
This is a repository copy of New insight into the electrical properties and ion dynamics of 
screen printed NASICON thick films.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/99443/

Version: Accepted Version

Article:

Mudenda, S and Kale, GM (2015) New insight into the electrical properties and ion 
dynamics of screen printed NASICON thick films. Journal of Materials Chemistry A, 3 (23). 
pp. 12268-12275. ISSN 2050-7488 

https://doi.org/10.1039/c5ta01660f

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright 
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy 
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The 
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White 
Rose Research Online record for this item. Where records identify the publisher as the copyright holder, 
users can verify any specific terms of use on the publisher’s website. 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/


New insight into the electrical properties and ion dynamics of screen

printed NASICON thick films

Steven Mudenda, Girish M. Kale∗

Received Xth XXXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX

First published on the web Xth XXXXXXXXXX 200X

DOI: 10.1039/b000000x

Although AC conductivity measurements of NASICON is well documented in literature, thick film conductivity and ion dynamic

studies, important for planar, are scarcely reported. Most thick film measurements are performed using four point probe methods

(DC method) and are quite limited in that, they cant give information on ion dynamics and cannot seperate contributions from

grains, grain boundaries and electrode effects. However, in this paper we report the electrical properties of NASICON, x = 1.95

thick films of different thicknesses (20-32 µm), screen printed on alumina substrates, in light of ionic dynamics using the AC

conductivity formalism. Surface resistivities of thick films from impedance data in the frequency range 0.1 ≤ f (HZ)≤ 3.2×107

is obtained. Impedance Cole-Cole plots shows grain interior and electrode effects. The hopping frequency and AC/DC conductivity

are thermally activated and show Arrhenius-type behaviour, with activation energies in the range of 0.44 ≤ Ea(eV ) ≤ 0.46.

Scaling in conductivity and Modulus shows that the relaxation mechanisms are independent of temperature and film thickness.

Conductivity was independent of film thickness at high temperatures. SEM reveals that there is a minimum thickness for which

NASICON on alumina substrate can be printed and used in high temperature planar electrochemical devices.

1 Introduction

NASICON is a well known family of fast sodium ion

conductors, with a wide range of allowed stoichiometries,

Na1+xZr2SixP3-xO12 for 0 ≤ x ≤ 3. Unlike sodium beta

alumina (NBA) which conducts Na + ions in two dimensional

plane, NASICON has 3D channels. This results in far better

ionic conductivity than in NBA1,2. The conductivity is often

high and is comparable to liquids at high temperatures3. The

highest ionic conductivity is usually obtained for x = 22,4. This

is because at x = 2, the relative partial molar enthalpy of Na2O

is minimum and the relative partial molar entropy of Na2O on

the other hand is maximum, hence Na + ions are more mobile in

this composition5. Because of this, NASICON finds extensive

use in devices such as separation membranes, fuel cells and

gas sensors6–10.

In terms of thermal properties, NASICON shows low

thermal expansion behaviours whose thermal expansion

depends on the composition and the lowest value occuring

at x = 0.3311. There is no information about crack formation

in NASICON upon heating and cooling or due to thermal shock

reported in the literature and the properties such as these has

led to NASICON being used as solid electrolyte in planar gas

sensors in form of thick films3,6,8,10,12,13.

Ionic conductivities and related chacteristics are determined

by using impedance measurements to avoid the need for
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non-blocking electrodes needed for DC measurements14.

Using AC impedance measurements, conductivity as a

function of frequency, hopping rates and ion dynamics

of superionic materials can be obtained. This spectral

analysis has been applied to Na-β"-alumina, LiGaO2

and Ag/Na-mixed alkali β -alumina15,16, NASICON type

materials such as NaNi2ZrP3O12, Na2(La,Co)TiP3O12 and

Na2(La,Al)TiP3O12
14 and NASICON bulk material17.

