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Abstract. The behavior of the reference electrode (Na; TigO3—TiO,) and the electrode/solid electrolyte (Nasicon)
interface of the electrochemical sensor were investigated by means of complex impedance spectra in the frequency
range 0.1 Hz—1 MHz and at the temperatures between 298 K and 873 K. A plausible equivalent circuit involving two
R-CPE elements connected in series was proposed. The results were discussed in terms of the brick-layer model.

The parameters characterizing Schottky barrier occurring at the grain boundary interface were determined.
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1. Introduction

Solid electrochemical cells are well known devices
used to monitor the concentration of many gases e.g.
CO,, SO, and NO,. The structure of a such sensor can
in most cases be represented as [1-9]:

Au, air + G, AP|Nat—SE| B, air, Pt (1)

where G is the monitored gas (CO,, SO, or NO, ), APis
a gas-sensing material, termed as an “auxiliary phase”.
Carbonates, sulfates or nitrates of alkaline metals are
used as an AP in such a sensor, accordingly to the type
of gas that is monitored. Nat—SE is a sodium contain-
ing solid electrolyte such as Nasicon and B is a mate-
rial containing sodium phase with constant activity of
NaZO.

*To whom all correspondence should be addressed.

The output signal of the sensor is the electromotive
force (EMF) of the solid cell (1). The EMF will be a
simple function of concentration of monitored gas if
the potential of reference electrode assumes a constant
value and the local equilibria are established at the elec-
trodes of the sensor. Unfortunately, literature data are
rarely related to these conditions. The aim of this pa-
per is to examine behaviors of both the reference elec-
trode and solid electrolyte/reference electrode system
of cell (1). A heterogeneous mixture TiO,—Na,TigO13
(6 : 1 molar ratio) reported in [3] was used as reference
electrode.

2. Experimental Details
2.1. Materials Preparation

The sodium containing electrode was a heterogeneous
mixture of Na; TigO;3 and TiO, (1:6 molar ratio) which
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Fig. 1. XRD pattern of the specimen Na;TigO13—TiO> (B).

was prepared from TiO, (anatase, provided by Cookson
Technology Centre, UK) and Na,CO; (ACS pri-
mary standard 99.95%, Sigma-Aldrich) by solid-state
reaction. The appropriate amounts of powders were
mixed, pressed into pellets and calcined at 1000°C for
24 hours. The product of the reaction was crushed in an
agate mortar, milled, isostatically pressed into pellets

at 200 MPa and sintered at 1100°C for 2 hours. Apart
from the pellets, some powder was also sintered in or-
der to obtain the material for preparation of a ceramic
Na,TigO3—TiO, paste, used later for the electrode for-
mation. The pellets obtained were polished with a di-
amond paste to diameter of 11.0 mm and thickness of
1.8 mm, then cleaned in alcohol using an ultrasonic
cleaner, dried at 100°C and stored in a desiccator until
used for preparation of samples or further experiments.
Figure 1 shows the X-ray diffraction patterns of the
obtained material, which is a two phase mixture of
monoclinic Na,TigO3 and TiO, (rutile). This result
is in agreement with the phase diagram of this system
published in Ref. [10]. The SEM image of the surface
microstructure of the specimen is presented in Fig. 2.
As can be seen, the material is composed of two types of
irregular grains with different size. The energy disper-
sion X-ray analysis (EDX, Oxford Instruments, LINK
ISIS 300) indicated clearly that smaller grains (average
grainsize 4.7 £ 1.2 um) are the TiO, rutile phase, while
sodium enriched bigger grains are the Na,;TigO3 crys-
tallites. The details of preparation and the properties of
the solid electrolyte were described elsewhere [11].

Fig. 2. SEM micrograph of the specimen B. Smaller and bigger grains correspond to TiO, (rutile) and Na,TicO;3 (monoclinic) phases,

respectively.
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Table 1. Sample characterization. Description of samples prepared for the impedance measurements.

Sample Material Electrodes (both side)
NB Nasicon pellet Na;TigO13—TiO; (1:6) | Porous platinum
B NayTigO13—TiO; (1:6) pellet Porous platinum

2.2. Electrode Formation

Two samples labeled as NB and B were examined.
Their composition is given in Table 1. The porous plat-
inum electrodes were screen printed with the platinum
paste (product of Demetron), dried at room tempera-
ture and fired at 900°C for 30 minutes. The sodium
electrodes (Na, TigO13—TiO; pellets) were attached to
the Nasicon using the ceramic paste prepared from
Na,;TigO;3—TiO, powder suspended in organic sol-
vent, dried at room temperature and fired at 900°C for
30 minutes.

