with a
Hewlett-Packard 4192-A automatic bridge monitored by a
HP microcomputer in the frequency range 0.01-13000 kHz at
(300 — 620 °C) temperature range. More details concerning the
preparation of the samples are given in previous work (Cherif
etal.,2019). In order to study the electric properties of this com-
pound, we have modeled the complex impedance spectra using
Zview software (ZView Version 3.1c, 1990 - 1997) and the best
fit is obtained when employing an equivalent electrical circuits
formed by a parallel combination of bulk resistance and CPE;
which is the non-ideal capacitor usually known as constant
phase element (Anantha and Hariharan, 2005).

Bond Valence Sum Vi(x, y, z) is calculated for a grid of
points (X, y, z) starting from Nal, Na2, Na3, Na4, Na5,
Na6, Na7 and Na8 crystallographic positions (4a, 4a, 4a, 4a,

5 - = 300 °C ~ 360 °C
- » 320 °C - 380 °C
L - - 340 °C - 400 °C
151 T
Wil =
5-
0- =

10° 10* 10° 10° 10’

8c, 8¢, 8c and 8c respectively) as determined by X-ray diffrac-
tion. Analysis occurred along initial migration directions such
as[1 00],[0 1 0] and [0 0 1] towards crystallographic sites, fol-
lowing the lowest bond valence sum Vi(x, y, z). Points in this
valence map with the lowest V(x, y, z) values correspond to
stable positions; the highest values are associated with
bottlenecks.

3. Results and discussion

3.1. Impedance spectroscopy analysis

The electrical properties of Na3;NbyAs;O;9 compound have
been investigated using complex impedance spectroscopy.

Fig. 2 shows the variation of real part of the impedance (Z')
with frequency at different temperatures. We note that the
value of Z' decreases with rise of both frequency and temper-
ature which suggests an increase in the ac conductivity (Saif
and Poopalan, 2011).

At low frequency, the values of Z’ decrease with rise in tem-
perature showing behavior similar to that of semiconductors
(Suman et al., 2006). However, for all temperatures and at high
frequency, the Z’ values merge and then become independent
of frequency, this is may be due to the release of space charge
resulting from the reduction in barrier properties of the mate-
rial (Postnikov et al., 1970).
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Fig. 7 Frequency dependence plot of imaginary part of dielectric constant.
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The variation of the imaginary part of the impedance (- Z")
as a function of frequency at different temperatures is shown in
Fig. 3. We observe the presence of one broad asymmetric peak
at each temperature, the Z” values increased with the fre-
quency, reached a maximum (- Z",.s) and then decreased.
Add to this, - Z",.x values shifted to higher frequency when
the temperature rises. This is an indication of the temperature
dependency of the relaxation time in such polycrystalline sam-
ple (Mhamdi et al., 2014).

The normalized spectra of the imaginary part of impe-
dance (Z" | Z"nax) as a function of frequency are repre-
sented in Fig. 4. The presence of a single relaxation peak
indicates a thermally activated process that passes though
a maximum at t which is the relaxation time (Liu et al.,
2008, 2009; Dang et al., 2016, 2017). t is calculated using
the formula (1):

T =1/2nf (1)

where f,.x is the peak frequency of Z" | Z" .« This relaxation
time plotted as a function of the reciprocal temperature is
shown in Fig. 5. It can be seen that the relaxation time t obeys
to the Arrhenius law (2):

7 = 19exp(—E, /kg.T) 2)

where 1o, kg, T and E, are respectively the pre-exponential fac-
tor, the Boltzmann constant, the absolute temperature and the
activation energy.

The activation energies were calculated from the slope and
were found to be: E,;y = 0.96 eV and E,5) = 0.37 eV at high
and low temperatures respectively. It is noteworthy that the
activation energy values deduced from relaxation time are

2,1 +300 °C ~ 360 °C

equal to those inferred from conductivity analysis (Chérif
et al., 2019).