The need for miniaturising devices including sensors has

seen the emergence of planar devices printed by screen printing

technology for mass production18,19. For the fabrication of

solid state gas sensors for example, NASICON is a suitable

option as a solid electrolyte since it can be easily couple with

commonly available auxiliary electrodes for indirectly sensing

gases such as CO2, NOx, SOx and H2S that could not be

otherwise realised using any other solid electrolytes. Just as it

is well known that the bulk conductivity is greater than thick

film conductivity10, knowledge of the electrical properties

of thick films to be used as electrolyte for planar sensors

is vital. Although the conductivity measurements of bulk

NASICON is well explored, the spectral studies are limited.

In this paper, we report both the conductivity and spectral

measurements of NASICON thick films from AC impedance

measurements. The effect of film thickness on conductivity is

also investigated. Also, the electrode configuration is in such

a way that it resembles the configuration of commonly used

planar NASICON based sensors8,10,19 so that it can reflect real

time electrical properties during sensing.
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Further in this paper, to isolate the intrinsic effects of

thickness on conductivity from other phenomena that may

influence surface conductivity, skin effect is investigated. Skin

effect is the tendency of an alternating electric current (AC)

to become distributed within a conductor such that the current

density is largest near the surface of the conductor, and

decreases exponentially with depths in the conductor20. The

fact that this report also investigates the effect of film thickness

on conductivity, it is important to establish also if NASICON

thick films are prone to skin effect.

2 Experimental Methods

NASICON, Na1+xZr2SixP3-xO12, of x = 1.95 composition was

synthesized using the wet chemical route developed in our

lab involving appropriate amounts of sodium citrate, zirconyl

oxynitrate, TEOS and ammonium di hydrogen phosphate. The

reaction medium was kept at pH of 2. The xerogel was calcined

at 1000 °C to form NASICON phase. The powder was then

ground and milled overnight to break agglomerates.

To make the slurry, ethyl cellulose (EtC), furoic acid (FA),

butyl carbitol acetate (BCA) were used, with acetone as a

diluting agent. This recipe was developed by Wang and

Kumar 10 . The solid loading of NASICON was 55.8% while

the rest has a mass ratio of 1 : 0.058 : 0.12 corresponding to

BCA, FA and EtC repectively.

An Aurel MOD C380 screen printer was used for screen

printing. To vary the thickness of NASICON film on the

alumina substrate, different printing cycles were used where

the least number of printing strokes represent the thinnest layer.

The screen stage was also raised after each cycle to accomodate

the new additional layers. Three substrates were printed, the

first sample printed with only one double stroke (DS) cycle

denoted as 1DS , the second, with two cycles (2DS) and the

third with three cycles (3DS) respectively. A double stroke

(DS) is the printing where the squegee prints in both forward

and backward direction. After printing, the NASICON thick

film samples were left for 10 minutes in air to level up until they

were smooth. They were then dried at 70 °C to firmly fix the

thick film onto the substrate. The samples were then sintered

in a tube furnace at different temperatures and sintering times

to obtain the best sintering conditions. A sintering temperature

of 1100 °C for 60 minutes yielded a well sintered film with

only traces of zirconia. A cross section of each film was

investigated under SEM to determine film thickness and phase

composition. The thicknesses of samples 1DS, 2DS and 3DS

were found to be 20 µm, 31 µm and 32 µm respectively. This

was determined by SEM. Figure 1 shows the schematic of the

printed NASICON and the Pt contacts with respect to the film.

The platinum ink was then printed on top of the film, by

printing two parallel strips of conductive Pt ink. It was then

then dried at 70 °C after which it was fired at 850 °C for 30

Fig. 1 Schematic showing the geometry of screen printed NASICON

thick film on alumina substrate and the Pt contacts.

minutes to platinize the film. Finally Pt wire was connected

onto the printed Pt strips and held in place with Pt paste. It

was dried and then fired for 30 minutes at 850 °C. The AC

measurements were performed using the Solartron 1260, while

the rig was housed in the Faraday cage within a horizontal tube

furnace.

