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The electrical conductivity of the solid electrolytes CaZri-xScyO3-5 (x = 0.03 and 0.08) was investigated as
a function of temperature in a humid air atmosphere. The total electrical conductivity was separated into
bulk and grain boundary conductivity. The bulk conductivity for CaZro.975¢0.0303-s was found to be
higher than that for CaZros25c0.0803-s. Using the oxygen partial pressure dependencies of electrical
conductivity, the electron hole and ionic contributions to the total conductivity were distinguished. The
oxides were found to be mixed ionic-electron hole conductors in air atmosphere and purely ionic
conductors under reductive conditions. Transport numbers for ions and electron holes were calculated.
At temperatures below 600 °C, the oxides are expected to behave as nearly pure ionic conductors under
air conditions. Although the ionic conductivities for the oxides are comparable, the ionic transport
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numbers for CaZro.975c0.0303-s were found to be higher than those for CaZro.925c0.0803-s.
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1. Introduction

Solid oxides have attracted extensive research interest
across multiple disciplines due to their diverse physical
and chemical properties, leading to broad applications in
science and technology [I-5]. The discovery of high-
temperature proton conductivity in solid oxides by H.
Iwahara in the 1980s [6] has generated significant global
scientific attention. This interest stems from the promising
potential of these materials for electrochemical
applications, particularly in solid oxide fuel cells (SOFCs)
[7-10]. Proton-conducting oxides offer distinct advantages
over conventional oxygen-ion conductors in SOFC
applications, including lower operating temperatures and
the prevention of fuel dilution by water vapor. Among
the most extensively studied high-temperature proton
conductors are perovskite-type materials, particularly
doped BaCeOs, BaZrOs, and their solid solutions [l1-13].
Although BaCeOs-based materials demonstrate high
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proton conductivity, they suffer from chemical instability
in CO,-containing atmospheres, leading to carbonate
formation and material degradation. In comparison,
BaZrOs-based materials demonstrate better chemical
stability under similar conditions. However, they face two
major challenges related to lower proton conductivity due
to higher grain boundary resistance and difficulties in
achieving full densification during sintering, which
further compromises their electrochemical performance.
CaZrOs-based oxides are other representatives of the
electrolytes with the perovskite structure. Despite lower
conductivities compared to barium-containing oxides,
they show higher stability in CO2- and water-containing
atmospheres. The most well-characterized material in this
system is indium-doped CaZrO;, which has found
practical application in hydrogen sensors for aluminum
melts [I4, 15]. Several studies have also examined the
transport properties of yttrium-doped [16, 17] aluminum-
doped [18,19] and scandium-doped CaZrO; [20],
demonstrating that these materials also exhibit proton
conductivity and could serve as alternatives to In-doped
CaZrO5;. Among them, Sc-doped oxides were shown to
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have the highest electrical conductivity values on a level
comparable to that of In-doped oxides [21]. The authors of
[22] have studied samples with Sc content up to
24 mol. %. It was shown that electrical conductivity
decreases at the Sc content higher than 12 %. Similar
results were obtained in [23], where the conductivity of
CaZrossScosO3-5 was found to be almost the same as for
CaZrosSco1Osz-s. In both studies, the samples with high Sc
content were indicated as single phase, while the authors
of [24] determined that the solubility limit of scandium in
calcium zirconate was x= 0.07-0.08. It seems that the
decrease in electrical conductivity for the compositions
with high Sc content observed in [22, 23] can be related
with the formation of additional low-conducting phases.
Thus, it is of interest to investigate the electrical properties
of CaZrO; doped with lower Sc content, as the literature
provides detailed data only for 5 mol. % Sc-doped
CaZrO; and limited information for 3 mol. % Sc-doped
CaZrO; [25-27]. This study is devoted to the investigation
of electrical conductivity of 3 and 8 mol. % Sc-doped
CaZrOs ceramics with the focus on bulk and grain
boundary conductivity, as well as on the contributions of
ionic and electron hole conductivity.

