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Dielectric-spectroscopic and ac conductivity studies on 0.01 and 1.0 molar percentage manganese doped lay-
ered Na1.86Li0.10K0.04Ti3O7 ceramics have been reported. The dependence of loss tangent (tan δ) and relative
permittivity (εr) on temperature in the range 350�775 K and on frequency in the range 10 kHz�1 MHz have been
undertaken. The losses are the characteristics of dipole mechanism, electrical conduction and space charge po-
larization. The obtained conductivity plots between log(σacT ) versus 1000/T have been divided into four regions
namely region I, II, III, and IV. The mechanism of conduction in region I is acknowledged to electronic hopping
conduction. The less frequency and more temperature dependent region II is ascribed as a mixed mechanism
�associated interlayer ionic conduction, electron hopping, and alkali ion hopping conduction�. The unassociated
interlayer ionic conduction along with alkali ion hopping conduction mechanisms are contributing to the transport
process in the mid temperature region III. The mechanism of conduction in the highest temperature region IV
may be recognized as the modi�ed interlayer ionic conduction. The conductivity versus frequency curves lead to
conclude that the electronic hopping conduction diminishes with the rise of temperature.
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1. Introduction

Alkali titanates (Na2Ti3O7) exhibit unique nature of
dielectrics and electrical properties, which makes them
potentially useful for applications, such as solar energy
conversion, electro chromic, self-cleaning devices, gas sen-
sor, high-energy cell and environmental puri�cation [1�4].
Studies uphold that layered titanates are usually com-
posed of slipped or corrugated host layers of edge-shared
TiO6 octahedra and interlayer alkali-metal cations (Na+,
K+, or H+/H3O

+) in protonic form [5]. The corrugated
sheets of Na2Ti3O7 or K2Ti4O9 are obtained by vertex
sharing of such three or four multiple units, respectively,
two of which have one unshared corner [6]. These typi-
cal titanate oxides possessing layered structure, in view
to study its optical properties, ionic and electronic con-
ductivities have been investigated due to their applica-
tions in the industry as ion exchangers, electrodes for
secondary batteries, �lters, reinforcements, heat insula-
tors etc. [7�13]. Recently, visible light induced electron
transfer and long-lived charge separation in cyanine dye/
layered titanate compounds have been studied [14].
The electrochemical and calorimetric thermo-

-dynamical properties of Na2Ti3O7 and Na2Ti6O13 have
also been determined [15]. The available investigations
[16] on preparation, kinetics and performance studies
of mixed ionic and electronic conducting electrodes
(MIEE) applied in alkali metal thermal to electric
converter (AMTEC) found that Ni/sodium titanates
electrodes with 4:1 mass ratio of metal/ceramic displayed
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the best performance and longest life time among all
tested electrodes. These investigations further concluded
that the developing a MIEE is an attractive alterna-
tive to improve the e�ciency of AMTEC. Moreover,
structures which allow fast ion transports are generally
disordered channeled or layered [16].
In a recent work iron, manganese and copper doped

derivatives of Na2Ti3O7, K2Ti4O9, Na2−xKxTi3O7,
K2−xNaxTi3O7 �ne ceramics have been characterized
through X-ray di�raction (XRD), EPR, dc/ac conduc-
tivity, and dielectric-spectroscopic investigations [17�21].
Dielectric-spectroscopic and ac conductivity investiga-
tions on the layered K1.9Rb0.1Ti4O9 �ne ceramics [22]
and dc conductivity coupled with EPR investigations of
manganese doped layered Na1.86Li0.10K0.04Ti3O7 have
been already published [23]. Very recently, we reported
the e�ects of copper doping on dielectric and ac conduc-
tivity in layered sodium tri-titanate ceramic [24] and di-
electric behavior of layered Na2−x−yLixKyTi3O7 ceram-
ics [25]. Senguttuvan et al. reported lowest voltage ever
reported oxide insertion electrode for sodium ion batter-
ies [26]. Very recently, Redola et al. reported the electro-
chemical properties of Na2Ti3O7, a potential non-carbon
based, low-voltage anode material for room temperature
sodium ion battery applications [27].
In this manuscript, the investigations on dielectric-

-spectroscopic and ac conductivity studies of manganese
doped Na1.86Li0.10K0.04Ti3O7 ceramics are reported.

