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Abstract:

Samples of 6 mol% Sc,0; - 1 mol% CeO, co-doped ZrO, were fabricated by
conventional ceramic processing methods and sintered at various temperatures from 1000 to
1650°C in air. The sintering conditions on microstructure and phase content are investigated
using various characterization methods, including pycnometry, diffraction, and spectroscopy.
The electrical conductivity of samples was investigated using electrochemical impedance
spectroscopy (EIS). The effect of inductive load (measured from room temperature to 800°C)
is discussed in low to high temperature regimes. At T<400°C since the arc is not a complete
semicircle, the high-frequency arc could be fit using a constant phase element (CPE), while
by subtraction of inductive load, a good fit is achieved using a capacitor element instead of
CPE. The Arrhenius conductivity plot of samples reveals that the specimen sintered at 1600°C
for 6 hours exhibits the highest conductivity. The activation energy (E,) and conductivity pre-
exponential (o) factor are calculated from a linear fit to data that decreases by the increase
in sintering temperature.

Keywords: SOFC; Scandia ceria stabilized zirconia;, 6SclCeZr; Electrical conductivity;
Instrumentation impedance.

1. Introduction

One of society’s most significant challenges in engineering is the generation of
energy from clean, efficient, reliable, and environmentally friendly sources [1]. Fuel cells are
one of the most efficient and effective solutions to meet this challenge [2—6]. These
electrochemical devices convert the chemical energy of fuel gas into electrical work without
the need for combustion. Moreover, fuel cells can also be used for grid-scale renewable
energy storage through high-efficiency conversion of chemical energy with zero
CO, emissions [7] while offering a wide variety of potential applications for electricity
generation in residential, vehicular, and industrial settings [8,9].

Among all types of fuel cells, solid oxide fuel cells (SOFCs) offer numerous
advantages such as high energy density, high efficiency (beyond 60% and up to ~90 % with
the addition of heat recovery cycles), no cyclical variations of voltage (voltage disturbances)
or electrical fluctuation, and no environmental noise as compared to conventional power
generation systems [10,11]. In the SOFCs, the electronic current is generated by oxidation of
the fuel gas at the anode and oxygen reduction at the cathode. Therefore, the electrical current
is made possible by the flow of the ions, down the chemical potential gradient of the mobile
species, from the anode to the cathode through an ionic conductor membrane and electrons
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transport in an external circuit. The general mechanism of the current flow is explained via
mass transport of oxide-ions through the solid ion-conductor electrolyte by introducing
vacancies into the crystal structure and random hopping mechanism of the charged species to
the vacancies [12]. Thus, ionic conductivity is increased significantly at elevated temperatures
where sufficient energy allows ions to hop into and out of charged vacancies [13]. However,
cell operation at high temperatures introduces thermal stresses, corrosion, increased system
cost, and stack durability challenges. Therefore, there has been increased interest in reducing
SOFCs operating temperatures from the high-temperature (HT-SOFCs) regime (800°C to
1000°) down to the so-called intermediate-temperature (IT-SOFCs) regime (500°C to
700 °C). It has been proposed that using materials operating at intermediate temperatures
could expand applications of fuel cells to large-scale stationary applications and smaller scale
portable power/transportation markets [14,15]. While Yttria-Stabilized Zirconia (YSZ) has
been the most investigated membrane material for SOFCs as well as SOECs, Scandia-
Stabilized Zirconia (SSZ) has shown almost 3-4 times higher ionic conductivity compared to
that of YSZ [13,16-19]. Moreover, YSZ exhibits a conductivity degradation by an imbalanced
electrochemical potential gradient of oxygen ions through the electrolyte [20,21]. The higher
ionic conductivity in scandia-stabilized zirconia (SSZ) is attributed to the minimal ionic radii
mismatch between Sc3* and Zr*+[22,23]. Fujimori [24] and Badwal [25] comprehensively
investigated the Sc,0; — Zr0, system and discovered monoclinic (m), tetragonal (t), cubic
(c), metastable tetragonal (t, t"), and rhombohedral (f) phases exist from a range of 0 <
Sc,0; mol% < 25. Of these phases, the cubic fluorite phase forms at ~9.3 mol% Sc, 05
and the tetragonal phase forms at ~6-9.3 mol% Sc, 03 exhibit the highest and second-highest
ionic conductivity among other phases. The ¢ < t phase transition happens by oxygen ion
displacement from fluorite ideal sites (8c sites). Increasing dopant levels has been shown to
trigger the formation of an unwanted low conductive  — rhombohedral phase transformed
from a high conductive cubic phase which accompanies volume change [26,27]. Study of
ternary systems consisting of Sc,03 - CeO, — Zr0, demonstrated that the addition of a small
amount (< 2%) of a third component such as ceria can stabilize the higher ionic conductivity
phases over a wider dopant range of scandia [28]. The reaction that creates oxygen vacancies
in scandia- ceria- stabilized zirconia is expressed in the Kroger-Vink notation [29] below:

ZT'OZ ,
Sc,03 —> 2S¢z, + Vi + 30%

Zr0
Ce0, — CeX. + 20%

In this case, alloying the zirconia with ceria (similar fluorite structure, but 7,4+ >
r4.4+), while it does not result in the creation of additional positively charged vacancies, will
facilitate the stability of the cubic structure. It has been studied that addition of less than 2%
of Ce0, brings higher symmetry to the Sc,03 — Zr0, system [30]. The ionic radii of Zr**,
Ce**, and Sc3* are 84, 111, and 87 pm [23]. The presence of a small amount of Ce** dopant
will decrease in ¢ and increase in a = b lattice parameter in a way that contributes to the
stabilization of the unit cell.