2.3. Impedance Measurements

The impedance measurements were performed us-
ing an IM5d Impedance Spectrum Analyser (Zahner
Electrik) in the frequency range 0.1 Hz—1 MHz. The
amplitude of the sinusoidal voltage signal was 20 mV.
All the measurements were carried out in air in the tem-
perature range 298 K—873 K. The details concerning

the experimental procedure and the sample holder are
reported elsewhere [11].

3. Results and Discussion
3.1. Analysis of Equivalent Circuits

In the Z’ vs. —Z” coordinates the experimental spectra
can be approximated by two semicircles as illustrated in
Figs. 3 and 4. The circles radii decrease when the tem-
perature is increasing. The equivalent circuit, whose
response is used for fitting the impedance spectra, is
shown in Fig. 5. The presence of two semicircles in
Fig. 5 may be ascribed to either bulk and grain boundary
properties or effect of heterogeneity of studied material.
The first approach is based on the assumption that the
large grains of one component in the solid mixture of
Na, TigO13—TiO; are connected to each other and only
they have impact on the observed impedance spectra.
Considering the structure of the sample presented in
Fig. 2., Na;TigO;3 can be assumed to be a component
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Fig. 3. Plot —Z" vs. Z' for the sample B at 723 K.
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Fig. 5. Equivalent circuit and schematic representation of the chosen parameters at the impedance spectrum.

of this type. In such a case the R; and R;, determined
accordingly to the procedure shown in Fig. 5., corre-
spond to the resistivity of bulk and grain boundary of
the Na,TigO;3, respectively [12]. This case is called a
‘homogeneous approach’.

According to the second approach the determined
parameters of the first and second semicircles are at-
tributed to each of the two components of the sodium
electrode material separately. Namely, R and R; repre-

sent the resistivities of the Na, TigO13 and TiO,, respec-
tively. This case is called a ‘heterogeneous approach’.

The mean effective capacitance, Cean, can be es-
timated from the peak frequency wmax (which corre-
sponds to the maximum value —Z" of the response in
Fig. 5) [12]:

(@)

Cmean =
Rwmax



TIK]
900 800 700 600
16—' T T T
B _An,
K -
A -
\k N
-
144 ~_ -k
A
e fo] n1
12 W/O/_\
1v0 T T T T T T
12 1,8

1.4 l 1,6
1000/T [K]

Fig. 6. Parameters n1 and ny of the sample B as a function of reci-
procal temperature.
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Fig. 7. Parameters n and ny of the sample NB as a function of
reciprocal temperature.

Figures 6 and 7 illustrate the temperature depen-
dences of the n; and n, parameters, defined in Fig. 5,
for the samples B and NB, respectively. Parameters n
and n, have the values between 1 and 2. The value
n =1 corresponds to the Debye capacitor. If n =2, the
CPE element represents the semi-infinite diffusion and
is called the Warburg impedance [12]. As can be seen,
the parameter n; is generally smaller than n, with one
exception for the NB sample at the highest temperature.

The temperature dependences of the o and o, con-
ductivities are presented in Figs. 8 and 9. They were
determined from the R; and R, taking into account
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the geometry and dimensions of the samples. The o,
appears to be higher than 0. The dependences of the
capacitances determined by use of Eq. (2) on tempera-
ture are also shown in these figures. The C capacitance
has the value of several nF which is essentially inde-
pendent on temperature. The C; values are 2-3 orders
of magnitude higher than those of the C;. In the case
of NB sample, the C; increases with temperature.

Applying the brick-layer model of the studied ce-
ramic material [12], the determined capacitances C;
and C, allow to determine the ratio of thicknesses
(d»/dy) of the media “1” and “2” (the grain boundaries
thickness and grain size in the case of ‘homogenous ap-
proach’ or grain sizes of two components in the case
of ‘heterogenous approach’):

d2 N 82C1
di &C,

3)

where € and ¢, are the dielectric constants of the media
“1” and “2”, respectively.

3.2.  Homogeneous Approach

Assuming that the impedance spectra describe the
Na,TigO;3 phase, the determined quantities #n;, o;, C;
with i =1,2 correspond to bulk (=1) and grain
boundaries (i = 2). Taking into consideration that both
the bulk and grain boundaries have similar chemical
composition, an approximation €; = ¢, is usually as-
sumed in the literature [12].

According to the Schottky barrier model for semi-
conducting junction [13] adapted also for solid elec-
trolytes by Heyne [14], the Schottky space charge layer
thickness is equal to a half of grain boundary thickness:
d>/2. On the other hand, the Schottky barrier potential,
®s may be expressed as:

(DS _ Eact,2 - Eact,l (4)
2e
where e is an elementary charge, E,. | and E, are
the activation energies.