3.2. Dielectric study

The dielectric response in a solid material can be described by
expressing the relative dielectric constant as a complex
quantity made up of a real and an imaginary components:
e*¥ = ¢ —j & where ¢ and ¢" are respectively the real and
imaginary part of the dielectric constant, representing the
amount of energy stored in a dielectric material as polarization
and the energy loss, while applying an electric field (Hassan
et al., 2012; Xie et al., 2019, 2020; Shi et al., 2019).

The real part of the dielectric constant (&) can be calculated
from complex impedance data by using the relation (3):

s

;L Z

T w27+ 27 ©

The imaginary part of the dielectric constant (¢”) can be
obtained by the Eq. (4):

z
8//

- £ 4
w.Co(Z27+ 27 @

where 7/, 7", ® and C, are respectively the real part of the
impedance, the imaginary part of the impedance, the angular
frequency and the geometrical capacitance.

Fig. 6 shows the frequency dependence of & at different
temperatures from 300 to 620 °C.

First, at constant temperature, the dielectric constant
decreases with the increase of frequency. This behavior can
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Fig. 8 Frequency dependence of real part of electric modulus.
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be assigned to the fact that, at low frequencies, all types of
polarizations contribute to the dielectric constant value, as
deformational polarization (electronic, ionic) and relaxation
(orientation and interfacial). We note that, at low frequencies,
the orientation and interfacial polarizations are very impor-
tant. Add to this, for all temperatures, the € values merge at
higher frequency, this is may be due to electronic and ionic
polarizations which are temperature independent. At high fre-
quency, € reached a constant value due to interfacial
polarization.

Second, at constant frequency, the dielectric constant
increases with the increase of temperature. This behavior can
be explained by the fact that the dipoles cannot orient them-
selves at low temperatures. When the temperature increased,
the orientation of dipoles is facilitated, which tends to an
increase in dielectric constant value.

Fig. 7 shows the frequency dependence of ¢’ at different
temperatures from 300 to 620 °C. ¢’ decreases by increasing
frequency, at constant temperature and increases by increasing
temperature at constant frequency. The imaginary part of
dielectric constant consists of the contribution for the dc con-
duction at low and moderate frequencies. When the tempera-
ture increases the conductivity increases which leads to the
high value of the dielectric constant, €”. This is in agreement
with the relation (5):

0,90- 5
4
%

* 300 °C ~ 360 °C
+320 °C - 380 °C

340 °C - 400 °C
10° 10* 10° 10° 10’
f (Hz)
0,90 " 420°C -
. °
075 440 °C /
460 °C '
0.607 . 480 °c
: 045 SO
s £47
0,30-
0,15-
0,00 e
10° 10°* 10° 10° 10

f (Hz)

Fig. 9 Frequency dependence of the imaginary part of electric
modulus.

g = Oy /8.0 (5)

in the frequency range studied since the ac conductivity can be
confused with the dc conductivity in low frequency.

3.3. Electrical modulus analysis

The electrical modulus formalism is used to study the electrical
relaxation mechanism in ion conducting materials (Mtioui
et al., 2015). The advantage of this formalism is that the elec-
trode polarization effects are suppressed.

The electrical modulus can be expressed using the relation
(Soares et al., 2006) (6):

M* =M’ +jM". (6)

The real and the imaginary parts of the complex electrical
modulus were calculated using the following expressions:
M = — 0CyZ" and M" = oCyZ'.

Fig. 8 shows the frequency dependence of the real part of
electric modulus (M’) at different temperatures. It was
observed that, at low frequencies, M’ approaches to zero at
all temperatures which indicates that electrode polarization
makes a negligible contribution (Chatterjee and Gupta,
2012). However, at higher frequencies, M’ displays a maximum
value. The dispersion in between these frequencies may be due
to the conductivity relaxation process (Dutta et al., 2008). A
continuous dispersion on increasing frequency may be due to
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Fig. 10 The variation of Ln(f,.x) versus 10* /T.
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Fig. 11  Frequency response of M” and — Z" at 300 °C.
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the short range mobility of charge carriers (Behera et al.,
2007).