2. Experimental

Layered polycrystalline composition
Na1.86Li0.10K0.04Ti3O7 (denoted as SLPT-3) has
been synthesized by mixing Na2CO3, Li2CO2, K2CO2
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and TiO2 (Merck Germany, A.R. grade) powders in
appropriate molar ratio by sintering process. Man-
ganese doped derivatives have been prepared by adding
0.01 and 1.0 molar percentage of MnO2 (Merck Ger-
many, A.R. grade) powder in the base matrix of
Na1.86Li0.10K0.04Ti3O7 ceramic. The resulting mixture
was grinded mechanically uniformly to yield a �ne
powder, heated at 1173 K for 12 h and then cooled at a
rate of 3.0 K/min. The powder was mixed mechanically
again and compressed at 10 MPa to get pellets. These
0.01 and 1.0 mol.% pelletized sintered compositions
may be denoted as M1SLPT-3 and M2SLPT-3, respec-
tively. Details about the methods of preparation of
pelletized doped compounds are similar to that reported
earlier [17].
The X-ray di�raction patterns on mixed calcined pow-

ders of these manganese doped derivatives in a wide range
of the Bragg angle were recorded at room temperature
with model Iso�Deby�e 2002, Richseifert & Co. (West
Germany) that uses Cu Kα radiation with the following
settings: sweep = 3.0◦/min, range (CPM) = 5k, time
constant = 10.0, target = Cu, current = 20 mA, voltage
across the cathode and target = 20 kV.
For dielectric-spectroscopic and ac conductivity mea-

surements a pelletized sample has been mounted in a
sample holder and introduced in a cylindrical furnace.
The chamber containing the sample holder is evacuated
up to 10−3 mbar pressure. By using a precision digital
LCR meter (Agilent 4284 A) in the frequency scan from
10 kHz to 1 MHz at a temperature rate of 3 K/min from
350 K < T < 775 K with the help of a programmable
temperature controller, the loss tangent (tan δ), parallel
capacitance (Cp) and relative permittivity (εr) have been
measured directly at the desired values. From the mea-
sured data, ac conductivity has been evaluated using the
following relation:

σac =

(
t

A

)
ωCP tan δ, (1)

where t is the thickness, A is the area of the cross-section
of the pellet and ω is the frequency of measurement.

3. Results and discussion

XRD patterns indexed with re�ection peaks obtained
for M1SLPT-3 and M2SLPT-3 samples at room temper-
ature (RT) are shown in Fig. 1. These re�ection peaks
coincide to that reported in the literature for Na2Ti3O7

and lithium potassium mixed Na2Ti3O7 [10, 25] and does
not contain any line characteristics of constituent oxides
and carbonates. Thus, these XRD patterns con�rm the
formation of these polycrystalline alkali-metal titanates
with a monoclinic crystal system, possessing a unit cell
con�guration based on good agreement of observed and
reported values.
Figure 2a and b shows the loss tangent (tan δ) ver-

sus temperature curves in the temperature range of 350�
775 K at some �xed frequencies for M1SLPT-3 and
M2SLPT-3 samples, respectively. From these plots, it

Fig. 1. XRD patterns recorded at room temperature
for (a) SLPT-3, (b) M1SLPT-3 and (c) M2SLPT-3.

can be seen that the values of tan δ remain invariant up to
500 K with the rise in temperature for both (M1SLPT-3
and M2SLPT-3) compositions. Above 500 K, the values
of tan δ increase with the rise in temperature giving a
broad peak at 750 K for M1SLPT-3 and small peak at
650 K for M2SLPT-3 layered ceramics. At higher tem-
perature, it can be seen that the rate of increase of tan δ
is higher at lower frequencies. This may be due to space
charge polarization [28]. The general increase in tan δ
with temperature may be explained by knowing the fact
that the number of ions that take part in polarization
continuously grow with the rise in temperature [29]. The
thermal energy may also aid in overcoming the activa-
tion barrier for the orientation of polar molecules in the
direction of the �eld.

Fig. 2. Loss tangent (tan δ) versus temperature plots
at di�erent frequencies for (a) M1SLPT-3 and (b)
M2SLPT-3.