3 Results and Discussions

3.1 XRD

To ascertain that the NASICON phase is well preserved after

sintering, XRD was performed on the sintered films. There is a

narrow window between the sintering temperature and sintering

time for which a well densified and zirconia free NASICON

film can be obtained. It was found that if the film is sintered at

T < 1100 °C for less than 60 minutes the film would not be well

sintered and this would negatively affect film conductivity. On

the other hand if the sample is sintered for over 60 minutes, or at

temperatures, T > 1100 °C, the film would be well sintered and

become glassy all at the expense of phase quality. Rapid loss of

Na2O and P2O5 due to volatilization degrades the NASICON

phase leading to mixture of NASICON and zirconia as has been

reported elsewhere21,22. Zirconia reduces the conductivity as

it is insulative23. A compromise between NASICON purity

and densification had to be reached. Therefore an optimum

sintering temperature at T = 1100 °C for 60 minutes has been

selected. Figure 2 shows the XRD reflections of the three

NASICON thick films.
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Fig. 2 XRD reflections for the thick film NASICON sintered at 1100 °C for 60 minutes. The insets are a sketch of the proposed reason why a

zirconia phase is observed in thinner films, 1DS, 2DS and not in the thicker film, 3DS.

The thinner films, 1DS and 2DS had some observed traces

of zirconia. Possible reasons for the observed zirconia are (1)

loss of Na2O and P2O5 through volatilization and (2) reaction

of Na2O and Al2O3 at the interface of NASICON with alumina

substrate leading to zirconia precipitates. The fact that the

thicker film, 3DS, does not show the zirconia phase implies

that the presence of zirconia in 1DS and 2DS thick films is

not to a large extent due to the volatilization as reported by

other workers but due to this very interfacial reaction of of

Na2O and Al2O3. The compositional change infact occured at

the interface of NASICON and the alumina substrate. This is

discussed in more detail in section 3.2 of SEM measurements.

On the other hand, in terms of densification, the thinner films

were more smooth and shinny showing better densification and

this positively impacted on the electrical conductivity.

3.2 SEM

Figure 3 shows a backscattered image of a cross-section

of NASICON thick film sample after AC impedance

measurements. It can be seen that NASICON underwent

a compositional change at the interface that was in contact

with the alumina substrate. EDX mapping, not shown here,

showed that the interface is Na deficient, and believed to be

composed of ZrO2 with traces of dissolved Na or sodium

zirconate Na2ZrO3. There was also a small trace of aluminium

noticed the NASICON matrix.

The thickness of the interface layer was found to be constant

in all the samples, that is, it was indepedent of the NASICON

film thickness. It was found to be approximately

7±1 µm.

Fig. 3 Backscattered SEM image of NASICON thick film (2DS) on

alumina substrate coated with Pt and fired at 1100 °C for 60 min. A

zirconia rich phase is observed at the interface.
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This implies that there is a minimum thickness of NASICON

that can be printed and used in high temperature applications,

that is ≥ 7 µm in order to retain the original intrinsic properties

of NASICON. From the XRD patterns and the inset sketches in

Figure 2, since the thickness of the interface layer is constant,

X-rays were able to penetrate through the entire thickness of

NASICON film up to the interface except in the thickest film,

3DS examined in this study. This could have been the probable

reason for observing zirconia traces in the thinner films and not

in the thickest film, 3DS in XRD patterns shown in Figure 2 of

Section 3.1. In terms of electrical conductivity therefore, the

presence of zirconia at the interface would not seem to affect

the surface ionic conductivity unless the film is less than 7±1

µm thick.

3.3 Electrical Characterisation

The measurements obtained here are related to the surface

conductivity measurements. There is limited or no information

in the literature on the AC impedance measurements of

NASICON thick film with the present electrode configuration.