The stabilization of the cubic phase arises from applied lattice strain due to the
presence of large cerium ions on the host lattice sites [31]. This substitution assists formations
of the higher-symmetry cubic phase by lowering the c/a ratio in the tetragonal phase, thus
resulting in higher ionic conductivity [32]. Since the cubic (fluorite) structure attracts the most
interest for investigation, numerous studies have been done on the influence of the
microstructure and lattice strain on the ionic conductivity of the cubic phase of the SSZ [33].
However, there are still regions that have been only poorly investigated within the tetragonal
crystal structures in the Sc,03 - CeO, - ZrO, system. Enhancement of the mechanical
properties in 6 mol% scandia- 1 mol% ceria- doped zirconia (herein 6Sc1CeZr), compared to
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10 mol% scandia- 1 mol% ceria- doped zirconia (10Sc1CeZr), in addition to the 40% lower
production cost due to a reduction in expensive Sc,03;, make 6SclCeZr an attractive
candidate for investigation in SOFCs applications as well as solid oxide electrolyzer
(SOEC:s). To the best of the authors’ knowledge, while 6Sc-stabilized zirconia (6ScSZ) [34]
and 10Sc1CeZr [35] has been the subject of massive investigations, the electrochemical
performance of the 6Sc- 1Ce- co-doped zirconia has remained unexplored. Much research on
10Sc1CeZr has also revealed that although 10Sc1CeZr is highly conductive, the system is
exposed to form S-rhombohedral phase which dramatically exacerbates the conductivity [36—
38]. Also high contents of scandia results in formation of local defects trapped in oxygen
vacancies and reduces the oxygen-ion conductivity where Chen et al. [39] find that the
probability of having a trapped site is given by the Fermi-Dirac statistics. Moreover, all active
electrochemical devices are prone to electrochemically-induced degradation due to
unbalanced chemical gradient potential of the mobile species [21,40]. It has been theoretically
and experimentally studied that actual oxygen chemical potential inside the solid electrolyte
can be increased or decreased compared to corresponding values at the electrodes in active
current carrying devices in electrolysis mode [41]. Addition of dopants with multiple
oxidation states, such as the addition of 1 mol% ceria to zirconia, is able to introduce some
electronic conductivity and decrease the polarization resistance in ionic conductors and slow
down the degradation rate by partial random ceria reduction where Ce*t +e & Ce3*.
Furthermore, Shobit et al. [42] observed that co-doping of scandia-stabilized zirconia with
ceria also contributes to the formation of highly-symmetric fluorite phase, lowering the c/a
ratio in tetragonal phase, and enhancing total conductivity.

In this work, we explore the crystal structure, microstructure, and total conductivity
of 6Sc1CeZr (oxide composition (§¢,03)0.06(Ce02)001(Z702)¢94), With the stoichiometry
of Scp12Cep.01Z479.8702_5s), synthesized at various sintering temperatures. We will investigate
an intermediate-temperature electrolyte that will decrease the pricey scandia content while
simultaneously maintaining the electrochemical performance, enhancing the mechanical
strength of the membrane. We are also hoping to bypass the current issues with electric
conductivity of the membranes in the scandia-zirconia system influenced by the formation of
the poor f-rhombohedral phase. Another objective of this work is to find the optimum
sintering temperature that maximizes conductivity and lowers the grain and the grain-
boundary resistivity, while the degradation rate is effectively lowered by introducing
electronic conductivity provided by the addition of ceria to the system.

2. Materials and Experimental Procedures

6 mol% Sc,05 and 1 mol% CeO, co-doped ZrO, (herein 6Sc1CeZr) powder was
prepared by the Daiichi Kigenso Kagaku-Kogyo Company (DKKK Co., Japan). The particle
size distribution of the as-received 6Scl1CeZr and wet ball-milled 6Sc1CeZr were measured
using polarization intensity differential scattering (PIDS) (L230 Beckman Coulter). The wet
ball-milling was carried out in ethanol (200 proof) for 5h at 300 rpm (Pulverisette Fritsch)
using zirconia grinding media with the specific gravity of 5.5 (Cole-Parmer). The recovered
slurry dried at 40 °C for 5h and then kept at 100 °C overnight. The collected powder was
sieved #70 (ASTM E11) to break hard agglomerates and to improve the sample’s uniformity,
then pelletized in a circular disk shape by uniaxial die pressing (Carver) at 120 MPa followed
by a cold isostatic press at 220 MPa (Quintus Technologies). The average green density was
about 50% to 60% at 120MPa. The green pellets were sintered in air at various temperatures
between 1000 °C and 1650 °C with increments of 100 °C, for 24, 6h, and 104 with the
heating and cooling ramp of 2 °C/min and 10 °C/min, respectively, by the conventional
sintering method in a high-temperature chamber furnace (Carbolite Gero). The samples’
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density was measured by the gas pycnometry technique exploiting 18 psi helium gas at 22 °C
(Ultrapyc 5000, Anton Paar).