The average grain size of Na;TigO13 was estimated
on the basis of SEM image (Fig. 2.) tobe d; =4.7 um.
Taking into account this value we can determine the
thickness of the grain boundaries, d, using Eq. (3) and
the Schottky barrier potential from Eq. (4). The de-
termined parameters characterizing the space charge
properties of the studied materials are listed in Table 2.



62 Pasierb et al.
T[K]
800 800 700 600
T T T T T
410°
105 ]
410°
% 10°4 1 o
= ] 3107 2
b -
10° 5 410°
A A
‘ A A 4
a4 4 - , , , 10°
1,2 1,4 16 18
1000/T [K]

Fig. 8. Electrical conductivity and mean capacitance values of the bulk and grain boundary of the sample B as a function of reciprocal temperature.
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Fig. 9. Electrical conductivity and mean capacitance values of the bulk and grain boundary of the sample NB as a function of reciprocal

temperature.

There is no available data in the literature concerning
space charge in the studied materials. It is usually as-
sumed, that the expected space charge layer thickness
is equal to several nanometers. The experimentally de-
termined space charge layer thickness for TiO, (rutile)
by Ikuma and Komatsu [15] is equal to 4.5-20 nm.
The larger values of the thickness determined for the
NB in comparison with these found for the B, may

be explained by an effect of the Nasicon phase on the
studied impedance spectra.

3.3. Heterogeneous Approach

In this approach the media “/” and “2” are identified
as the TiO, and Na,TigO,3 phases, or vice-versa. The



Table 2. Parameters characterizing space charge properties.
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Schottky space charge layer thickness (nm)

Sample Schottky barrier potential (V) 573 K 873K

NB 0,1 39+ 10 29+0.7

B 0,06 1.96 +0.49 1.96 +0.49
electron microscopy observations revealed that the ra- T [K]

tio dp/d, is close to 1. Assuming the dielectric constant 0 9?0 8?0 7?0

of TiO, amounts to 100 and 75 at 573 and 873 K, re- ~ NB
spectively [16], the dielectric constant of Na,TigOq3 'é\

determined from Eq. (3) is either (1.3-2.4) 10° (when ~ »

subscripts 1 and 2 corresponds to TiO, and Na, TigO3,
respectively) or 0.03-0.9 (when subscripts 2 and 1 cor-
responds to TiO, and Na,;TisO3, respectively). Un-
fortunately, there are no available data of the dielec-
tric constant for Na,TigO;3. However, most ceramic
materials have the dielectric constant between 4 and
110 and only some perovskite titanates have value of
the order 10° . This shows that proposed approach is
inappropriate.

3.4. Dependences of Electrical Conductivity
on Temperature

Figures 10 and 11 illustrate the dependences of
log(cT) on 1/T for both the B and NB samples.
Taking into consideration that the activation energies
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Fig. 10. Logarithm of o1 T and 0> T versus 1/T of the bulk and grain
boundary conductivities of the sample B.

E,e.,= (78.5¢3.0) kd/mol
E_.,= (97.918.5) kJ/mol

act2”

log(cT) [oTin Q'em™K ]

1.1 12 1,3 1.4 1.5

1000/ T [K™"]

Fig. 11. Logarithm of o1 T and 02T versus 1/T of the bulk and grain
boundary conductivities of the sample NB.

(75.1 and 78.5 kJ/mol) are similar, but much higher than
that of Nasicon [11], and the electrical conductivity is
several orders of magnitude lower than that of Nasicon
[11], we conclude that the determined electrical con-
ductivity can be attributed to the presence of sample B.
Since the activation energy of the TiO, component ap-
proaches the value about twice higher (146 kJ/mol) [17]
than measured we conclude, that the electrical proper-
ties determined in this work are characteristic for the
Na, TigO13 component.

4. Conclusions

The electrical properties of the composite
(NazTif,O13—Ti02)—Nasicon—(Na2T16013—Ti02) are
close to those for Na,TigO3—TiO,. The impedance
properties of Na, TigO13—TiO; can be modeled well in
terms of an electrical circuit containing the bulk and
grain boundary elements in series. The conductivity
of the grain boundary is higher than that of the bulk.
Also, the activation energy of the grain boundary
conductivity is higher than that of the bulk. Under the
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assumption of brick-layer model we have determined
the parameters characteristic for the space charge
properties, i.e. the Schottky barrier potential and
Schottky space charge layer thickness.
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