The variation of the imaginary part of electric modulus
(M”) as a function of frequency at several temperatures is
shown in Fig. 9. The plots of this figure are characterized by
the presence of relaxation peak. The peak shifts toward to
higher frequency as the temperature is raised. The observed
asymmetry in peak broadening indicates the spread of relax-
ation time with different time constant which supports the
non-Debye type of relaxation in the material (Kaur et al.,
2016).

The value of the peak frequency f,,., has been determined
for each temperature, the variation of Ln(f,.,) as a function
of temperature is shown in Fig. 10. It appears to satisfy the
Arrhenius law governed by the relation (7):

]Fmax = foexp(—Ea/ kBT) (7)

where fj is the pre-exponential factor and E, is the activation
energy for the relaxation process. The Arrhenius plot
shows two slopes, the value of activation energies are:
E,q) = 0.97 eV in the temperature region 440 — 480 °C and
E.) = 0.37 eV in the temperature range 300 — 440 °C.

Values of E, calculated from conductivity and from the
modulus spectra are close, suggesting that the mobility of the
charge carrier is probably due to a hopping mechanism
(Sahoo et al., 2013; Ren et al., 2019).

Fig. 11 shows the frequency response of — Z” and M” at
T = 300 °C. For an ideal Debye type relaxation with long-
range movement of charge carriers, the f,,, values of both
impedance and modulus plots at any temperature should coin-
cide. From these plots, this is not the case for our sample, thus

| +300°C - 360 °C
—~10°| +320°C -380°C
£ | .340°C -400°C Fs

10° 10> 10° 10° 10° 10

f (Hz)

a non-Debye relaxation is confirmed with short-range move-
ment of charge carriers (Cao and Gerhardt, 1990).

3.4. Electrical conductivity analysis

Ac conductivity measurement is an important tool for study-
ing the ionic transport properties of materials. It’s calculated
using the following relation (8):

G = 0gye" = 2nfeye” (8)

where f'is the frequency of the applied field, €” is the imaginary
part of the dielectric constant, ® = 2=uf is the angular fre-
quency and g is the permittivity of free space.

f=100 Hz

E,., = 0,93 eV

E,, = 0,38 eV

1 12 13 14 15 16 17 18
1047 (<)

Fig. 13 The variation of Ln(cgc) versus 10% / T.
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Fig. 12

Frequency dependence of the ac conductivity at various temperatures in a log-log scale.
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Fig. 12 shows the frequency dependence of the ac conduc-
tivity for NazNbyAs;Oq9 at different temperatures. It exhibits
the typical behavior of ionic materials: the conductivity is
found to be frequency independent in the low frequency (dc
plateau) which increases with the increase of the frequency.
The phenomenon of the conductivity dispersion is generally
analyzed using the Jonscher’s universal power law (Jonscher,
1991) (9):

©)

where o4 is the dc conductivity (frequency independent pla-
teau in the low frequency region), A is the temperature depen-
dent factor and n is the frequency exponent of the mobile ions.
Using the value of the conductivity at 100 Hz, as presented
in Fig. 13, it was found that the conductivity exhibits a ther-
mally activated behavior (Khan and Hogarth, 1991) in accor-
dance with the Arrhenius relation (Hummel, 1998) (10):

o(®) = o4+ A"
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o = opexp (— Ey/ kp.T) (10)

where o is a pre-exponential factor, E, is the activation energy
related with this conduction process, kg is the Boltzmann con-
stant and T is the temperature.

There are two linear regions with two different slopes. The
values of E, have been determined from the slope of two
straight lines of two different temperature regions. The
obtained values are: E,;) = 0.93 eV and E,») = 0.38 eV at
high and low temperatures respectively.