Here, the ionic variations associated with dielectric
losses depend up on two facts: (i) the dielectric losses
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which depend on temperature and grow directly with fre-
quency are governed by polarization, (ii) the losses that
rise with temperature in accordance with an exponential
law but dependence on frequency are due to the motion
of loosely bound ions. Here, the polarization process oc-
curs as a function of temperature. The existence of the
relaxation peak in tan δ(T ) curves may be due to the
presence of di�erent types of dipoles generated in the in-
terlayer space after two types of manganese substitutions.
At higher frequencies, ceramic materials o�er low reac-
tance to the sinusoidal signal to minimize the conduction
losses and hence, the amount of dielectric loss decreases
at higher frequencies. Thus, the mechanisms of losses
existing in both M1SLPT-3 and M2SLPT-3 samples are
of mixed character, i.e. dipole mechanism and electrical
conduction [29, 30].
Figure 3a and b shows the variation of tan δ with re-

spect to frequency in the temperature range 350�775 K
for M1SLPT-3 and M2SLPT-3 compositions, respec-
tively. The results show that tan δ decreases gradually in
the lower temperature region but it decreases exponen-
tially with rise in frequency towards higher temperature
span. These trends are consistent for both the samples
and re�ect the feature of dielectric losses due to dipole
orientation and electrical conduction. Furthermore, the
observed noticeable decrease in tan δ with the rise in fre-
quency at high temperature is acknowledged to the pres-
ence of space charge polarization and is the outcome of
low reactance o�ered by the ceramics materials [31].

Fig. 3. Loss tangent (tan δ) versus frequency plots
at di�erent temperatures for (a) M1SLPT-3 and (b)
M2SLPT-3.

Figure 4 shows the dependence of tan δ as a func-
tion of frequency at 775 K for both the samples. It
can be seen from the plot that the trend of varia-
tions is very similar for M1SLPT-3 and M2SLPT-3 sam-
ples but the numerical values of tan δ for M1SLPT-3
are less than that for M2SLPT-3 suggesting that the
Mn2+ ions substitute at Na(2) site. Moreover, the

large number of Mn2+ ions substitution at Na(1) site
increases the interlayer space. However, the numerical
values of tan δ for both these compositions are much

higher than that of undoped Na1.86Li0.10K0.04Ti3O7

(SLPT-3) as well as Na1.89Li0.10K0.01Ti3O7 (SLPT-1)
and Na1.88Li0.10K0.02Ti3O7 (SLPT-2) samples [25]. This
di�erence may be due to the formation of a special type
of linkage among Na1.86Li0.10K0.04Ti3O7 (Mn�Na/Li/K/
�Ti�O) lattice to spare some of the cloud like electrons re-
sponsible for giving such a trend of dielectric losses due to
the manganese substitution at both interlayer Na(1) and
Na(2) sites. Thus, it can be concluded that the losses
are of mixed character, i.e. dipolar losses, space charge
polarizations and the losses due to electric conduction.

Fig. 4. Loss tangent (tan δ) versus frequency plots at
775 K for (a) M1SLPT-3 and (b) M2SLPT-3.

Figure 5a and b shows the dependence of relative per-
mittivity (εr) on temperature at some �xed frequencies
for M1SLPT-3 and M2SLPT-3 samples, respectively. It
can be seen that εr remains almost invariant with the
rise in temperature up to 475 K for M1SLPT-3 and
525 K for M2SLPT-3 sample. Towards higher tempera-
ture, the value of εr increases slowly furnishing two peaks
at 550 K and 750 K for M1SLPT-3 and one peak at
625 K for M2SLPT-3, then increases with further rise
in temperature. All these εr(T ) plots indicate that the
values of εr are invariant with the rise in frequency at
lower temperatures. However, values of εr are una�ected
by manganese substitution in the Na1.86Li0.10K0.04Ti3O7

lattice at lower temperatures, while at elevated temper-
atures, the values of εr increases signi�cantly for both
the compositions. This may be attributed to the growth
in the number of dipoles due to substitution of man-
ganese as Mn3+ at Ti4+ sites and as Mn2+ at interlayer
alkali (Na(1)/Na(2)) sites in these materials. However,
the average values of εr for M1SLPT-3 and M2SLPT-3
samples are much higher than that of all SLPT samples
and other manganese doped derivatives of SLPT-1 and
SLPT-2 [32].
Figure 6a and b shows relative permittivity (εr) versus

frequency curves for M1SLPT-3 and M2SLPT-3 at vari-
ous temperatures. From the plots, it is clear that there is
a very little variation in εr with frequency at lower (be-
low 550 K) temperatures. At higher temperatures (above
550 K), εr decreases exponentially with rise in temper-
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Fig. 5. Relative permittivity (εr) versus temperature
plots at di�erent frequencies for (a) M1SLPT-3 and (b)
M2SLPT-3.

