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Frequency-dependent electric and dielectric properties of the porous Sm, ;Sr,;CoO;_s cathode prepared through conventional
combustion synthesis technique were studied in the temperature range 298 K-973 K. The crystal symmetry, space group, and unit
cell dimensions were confirmed by analyzing XRD pattern. XRD analysis indicates the formation of a single-phase orthorhombic
structure with space group Pnma 62. Scanning electron microscopy technique was used to examine the morphology of the sample.
Scanning electron microscopy study showed the formation of porous structure with an average grain size about 850 nm. From
the electrical study, it is observed that the conduction in Sm, ;Sr, ;CoO,_s sample takes place through the hopping mechanism
and follows the inverse universal power law. The correlated barrier hopping model was employed successfully to explain the
mechanism of charge transport in Sm, ;Sr, ;CoO,_s. Further, the ac conductivity data was used to evaluate the minimum hopping
length and apparent activation energy. The minimum hopping length was found to be ~10™* times smaller than the grain size of
Sm, 5Sr, ;Co0;_s. The peaking behaviour of the real part of dielectric constant with frequency was explained using the Rezlescu
model. This study helps to confirm that the charge transportation in Sm, ;Sr, ;CoO,_s is due to two types of charge carriers.

1. Introduction

Recent worldwide interest in building a decentralized,
hydrogen-based energy economy has refocused attention on
the solid oxide fuel cell (SOFC) as a potential source of
efficient, environmental friendly, fuel-versatile electric power
generation [1, 2]. Performance of the solid oxide fuel cell
mostly depends on properties of the electrolyte, anode, and
cathode materials. From the last 20 years, scientific commu-
nity is trying to understand the SOFC materials in terms of
their chemical, thermal, catalytic, structural, morphological,
and transport properties and their effect on performance of
solid oxide fuel cell [3-6].

Recently, strontium-doped  samarium  cobaltate,
Smy 5Sr; sCo0;_5 (SSC), with x = 0.5 is being investigated
as a cathode material to replace the conventional La,_,
Sr,MnO;_, (LSM) material. This is due to the high catalytic
activity of SSC for the oxygen reduction reaction (ORR)
as well as its excellent ionic and electronic conductivity

over a wide range of temperatures. SSC has a compatible
thermal expansion coefficient (TEC) with ceria-based
electrolytes, which possess the higher ionic conductivity at
lower temperatures [7-12]. The study of electrical transport
properties in cathode is very important since the associated
catalytic properties are dependent on the nature and
magnitude of conductivity in these materials. An extensive
literature survey suggests that no attempt has been made to
understand the charge transportation in SSC with frequency.

A diversity of scientific disciplines endeavour to under-
stand dynamic processes and conduction mechanism by
examining the ac response of materials to an applied time
varying electric field. One strategy for understanding the
cathode performance is to know the charge transport mecha-
nism with the temperature and frequency [13]. Recently, fre-
quency domain study of the material in desired temperature
range is used to gaze inside the material [14]. The study of
this dispersive behaviour offers an opportunity to gain insight



into the details of electronic/ionic migration processes, par-
ticularly the interaction of the migrating electrons/ions with
other defects in the structure [15].

In the present investigation, for the first time we
are reporting the frequency response measurement of
Sm, 5Sr; sCo0;_5 over the temperature range 298 K-973 K
in terms of ac conductivity and complex permittivity. The
correlated barrier hopping model has been used to assert the
conduction mechanism in the system. The ac conductivity
data have been used to estimate the apparent activation
energy and minimum hopping length. Further, the dielectric
data has been explained in the light of Rezlescu model to
understand the charge transportation.

2. Experimental

Phase pure Sm,sSr,sCoO; sample was prepared by self-
propagating combustion synthesis method using polyvinyl
alcohol as an efficient fuel for combustion. High-purity
Sm,0;, Sr(NO;),, Co(NO;),-6H,0 all from Loba Chemie
were used as an oxidizer and poly-vinyl alcohol as a fuel.
The stoichiometric composition of the redox mixtures for
combustion was calculated using the total oxidizing (O) and
reducing (R) valences of components which served as the
numerical coefficients for the stoichiometric balance, so that
equivalence ratio was a unity (ie., O/R = 1), and energy
released by the combustion was maximum [16].