2. Experimental

The samples CaZro.975¢0.0303-5 and CaZro.925¢0.0803-5
(hereinafter CZS3 and CZS8 respectively) were fabricated
using conventional ceramic technology. ZrO2, CaCOz and
Sc20s3 (all reagents of high-purity grade) were used for
synthesis. Stoichiometric amounts of starting materials
were mixed in a zirconia mortar with ethanol. After
preliminary synthesis at 1200 °C, the pressed samples
were finally sintered at 1800 °C for 1.5 hours in a vacuum
furnace. After cooling, the samples were additionally
annealed in air at 1200 °C for 24 hours. A more detailed
description of the sample preparation methodology can
be found in [25]. The phase purity of the obtained samples
was studied by X-ray powder diffraction (D/MAX-2200,
Rigaku). The microstructure peculiarities of the ceramics
were investigated using scanning electron microscopy
(MIRA 3LMU, Tescan). For electrical measurements,
platinum electrodes were deposited on the surfaces of the
electrolyte disk and sintered at 1000 °C for one hour. The
electrical conductivity was determined via impedance
spectroscopy (P-40X impedancemeter, Elins) in a
temperature range of 200-800 °C in a humidified
atmosphere (pH20 =3.17 kPa). Humidification was
achieved by bubbling the circulating gas through distilled
water at room temperature. Measurements of the oxygen
partial pressure dependencies of electrical conductivity
were done in the temperature range of 650-800 °C in a
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humidified atmosphere, spanning pO, values of 0.2 to
10-20 atm. Oxygen partial pressure was controlled using a
Zirconia-M universal controller. Impedance spectra were
collected with an AC amplitude of 20 mV over a
frequency range of 1-105>Hz. Further analysis of the
impedance data was performed using the ZView software.

3. Results and discussion

3.1. Sample characterization

XRD results confirmed that obtained oxides were
single-phase, crystalizing in the Pcmn space group
(Figure 1(a)). The relative density of the obtained ceramics
was of about 90 %. Figures 1(b)—~(c) show SEM images of
the obtained ceramics. The estimated average grain size
was of about 3.3 and Llum for CZS3 and CZS8
respectively.
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Figure 1 (a) XRD patterns for CZS oxides; (b) and (c) SEM images

of the obtained «ceramics, CaZros7Sc00303-5 and
CaZro925¢0.0803-5 respectively.
3.2. Electrical conductivity in air

Temperature dependencies of the electrical

conductivity of the samples in wet air are depicted in
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Figure 2. One can see that the electrical conductivity
values for CZS3 and CZS8 are close, while the activation
energy of the conductivity increases with increasing Sc
content (Table I). Additionally, available literature data
on electrical conductivity for CZS system are presented. It
can be seen that the values are comparable. Slight
differences can be attributed to different methods of
conductivity measurements: literature data [25, 28] were
obtained by the 4-probe DC method, while our data were
measured by impedance spectroscopy.

At the temperatures below 700 °C, it became
possible to distinguish bulk and grain boundary
contributions to the total resistance. Figure 3 presents an
example of an impedance spectrum for CZS3 at 500 °C.
Two semicircles corresponding to bulk resistance and
grain boundary resistance are clearly observable. Thus,
the impedance data were analyzed using an equivalent
circuit consisting of two serially connected parallel
combinations of R (ohmic resistance) and CPE (constant
phase element) elements, referred to as the RQ-circuit. An
example of the spectra analysis, including partial
contributions, is provided in Figure 3. Figure 4 displays
the temperature dependencies for obtained bulk and
grain boundary conductivities for CZS3 and CZS8.
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Figure 2 Temperature dependencies of electrical conductivity
for CZS ceramics in wet air.

Table1- Activation energy values for total, bulk, and grain
boundary conductivity.

" E5 kJ/mol
Composition
O bulk Ogh O'tot
CZS3 711 84 +4 83+3
CZS8 74+ 2 100 1 97 +1
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Figure 3 An example of an analysis of the impedance spectrum
(CZS3 at 500 °C in wet air atmosphere).
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Figure4 Temperature dependencies of bulk and grain
boundary conductivity for CZS ceramics in wet air.

The corresponding values of activation energy are
listed in Table 1. It can be seen that bulk conductivity for
CZS3 is slightly higher than that of CZS8 with close values
of activation energy. The grain boundary conductivities
are comparable; their dependencies have different slopes
due to the difference in activation energies and intersect
at the temperature of about 300 °C. For both oxides, the
grain boundary conductivity is lower than the bulk
conductivity, thus determining the total conductivity of
the materials.