ature exhibiting polar nature of the materials. Such a
nature of curves indicates the signi�cant contribution of
polarization properties in these materials. However, in
these curves, the higher values of εr at lower frequencies
of the applied electric �eld may be understood due to the
occurrence of space charge polarization.

Fig. 6. Relative permittivity (εr) versus frequency
plots at di�erent temperatures for (a) M1SLPT-3 and
(b) M2SLPT-3.

The variation of εr as the function of frequency at
775 K for M1SLPT-3 and M2SLPT-3 is shown in Fig. 7.
In the entire frequency range of investigation, the values
of εr are greater for M1SLPT-3 than that for M2SLPT-3.
This can be understood by the knowledge of manganese
substitutions as Mn3+ at Ti4+ sites of M1SLPT-3 deriva-
tive and as Mn2+ at two di�erent Na(1) and Na(2) sites
in the interlayer space of M2SLPT-3 discussed as above.
Figure 8a and b shows log(σT ) versus 1000/T plots for

M1SLPT-3 and M2SLPT-3 samples at various �xed fre-
quencies. These materials are prepared by solid state sin-
tering process which gives rise to the microscopic chem-
ical heterogeneities in the local regions. Di�erent micro-

Fig. 7. Relative permittivity (εr) versus frequency
plots at 775 K for (a) M1SLPT-3 and (b) M2SLPT-3.

Fig. 8. log(σT ) versus 1000/T plots at di�erent fre-
quencies for (a) M1SLPT-3 and (b) M2SLPT-3.

scopic regions have di�erent conductivities because dif-
ferent compositions give rise to interfacial polarization.
The obtained conductivity curves are divided into four
distinct regions as discussed below.

3.1. Region I

This region extends up to 475 K and 500 K for the
samples M1SLPT-3 and M2SLPT-3, respectively. From
these curves, strong frequency with little temperature
dependence of ac conductivity is observed in both sam-
ples. It is clear from the curves that the electronic hop-
ping conduction is leading towards lower temperature
and diminishes with the rise in temperature. A num-
ber of workers [33�35] interpreted it by proposing the
ac conductivity due to the hopping conduction with the
increase of frequency (ω). However, observed ac conduc-
tivity values for M1SLPT-3 sample are almost similar
with SLPT-3 but the values for M2SLPT-3 are greater
than undoped SLPT-3 sample [32]. Electronic hopping
conduction has already been proposed to occur for pure
and manganese doped samples through loose electrons
from (Ti3O7)

2− groups jumping from one Ti�Ti chain to
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the adjacent one [21] and these investigations support it.
Thus, electronic hopping conduction could take place for
such samples.

3.2. Region II

This nature does not exist for M2SLPT-3 in which a
large number of manganese ions situated at Na(1)/Na(2)
interlayer sites make a compensatory con�guration aris-
ing against that con�guration which was responsible for
giving a relaxation type peak appearing at 500K for
M1SLPT-3 M1SLPT-3 at higher frequencies (above 100
kHz). In this region, the variation of ac conductivity
is less frequency and more temperature dependent. The
slope of conductivity plots is higher than that of region I,
so the mechanism of conduction may be attributed due
to associated interlayer ionic conduction as proposed ear-
lier [17]. The relaxation type peak appears at 500 K for
M1SLPT-3 at higher frequencies (above 100 kHz) that
are not resolved for higher frequencies. The appearance
of this peak for M1SLPT-3 may be due to the two hap-
penings: (i) presence of some more K+ ions in the inter-
layer space than in SLPT-1 and SLPT-2 and (ii) man-
ganese substitutions at Ti4+ sites. Accordingly, Na�Li/
K�Ti/Mn con�guration results in such a relaxation type
peak. This nature does not exist for M2SLPT-3 due to
high doping concentration in which a large number of
manganese ions situated at (Na(1)/Na(2)) alkali interlayer
sites make a compensatory con�guration arising against
that con�guration which was responsible for giving a re-
laxation type peak appearing at 500 K for M1SLPT-3 at
higher frequencies (above 100 kHz) and reduce the e�ect
of frequency.
Furthermore, with the increase of doping and after sat-