3.5. Conduction pathway proposed from Bond valence Sum

The BVS (Brown, 1987) model finds one of its applications in
the correlation between crystal structure and its ionic conduc-
tivity properties. It allows to identify the mobile species and to
propose conduction mechanisms. This model was used with
success to determine the migration pathways of different spe-
cies such as lithium ion in Liy;34LasTiO3; (Mazza et al.,
2002), LiLa(PO;)4 (Ferhi et al., 2012), sodium ion in NaCo,-
AS30]0 (Ben Smida et dl 2015), Na4C05_63A10_91(ASO4)6
(Marzouki et al., 2013), NaszsCryg3(AsOy4); (Fakhar
Bourguiba et al., 2014), NaLuP,O; (Bé¢jaoui et al., 2014),
Ag; ¢Na; 4Alx(AsOy); (Fakhar Bourguiba et al., 2012),
NaHoP,0; (Béjaoui et al., 2013), silver ion in AgzNb(NbO),-
04(AsOy4)> (Ben Amor et al., 2008), Ag;¢Naj4Al(AsOy)s3
(Fakhar Bourguiba et al., 2012) and potassium ion in
KFeAs,O5 (Ouerfelli et al., 2007).

The variation of the valence as a function of the distance
traveled by Na™ cations in our compound Na;Nb,As;Oy is
reported in Fig. 14. The BVS analysis shows that the initial
valence of Nal, Na2, Na3, Na4, Na5, Na6, Na7 and Na8
cations is respectively 0.96, 1.03, 1.06, 1.11, 0.78, 0.78, 0.76
and 0.75 v.u (valence unit). This value is relatively high for
Na4 which shows that the mobility of this cation should be

low compared to the other cations. Furthermore, the mobility
of all cations is easy along the [0 0 1] direction, the direction of
the tunnels. Indeed, the maximum valence reached according
to this direction for Nal, Na2, Na3, Na4 and Na5 cations is
respectively 1.18, 1.34, 1.17, 1.34 and 0.78 v.u for migration
distance in the order of 10 A. For Na6, Na7 and Nag, the max-
imum valence is 0.8 v.u for migration distance in the order of
8,88 and 9.5 A respectively.

Along [1 0 0] and [0 1 0] directions, the Na2, Na3 and Na4
ions motion seems difficult and the cations reach quickly bot-
tlenecks: Vymax attains a value more than 2 v.u for short dis-
tances which does not exceed 2 A. The same finding was
observed for Nal cation along a cell direction.

For Na$5, Na6, Na7 and Na8 cations, their mobility is not
easy along [1 0 0] and [0 1 0] directions: these cations reach
quickly bottlenecks: Vyna.x attains a value more than 1.8 v.u
for migration distance in the order of 11 A. The same finding
of Vumax Was observed for Nal cation along b cell direction,
but for migration distance in the order of 3 A.

BVS analysis was in agreement with the suggestions derived
from the data of structural study. In fact, the most probable
conduction pathway is hence along [0 0 1] direction: direction
of the two kinds of tunnels where Na™ cations are located. The
BVS modeling results can materialize the migration paths in
the probable directions. These pathways are shown in Fig. 15.

4. Conclusion

This work covers some physical properties of Nas;NbsAs;O19
compound obtained via a solid state reaction at 800 °C. Dielec-
tric relaxation, modulus behavior and conduction mechanism
have been investigated in terms of both temperature and fre-
quency. The non-coincidence of peaks corresponding to mod-
ulus and impedance indicates deviation from Debye-type

Fig. 15 Schematic representation of the sodium conduction pathways along the [0 0 1] direction.
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relaxation. The values of the activation energy of the com-
pound (calculated from both impedance and modulus spectra)
are very similar, suggesting that the relaxation process may be
attributed to the same type of charge carriers. On the basis of
BVS analysis, we can conclude that the transport properties in
this material appear to be due to Na™ ions movement along ¢
direction. The movement along [1 0 0] and [0 1 0] directions
seems to be difficult.
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