Based on the sample dimensions and electrode configuration

shown in Figure 1, the surface resistivity (ρs) is determined

from surface resistance (Rs). Rs or Zs(ω) is the ratio of voltage

V to the current Is flowing between the two electrodes. Thus

Rs =
V

Is

= Zs(ω) (1)

Surface resistivity, (ρs) on the other hand is the ratio of

voltage drop per unit length d to the surface current Is per unit

length L24,25. Using this ratio and Equation (1) we obtain

ρs =
V/d

Is/L
=

V

Is

·
L

d
= Zs ·

L

d
(2)

The units are ohm/square (Ω/sq). From the measured

impedance, conductivity is deduced using the reciprocal of

Equation (2).

Normally when a sample is connected to the AC

impedance analyser, it is connected with wires. Therefore

the overall impedance is a sum of complex impedance

contribution from the wires ( Zwire(ω) = R+ iωL), sample

electrode interface (ZSEI(ω)) and complex impedance from

the sample(Zsample(ω)) so that Z = Zsample(ω) + Zwire(ω)
+ZSEI(ω) where R and L are the resistance and inductance

of the wire respectively. Complex impedance measurement

is able to resolve these processes so that the true electrical

properties of the sample can be obtained.

3.3.1 AC Conductivity. Figure 4 is a Cole-Cole

plot of 1DS NASICON thick film at different temperatures

shown in the legend. Only single semi-circles can be

observed representing a contribution from only grain interiors

(Zsample(ω)) suggesting a single relaxation process. There is

also a low frequency tail that corresponds to sample electrode

interface (ZSEI(ω)). It can be seen that ionic conductivity is

temperature activated and that the existence of these perfect

semi circles implies that not only does ions conduct in bulk

materials but on the surfaces too.
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Fig. 4 Cole-Cole plots obtained from the impedance measurements

of the 1DS sample, from frequency range of 32 MHz to 0.1 Hz. Only

single semi-circles are evident corresponding to grain interior.

In a thermally activated process, the temperature dependence

of conductivity is represented by the Arrhenius relation in eqn

(3);

σT = σ0(T )exp

(

−
Ea

kT

)

(3)

where σ0(T ) is a pre-exponetial factor which is a function

of charge carrier concentration, temperature and material

structural parameters, k is the Boltzmann constant and Ea is

the activation energy of conduction.

Figure 5 is the Arrhenius plot which indeed follows the

relationship in eqn (3). The plots show a signature of a

temperature activated process. Comparison of conductivity

with temperature in Figure 5a shows that conductivity is

independent of film thickness at higher temperature. Despite

the fact that Arrhenius plots for bulk NASICON usually exhibit

two linear segment plots representing two activation energies,

the plots in Figure 5 for thick films hardly bring out the

two segments with an exception of the thicker film (3DS).

Figure 5b for the thinnest film (1DS) only show a small

deviation at T = Ttrans ≃ 201°C, a temperature believed to be

the transition temperature from a monoclinic to rhombohedral

crystal structure of NASICON. A first derivative of plot

resolves the transition temperature as is shown in the inset

of Figure 5b.
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Fig. 5 Arrhenius plots for the NASICON thick films.

The activation energies on either side of Ttrans for low

temperature (LT) and high temperature (HT) regions is Ea =
0.46 eV. This value is higher than reported in literature for

bulk NASICON but better than 0.57 eV obtained by Wang and

Kumar 10 on alumina containing NASICON film and close to

the value reported by Funke 15 , Fuentes et al. 26,27 on pellets.

From this finding it is apparent that the ions encounter a higher

energy barrier in surface conduction than in bulk. Possible

reasons being the precipitation of a resistive zirconia phase due

to the partial volatilization of sodium and phosphorous oxides

on the surface of the films23 and also from the interfacial

reaction between alumina and NASICON. Further, apart from

the zirconia which precipitated at the interface, there were also

some traces of aluminium diffused into the NASICON matrix

which probably impeded ionic conductivity.