The overall combustion reaction for SSC can be repre-
sented as follows:

0.5Sm(NO;), + 0.55r(NO3), + Co(NO;),
+2.25(C,H, - O) +0.3750,
— Sm 551, 5C00; + 4.5CO, T
+4.5H,0 T +2.25N, T

This charred powder was pressed under the load of
10 ton/cm? into circular pellets using German-made hydrau-
lic press and PVA as a binder. The pellet thus formed was kept
in the muftle furnace at 1000°C for two hours.

X-ray diffraction (XRD) pattern of the sample is taken at
room temperature using Philips diffracto-meter (PW 1710)
with CuKa radiation over a wide range of Braggs angle
(10°-90°). The morphological evolution was carried out using
scanning electron microscope (SEM JEOL JSM 6360). To
study the electrical properties, both flat surfaces of the pellet
pellets were painted with fine silver paste as electrode and
were kept at 350°C for one hour. The ac conductivity and
dielectric measurements were carried out with frequency
(10 Hz to 20 MHz) and at temperatures 298 K to 973 K using
computer controlled impedance analyzer (Nova Control,
Alpha-N, Germany). The temperature was controlled with
the programmable oven.

3. Results and Discussion

3.1 Structural Study. Figure 1 shows the XRD pattern of
Smy sSry ;Co0;_5 sample heat treated at 1000°C. All the
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FIGURE 1: X-ray diffraction pattern of Sm ;Sr, ;CoO,_s sample.

FIGURE 2: SEM micrograph of the Sm ;Sr, ;CoO;_s sample.

high-intensity reflections in this sample are identical with
earlier reported orthorhombic Sm,, 5Sr, ;CoO5_g phase. The
calculated lattice parameters (a = 5.39A, b = 7.59 A, and
¢ = 5.30 A) were found to be in good agreement with earlier
reported values (JCPDS card no. 00-053-0112). The good
agreement between observed Braggs angle and interplanar
spacing values with JCPDS card values shows the formation
perovskite phase-pure Sm 5Sr; ;CoO5_;.

3.2. Morphological Study. Figure 2 shows the micrograph of
the SSC sample heat treated at 1000°C. Formation of porous
morphology with 3D grain connectivity is developed which is
the key property of the cathode order to facilitate the sites for
oxygen reduction [7, 17]. This type of morphology had made
it possible mainly because of the key role played by residual
carbon and PVA added during pelletization. The exothermic
reaction of carbon with oxygen results in formation of gas
channels and voids in the sample. Further heat treatment
exerts pressure on interior walls of gas channels and voids,
and at critical stage this pressure breaks the septum between
these channels and voids which leads to formation of porous
structure with well grain connectivity. This 3D-connected
porous network will give possible free path for electrons and
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oxygen ions within porous structure. The average grain size
of the SSC sample was calculated by using Image-] analysis
software. The average grain size is about 850 nm, which is
quite higher than the mean free path of the charge carriers.
This large difference in mean free path and average grain size
suggests that the conductivity of the SSC sample is limited by
the intragrain charge transportation process.

3.3. Conductivity Study. The conductivity representation is
most prominent delegacy to relate macroscopic measure-
ments and microscopic movements of the charge carriers.
Figure 3 shows the log-log plot of ac electrical conductivity
(0,.) versus frequency at different temperatures. The plot
of 0, shows a frequency-independent region in the low-
frequency region, followed by a region that is sensitive to
the frequency as well as temperature. The frequency inde-
pendent conductivity characterizes the dc conductivity, due
to the random diffusion of the charge carriers via activated
hopping. However, the frequency-dependent region indicates
a nonrandom process, wherein the ions perform correlated
forward-backward motion. The switch from the frequency
independent to the frequency-dependent regions shows the
onset of the conductivity relaxation phenomenon which indi-
cates the translation from long-range hopping to the short-
range cluster motion [18]. Further, the electrical conductivity
of the materials due to localized states is expressed as a power
law [19, 20]:

T, (@) = 0 (0) + 0’ (), 2)

where ¢(0) and ¢’ (w) are the frequency-independent and
frequency-dependent parts of the conductivity, respectively.
The conductivity of the SSC sample decreases with increase
in the frequency in high-frequency region. In this frequency
region the applied field obstructs hopping conduction pro-
cess which leads to decrease in the overall conductivity. Also,
o'(w), found to obey universal behaviour in the frequency
sensitive region as follows:

o' (w) = A, (3)

where s (0 < s < 1) is the index, w is angular frequency of
the applied ac field, A [= 7N 2e? /6kgT(2a)] is a constant, e
is the electronic charge, T' is temperature, « is polarizability
of a pair of site, and N is the number of sites per unit
volume in which hopping takes place. Such variation is
associated with displacement of carriers which move within
the sample by discrete hops of length R between randomly
distributed localized sites. The term Aw® can be explained
by two distinct mechanisms for carrier conduction: quantum
mechanical tunnelling (QMT) through the barrier separating
the localized sites and correlated barrier hopping (CBH)
over the same barrier. In these models, the exponent s is
found to have two different trends with temperature and
frequency. If the ac conductivity is originated from QMT, s
is predicted to be temperature independent but expected to
show a decreasing trend with w, while for CBH, temperature
dependence of s should show a decreasing trend [18]. The
values of the index “s” were obtained from the slopes of the
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FIGURE 3: Log-log plot of electrical conductivity versus angular
frequency for Sm, sSr, ;CoO;_s sample at different temperatures.

plots in the high-frequency region. From Figure 4 it is seen
that value of “s” decreases with increasing the temperature
which predicts that the correlated barrier hopping is the
dominating conduction mechanism in SSC sample.

The conduction in Sm;Sr,;C00;_5 is a consequence
of Sr doping in SmCoOQ;, in which charge imbalance is
compensated by the formation of oxygen ion vacancies or
holes. These compensations can be explained with the help
of following equations.

For compensation by oxygen ion vacancies,
28r0(SmCo0; — 28ty + 207 + V: (4)
and the compensation by holes
SrO (SmCoO;) — Srg,, + Cop, + O} (5)

The possibilities that the holes are localized on Co atom are
reasonable,

Co+h" — Co” (6)

that is,
1 .
Sr (SmCo0;) + 50— Srg,,, + Co* +40 (7)

Thus, (5) and (7) show that the conduction in the
Smy ;Sr;sCo0O;_s is a consequence of contribution due
to the hopping of holes and oxygen ion vacancies [21].
During conduction, these charge carriers facilitate the
appearance of diploes formed with an adjacent host ion
and enlarge the ratting space available for dipole vibration,
which as a consequence leaded to the short-range hopping
of the charge carriers and gave rise to the hopping type of
relaxation. Using correlated barrier hopping (CBH) model
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FIGURE 4: Temperature-dependent variation in exponent “s” for
Smy sSr, sCoO,_gs sample.

[17], the binding energy can be calculated using following

equation:
s=1-p, (8)
where
6kgT
B= W )

and W, is the binding energy, which is defined as the energy

required to remove a charge carrier completely from one site

to another site. The binding energy W,,, is calculated by using

(8). Using the values of the binding energy minimum hopping

distance (R,;,) can be calculated as follows [22]:
2¢’

= 10
megeW,, (10)

min
where ¢, is the permittivity of the free space. The minimum
hopping length (R ;) versus angular frequency was studied
for different temperatures to analyze the effect of temperature
on the cluster motion. The angular frequency dependence of
R.in at different temperatures is shown in Figure 5. From this
figure itis seen that R, ;, increases with the increase in the fre-
quency. Such observations may possibly be related to restor-
ing force governing the mobility of charge carriers under the
action of an induced electric field. This behaviour supports
long-range mobility of charge carriers. The temperature-
dependent variation in R, ;, shows that (Figure 5) the values
of R, decrease with the increase in temperature. This
indicates that the increase in temperature may be attributed
to the conduction phenomena due to short-range mobility
of charge carriers. The room temperature value of R ;, was
found to be of the order of 107" m at 1kHz. Also, R, was
found to be ~10™* times smaller than the grain size of SSC.
This leads to the decrease in overall conductivity of the sample
which is low as compare to the reported value [23].