urating the Ti4+ sites, some alkali (Na(1)/Na(2)) ions are

replaced by manganese as Mn2+ ions in the interlayer
space of M1SLPT-3 and M2SLPT-3 lattices. The change
in the interlayer space with the increase in the impurity
content would cause a corresponding change in the values
of conductivity and respective slopes.
Accordingly, conduction in this region may easily be

understood as a mixed mechanism �associated interlayer
ionic conduction, electron hopping and alkali ion hopping
conduction�.

3.3. Region III

This region exists in the temperature range 525�700 K
for M1SLPT-3 and 625�700 K for M2SLPT-3. It can be
seen from Fig. 8a and b that conductivity is less frequency
and strong temperature dependent for M1SLPT-3, but
frequency dependent and less temperature dependent for
M2SLPT-3 in this region.
As we know that I�V pairs formed in region II

are probably break up to the lower limit of this re-
gion and have been already explained [21]. In this re-
gion, the results show that the slope of conductivity
plots for M1SLPT-3 is higher than that of SLPT-3 and
M2SLPT-3, which indicates the existence of unassociated

interlayer ionic conduction along with alkali ion hopping
conduction.
So, the conduction mechanism in this region can be

understood as unassociated interlayer ionic conduction
along with the alkali ion hopping conduction.

3.4. Region IV

This highest temperature region exists above 700 K for
both M1SLPT-3 and M2SLPT-3 samples. For both sam-
ples, the ac conductivity seems to be least frequency and
highly temperature dependent. The nature of the plots
for both compositions is similar and slope is higher than
that found in previous regions. Accordingly, the conduc-
tion in this region is modi�ed interlayer ionic conduction
as discussed earlier [36] along with alkali ion hopping con-
duction. Therefore, the conduction mechanism in this
region is modi�ed interlayer ionic conduction along with
the alkali ion hopping conduction.

Fig. 9. log(σ) versus frequency plots at di�erent tem-
peratures for (a) M1SLPT-3 and (b) M2SLPT-3.

The conductivity log(σ) versus frequency log(ω) vari-
ations are given in Fig. 9a and b. From these plots,
it can be seen that ac conductivity shows almost a lin-
ear variation with frequency at some �xed temperatures.
For these samples, slopes are decreasing with the rise
in temperature. As we know, every material has some
free charges and under the applied low frequency, these
charges can follow the �eld and cause conduction cur-
rents [37]. Polycrystalline materials have a short range
order up to few molecular distances. Many research
groups [33�35] have interpreted such a behavior of con-
ductivity due to the electronic hopping conduction and
the ac conductivity shows almost a linear variation with
frequency. Towards higher temperatures, we propose
that alkali ion hopping conduction mechanism is respon-
sible for frequency dependence of conductivity.

4. Conclusions

The present study leads to the following conclusions:
(i) Dielectric-spectroscopic investigations show the

presence of dipole mechanism of losses along with the



72 R. Singh, Shripal

losses due to the motion of loosely bound ions and space
charge polarization at higher temperature. Thus, these
manganese doped derivatives demonstrate the polar na-
ture of the compounds. (ii) Two types of manganese
substitutions in the interlayer space have been acknowl-
edged through tan δ/εr and log(σT ) versus temperature
plots for both the doped derivatives. (iii) The electronic
hopping conduction is dominant in the lower tempera-
ture region I which diminishes with the rise in temper-
ature. (iv) A variety of conduction mechanisms like as-
sociated interlayer ionic conduction with electron and al-
kali ion hopping conduction, unassociated interlayer ionic
conduction with alkali ion hopping conduction and then
modi�ed interlayer ionic conduction along with the alkali
ion hopping conduction leading in regions II, III, and IV,
respectively. (v) Manganese doped derivatives of lay-
ered lithium and potassium mixed sodium tri-titanates
ceramic can be mixed ionic-electronic materials.
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