3.3. Electrical conductivity vs pO2

In order to determine the nature of the electrical
conductivity of CZS oxides, measurements of electrical
conductivity as a function of oxygen partial pressure were
performed. Figure5 illustrates the resulting pO2
dependencies. It is evident that for both oxides, electrical
conductivity decreases with the reduction of oxygen
partial pressure under oxidative conditions, while it is
almost constant under reductive conditions. Such a
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Figure 5 pO2-dependencies of electrical conductivity for
investigated oxides: (a) CZS3, (b) CZS8.

behavior points to the presence of electron hole
conductivity at high oxygen partial pressures, resulting
from the interaction of oxygen with the oxide, which leads
to the formation of electron holes according to

0, + 2V5" - 203 + 4h°, (1)

and pure ionic electrical conductivity under reductive
conditions.

The obtained dependencies were fitted using the
following Equation:

— 0., m
Otot = Ojon t On pOZI

(2)
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where o, represents total conductivity, o;,, is ionic
conductivity, and o{ and denotes the values of hole
conductivity at an oxygen partial pressure of 1|atm
respectively. Consequently, ionic conductivity was
determined across all temperatures. Table 2 lists the
obtained values of ionic conductivity.

Subsequently, the transport numbers of ions and
electron holes were calculated as follows:

_ Oion
tion =

(3)

7
Otot

t Otot—CTion
hole — .

(4)

Otot

Figure 6 shows the temperature dependencies of
transport numbers for ions and electron holes in wet air
conditions. One can see that ion transport numbers
increase with the decrease in temperature, and it is
expected that at the temperature below 600 °C CZS
oxides are expected to be almost pure ionic conductors
under air conditions. This is in agreement with previously
reported data for CZS5 [25]. It should be noted that ion
transport numbers for CZS3 are higher than those for
CZS8 in the entire investigated temperature range despite
the higher level of doping and, therefore, the expected
higher concentration of oxygen vacancies. One of the
possible reasons for such behavior, taking into account the
previously estimated level of Sc solubility to be of about
0.08 mol. %, can be the formation of a low-conducting
impurity phase, which concentration is too small for
detection by XRD analysis, but already affects the
electrical properties of the material. It can also be the
reason of the increased activation energy for grain
boundary conductivity for CZS8 sample, as the impurity
phases are usually localized in the grain boundary region.
To summarize, it can be concluded that between the
investigated samples, the optimal level of doping from the
point of electrical conductivity and ionic transport is
3 mol. % of Sc.

Table 2 - lonic conductivity values for CZS oxides.

e aiony S/Cm

CZS3 CZs8
800 0.00101 0.00087
750 0.00068 0.00066
700 0.00043 0.00047
650 0.00026 0.00032
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Figure 6 Transport numbers for ions and electron holes for
investigated oxides in wet air.

4, Conclusions

In the course of the study, the electrical properties of
Sc-doped (3 and 8 mol. % Sc) CaZrOsz ceramics were
investigated. The electrical conductivity of the oxides is
comparable, reaching approximately 10-3 S/cm at 800 °C
in a humidified air atmosphere. At temperatures below
700 °C, bulk and grain boundary contributions to total
conductivity were separated. It was found that the grain
boundary conductivity is lower than the bulk
conductivity, thereby limiting the overall conductivity of
the materials. Therefore, to enhance the electrical
performance of these oxides, optimizing the ceramic
microstructure to reduce the grain boundary
contribution is necessary.

Using the conductivity dependencies on oxygen
partial pressure, the contributions of ionic and electron
hole conductivities were separated, and the corresponding
transport numbers were determined. Sc-doped CaZrOsz
oxides exhibit mixed ionic-electron hole conduction in air
atmosphere and are pure ionic conductors under
reductive conditions. lon transport numbers increase with
the decrease in temperature, and, therefore, it is expected
that at the temperature below 600 °C investigated oxides
act as nearly pure ionic conductors under air conditions.
lon transport numbers for 3 mol. % Sc-doped CaZrOsz
were found to be higher than those for 8 mol. % Sc-doped
CaZrOs. In summary, between the investigated samples,
the optimal doping level from the perspective of electrical
conductivity and ionic transport is 3 mol. % of Sc.
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