Comparison of conductivity as a function of temperature also

reveals that there is no systematic dependence of conductivity

with thickness above 600 K indicating that conduction is indeed

a surface phenomenon in NASICON thick films.

3.3.2 Skin Effect.

To ascertain if the independence of surface conductivity

with film thickness especially at higher temperatures is due to

skin effect, the skin depth (δs) was calculated as a function

of frequency and conductivity. This is given by δs =
√

2
σωµ ,

where σ is the material conductivity, µ = µrµo = 4π ×10−7

H/m is the conductivity magnetic permeability and ω is the

radian frequency20. The value of µr is taken as unity for a

non magnetic material such as NASICON. This implies that

the electrical conduction will only be limited to the skin of

the surface regardless of the thickness thereby masking the

intrinsic effects of thickness or interfacial reaction between

substrate material and NASICON, on surface conductivity. A

plot of skin depth vs frequency at each temperature is given

in Figure 6. It can be seen that due to lower magnitude of the

surface conductivitites in NASICON, skin effect does not have

significant influence on the overall conductivity of NASICON

in the experimental condition as the calculated values of skin

depth are, δs ≫ t where t is the film thickness. The insert

of Figure 6 is skin depth as a function of temperature at a

frequency of 32 MHz, representing the smallest skin depth

at each temperature in the present experimental setup. The

smallest skin depth is ∼ 9.85 m and occured at a temperature

of 457 °C indicating immunity of thick film NASICON to skin

effect.

0.0 5.0x107 1.0x108 1.5x108 2.0x108 2.5x108 3.0x108

101

102

103

104

105

50 100 150 200 250 300 350 400 450 500

0

50

100

150

200

250

300

350

400

450

 

 

d s 
 (

m
)

Temperature    ( °C) 

 Skin depth

32 MHz

 

 75 °C
 109 °C
 116 °C
 160 °C
 201 °C
 243 °C
 287 °C
 330 °C
 371 °C
 415 °C
 457 °C

d s
  (

m
)

w   (rad/s)

Fig. 6 Skin depth as a function of radian frequency. The inset is a

plot of skin depth as a function of temperature.
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3.3.3 Spectral Analysis. Measurement of AC

conductivity generally shows a frequency dispersion where,

the real part of AC conductivity (σ ′(ω)) is frequency

(ω) dependent. Each curve may be characterized by

a low-frequency plateau, which corresponds to the DC

conductivity of the material, and a dispersive region at high

frequency, which corresponds to the ionic or AC conductivity.

The behavior obeys the Jonscher’s power law28 and it is found

to vary with angular frequency according to eqn (4);

σ = σDC +Aωn (4)

where σDC is the DC conductivity, A and n are

temperature-dependant parameters.

Frequency dependence of conductivity of the thinnest

sample (1DS) of NASICON examined in this study at various

temperatures is shown in Figure 7. Three regions are observed

here. Low frequency dispersive region, plateau and high

frequency dispersive region. The first low frequency dispersive

region may be due to polarization effects (sample electrode

interface phenomena (SEI)). This is because as frequency

decreases, more and more charge accumulation takes place

at the interface leading to a decrease in the number of mobile

ions subsequently lowering the conductivity. This was also

observed by other workers29,30. Furthemore, the relaxation

time could be as long as 10s hence giving enough time for

ion polarization to take place. Since electrode effect is more

pronounced at high temperatures this could be the reason for the

spectra are curving in to almost zero in higher temperature plots

of Figure 7. The plateau represents the DC conductivity and is

independent of frequency. The second dispersive region at high

frequency ((104 −108)Hz) represents the AC ion conductivity.

In this region the mobility is high hence conductivity increases

with increasing frequency. This second dispersive-plateau pair

is the distinct nature of non-random hopping mechanism.