3.4. Dielectric Study. The frequency-dependent real part (¢')
of dielectric permittivity for SSC at various temperatures is
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FIGURE 5: Angular frequency dependence of R, for

Smy ;Sr, sCoO;_s sample at different temperature.

shown in Figure 6. Real part (¢') of dielectric permittivity
varies negatively with frequency. This may be due to the
increase in localised defect states that cause more injected
carriers to reside in the localised defect states and contribute
to the establishment of built-in electric field. Under an
applied field, some of the charge carriers may detrap and can
hop along the field direction. Because certain time is needed
for carriers to escape from their trap’s states, this makes the
current induced by the detrapping carrier’s lags behind the
applied electric field, thereby causing inductive effects [24].
The hopping motion of the detrapped carrier not only give
rise to hopping conductivity but also creates dipolar effects.

From Figure 6, it is further noted that there are two
peaks observed near 55.99 Hz and 8.711 kHz frequencies. The
peaking behaviour of real part of dielectric constant (&)
with log of angular frequency (In w) can be explained using
Rezlescu model [25]. According to this model, peaks in
¢/ (w) curves can be ascribed to the presences of collective
contribution to the polarization from two different types of
charge carriers; [25, 26] for the sample under investigation,
the conduction process can be attributed to the presence of
two types of charge carriers, that is, p type, as a hole exchange
between Co’* and Co*" and transfer of O*~ between filled
side with vacant oxygen side. The following relation-can
represent these two mechanisms as follows:

4
Co* — Co®* +h*

) i i (11)
50, + V' — 0"

Since the direction of the displacement of holes and oxygen
ions is opposite under the application of electric field, the
mobility of oxygen ions is relatively very small with respect
to that of holes. The resultant polarization of both types of
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FIGURE 6: Log angular frequency-dependent variation in real
part (¢') of dielectric permittivity for Sm ;Sr,;CoO,_s sample at
different temperatures.
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FIGURE 7: Log angular frequency-dependent variation in dielectric
loss (") for Sm, 5Sr, sC00,_s sample at different temperatures.

charges gives peaking behaviour. The shift of peak towards
higher frequency region with increasing temperature may
be attributed to the corresponding increase in mobility of
the charge carriers. Observation regarding the depth of peak
corresponds to the difference in the contribution from the
charge carriers, which decreases with increasing temperature.
In Figure 6, there is small peak towards the lower frequency
side which may be due to the minor charge carriers (elec-
trons).
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FIGURE 8: Variation in (¢ /o) with (1.8 x 10'°)/ f in Smy 5Sr, s C0O;_4
sample.

Figure 7 shows the temperature dependence of dielectric
loss (¢") as a function of frequency for SSC sample. The
dielectric loss is rather high at lower frequency but falls
quickly with rising frequency and remains frequency inde-
pendent and follows the Smith and Wijn [27] relation for the
same temperature; that is, the ratio between the dielectric loss
to the ac conductivity is inversely proportional to the applied
frequency. And this can be represented by the following
equation:

"

1
£ _18x10°x —. (12)
o f

In Figure 8, the plot of (e /o) versus (1.8 x 1010)/f gives
straight line for SSC sample which confirms the relation given
in (12).

As the temperature increase conductivity decreases, and
so conduction losses decreases. This decreases the value of ¢”
with increasing temperature.

4. Summary and Conclusions

In summary, the hopping type conduction and dielectric
phenomenon has been investigated systematically in SSC
sample for first time. The ac conductivity is found to obey
the inverse universal power law. The pair approximation
type-correlated barrier hopping (CHB) model is found to
successfully explain the universal behaviour of the exponent
“s” Frequency dependence negative variation in real part
(') of dielectric permittivity is linked with the inductive
effect, which was found to arise from the hopping motions
of the detrapped carriers that also create dipolar effect. A
frequency domain measurement of dielectric permittivity
and dielectric loss shows that the parameter both decreases



with the increase in frequency and remains constant in high-
frequency region.
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