In Figure 7, it can be clearly seen that the crossover

frequencies ωp increases with temperature or shifts towards

high frequency with increase in temperature. The crossover

frequency is a frequency at which transition from DC

conductivity to AC dispersion occurs. The logarithmic plot

between DC conductivity and cross over frequency (ωp) shown

as a solid line in the plot of Figure 7 inset gives a unity slope,

which perfectly agrees with the AC conductivity formalism15

implying that the DC and AC conductions are closely correlated

to each other and that they are of the same mechanism31 or

that the characteristic angular frequency ωp is activated with

same thermal activation energy as the dc conductivity30,32.

Non-linear fitting (with a goodness of fit ≥ 0.98) of data in

Figure 7 using Equation (4) the dispersion-plateau pair gave

n < 1 implying that the hopping motion of Na + in NASICON

is a big hop translational motion.

Comparison of DC conductivity obtained from the low

frequency plateau with AC conductivity using the Arrhenius
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Fig. 7 Conductivity dispersion of NASICON for the 1DS sample.

Two dispersions and plateaus are observed indicating a multiple

activation energies. The inset is a plot of log σ vs log ωp.

relation is shown in Figure 8. The close correlation in the

values implies that the conduction is from the same majority

charge carrier, the Na +, in this case. This also suggests a high

transference number of Na + in NASICON.
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Fig. 8 Comparison of DC conductivity obtained from the low

frequency plateau with AC conductivity.

To study the dynamics of relaxing species, electric modulus

formalism is employed. Electric complex modulus is related to

complex impedance by33

M∗ = jωCoZ∗ = M′+ jM′′. (5)
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so that substituting Z∗ = Z′ − jZ′′ into eqn (5) yields M′′ =
ωC0Z′, where C0 is the vacuum capacitance from the two

parallel electrodes. For two parallel plates of area A and

separation L, C0 = ε0
A
L

.

The exact values of M′′ in this report were not determined

owing to the complex nature of the vacuum capacitance C0

between the two electrodes of the sample configuration in thick

films shown Figure 1. This is because the electrodes that are in

contact with the NASICON are not parallel plates anymore but

can be modelled as two parallel wires of capacitance,

C0 =
πε0

ln(d/a) , where a is the radius of each electrode wire and

this is difficult to determine in the current setting34. However,

since M′′ is dependent of Z′ and ω , the relaxation processes

and ion dynamics can be studied without the need to know the

constant C0. Therefore the plot of M′′/C0 vs frequency will

still reserve the shapes of the peaks to yield the much needed

data of crossover frequencies.
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Fig. 9 Electric Modulus of NASICON thick film (1DS). Peak

frequency decreases with temperature showing a thermal activated

process. The inset is the Arrhenius plot of relaxation times.

In Figure 9 the variations of imaginary component

of (M′′/C0) as a function of frequency (ω) at different

temperatures show clearly resolved peaks at unique peak

frequencies, with the peaks showing a tendency to shift

towards higher frequency end with increase in temperature.

This behaviour suggests a conduction mechanism which is a

thermally activated type of correlated hopping of Na + ions.

The crossover frequency (ωp) is the frequency of transition

from long range to short range hopping of ions from the low

frequency to high frequency regions respectively. The high

frequency side of M′′/C′
0 represents the range of frequencies in

which charge cariers can only make localized motions within

their spartial confinement of potential wells29,35. The inverse of

the crossover frequency gives the characteristic relaxation time

and follows the relation τM = τo,M exp(Ea,M/kT ) where τo is a

pre-exponential factor of relaxation time and T is the absolute

temperature. This relation is shown in the inset of Figure 9.

The activation energy of relaxation is Ea,M = 0.44±0.01 eV

which is comparable with the conduction activation energy

value of 0.46 eV obtained in this study. This result implies that

ions have to overcome same energy barrier whilst conducting

as well as relaxing29.

The main advantage of using modulus spectroscopy is that,

in this formalism the information about the electrode effect is

suppressed and one can easily study the intrinsic effect of the

sample that can originate from electro-active region (i.e., grain)

in the sample. This formalism is also helpful in the study of

conductivity relaxation time.
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Fig. 10 Cole-Cole plot of M′/C0 against M′′/C0 to exclude electrode

effects. The inset is the frequency dependence of Z" and M′′/C0 at

160 °C.

Figure 10 is a plot manifesting the suppression of electrode

effects when M′/C0 is plotted against M′′/C0. A perfect semi

circle is obtained. The inset shows how electrode effects seen

in the low frequency tail of Z′′ are supressed in the modulus

formalism plot. In the inset it can be observed that Z′′ and M′′

peaks occur at the same frequency implying grain contribution

to impedance relaxation.

3.3.4 Scaling.

Scaling is a vital feature in any data evaluation programn to

normalize data for better comparison of different datasets. The

study of the conductivity spectra and relaxation of conducting

samples at different temperatures leads to scaling laws,

σ (ω)/σDC = σ ′/σo = F (ω/ωc) and M′′/M′′
max = F (ω/ωc)

respectively, known as the time–temperature superposition

principle (TTSP) where ωc is an arbitrarily determined
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characteristic frequency30,36.

Here, ωc = ωp and M′′
max = M′′ (ωp). This scaling which

collapses all datasets into one common curve indicates that the

process can be resolved into a common physical mechanism

modified only by thermodynamics scales36.
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(a) Conductivity Scaling. The conductivity collapsed to a single curve

indicating temperature independence of relaxation at higher frequency
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(b) Modulus Scaling. The modulus collapsed into a single curve and no

electrode effect is observed at lower frequencies.

Fig. 11 Scaling formalism in conductivity and modulus.

Figure 11 shows the TTSP of conductivity and relaxation.

In Figure 11a the conductivity spectra at different temperatures

collapsed into a single curve at higher frequencies on

appropriate scaling. However, the low frequency part of the plot

does not collapse into a single plot due to varying contribution

from electrode.

Furthermore, similar scaling of modulus as shown in Figure

11b reveals a perfect overlapping of different temperature

data into a single master curve indicating a single relaxation

process occuring within the sample. There is a perfect overlap

even at low frequencies since modulus supresses electrode

effects. This is also observed in the inset plot of Figure 10.

From these findings, it is clear that the TTSP is observed

implying that relaxation mechanism at the higher frequency

is independent of temperature. Also observed in the Figure is

the single boundary/knee at which crossover frequency occurs

implying that the material has only single ionic species whose

conductivity mechanism is independent of temperature.

Figure 12 shows the effect of thickness on the relaxation

process as well as conductivity. It can be seen that all the plots

for different thicknesses overlapped into single master plot both

for conductivity and relaxation implying that the conduction

mechanism (Figure 12) and relaxation (inset) are not dependent

on thickness for films less than 32 µm investigated in this study.
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Fig. 12 Scaling vs Thickness

4 Conclusion

Electrical properties of NASICON thick films have been

characterised. Spectral analysis have also been performed

to study the ion dynamics. Thinner films densified well

and consequently had higher surface conductivities than the

thicker films, however at higher temperatures film thickness

had no effect on ion conductivity. Spectral conductivity studies

showed that Na + conduction was of long range hopping.

Scaling studies showed that surface ion conductivity and

relaxation were independent of temperature and thickness.

Skin effect due to high frequency alternating electric-field

also had no effect on surface conductivity because of the

magnitudes of the conductivity values involved. Thick film

8 | 1–9



surface conductivity (σ300◦C = 1.26× 10−5 sq/Ω ) is far less

than bulk conductivity (σ300◦C = 2.51×10−3 S/cm) reported

in literature37. The values of conductivity and relaxation

activation energies suggest that ions whilst conducting and

relaxing overcome the same energy barrier. SEM investigation

showed that there is a minimum thickness (7 µm) for which

NASICON can be printed and used in high temperature

applications (up to 1100 °C) successfully and less than that,

the entire film may undergo phase change, zirconia being the

dominant secondary phase.
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