X-ray diffraction patterns (XRD) (Bruker D2 Phaser) were obtained using Ni-filtered
Cug  monochromatic radiation (A = 1.5418 A) in 20 scanning range from 10° to 80° with a
scan step size of 0.01° and counting rate of 1 second per scan step. The LYNXEYE XRD
detector with no remnant Kg, no absorption edges with the energy resolution of E < 380 eV
allowed monochromator mode to remove unwanted radiation, such as sample fluorescence
and Bremsstrahlung for higher precision. For structure refinement, the XRD patterns were
fitted to JCPDS files no. 01-089-5485, 01-084-9828, and 01-089-5474 for ZrO, cubic,
tetragonal and monoclinic structures, respectively. The crystallite size was estimated using the
Scherrer equation [43] from XRD diffraction peaks using the full width at half maximum
(FWHM) of the (111) peak. Samples were sectioned with a low-speed diamond saw (Allied
High Tech) and fine-polished to 200 nanometers at 200 rpm (Buehler). The cross-sectional
scanning electron microscopy (SEM) and elemental dispersion spectroscopy (EDS) were
investigated using FEI Quanta 600 FEG microscope. The Average Grain Intercept method
(AGI) was used to determine the grain sizes of the pellets at each sintering condition (ASTM
E112) using ImageJ software [44].

Micro-Raman scattering spectra were obtained using the confocal Raman
spectrometer (WITec Inc., Germany). The spectra were excited by a laser that was operating
with excitation wavelength of 488 nm. The laser was focused on the sample to obtain special
resolution of ¢p~610 nm using a 50 X objective lens with numeric aperture NA = 0.75
(Leica Wetzlar, Germany) with the laser power at the sample’s surface of 5 mIWW. The Raman
Stokes signal was dispersed with a diffraction grating (2400 grooves/mm) and data was
recorded using a Peltier cooled charge-coupled device (CCD) detector (Renishaw, UK)
(1024 x 256 pixels). The spectra of each specimen were collected over the wavenumber
range of 102-103cm ™1, with scanning step size 1 cm™! with an integration time constant of
1s where the signal was accumulated five times and then the average was reported. Silicon
was used to calibrate the Raman setup for both Raman wavenumber and spectral intensity
before the use of the equipment. The Positions of the Raman peaks were determined by fitting
the data to the Lorentz line shape using a peak fit option in the OriginPro software (OriginLab
Corp., USA). Silicon was used to calibrate the Raman setup for both the Raman wavenumber
and spectral intensity.

AC Electrochemical Impedance Spectroscopy (EIS) was carried out on the samples in
the air atmosphere to study the electrochemical properties of sintered samples using an
impedance/gain-phase analyzer SI 1260 and electrochemical interface SI 1287 (Ametek
Solartron Metrology). Platinum paste (Heraeus) was symmetrically screen-printed on both
sides of the sintered pellets (electrode thickness ~ 20 um) and fired at 950 °C for 1h. The
conductivity of the sintered samples was measured in the temperature range from 300 °C to
800 °C from 1MHz to 1Hz in air with open circuit voltage (OCV) polarization and applied
voltage amplitude of 10 mV. Diffusional mass transport in ionic conductors needs to reach
equilibrium state. Although thin samples of micrometers can reach equilibria in a couple of
seconds or minutes, thicker samples should be kept for a longer time to reach equilibrium.
Therefore, the experiments were carried out after the necessary relaxing time to reach
equilibrium. The time to reach equilibrium, 7, is a function of sample thickness, [, and
chemical diffusion coefficient of the mobile species i with n + oxidation state, D;n+, which
according to Thangadurai and Weppner [45], in the absence of the electrical field, can be
estimated by:

12

T =

N
=
+
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The EIS spectra were fitted to semi-circles to obtain the electric, grain, grain-
boundary and specific grain-boundary conductivity of each sample. The total electrical
conductivity of all samples was determined by x-axis intercept in Nyquist plots obtained from
the EIS data at high frequency regime using the equation below:

L
R A

o =

where L is the distance between the Pt electrodes, R is the resistance obtained from the
impedance spectra, and 4 is the active reaction surface.

3. Results and Discussion

Sintering process provides a predominantly solid structure via mass transport
reactions [46—49]. In such an irreversible process, surface energy is consumed through
particle bonding to lower the system’s energy [50,51]. The sinterability directly decreases
with broader particle size distribution (PSD) [52], as well as presence of agglomerates [53].
Thermodynamically, decrease in the average particle size results in increase in the specific
surface area of a powder as well as increase in interfacial free energy density, y (J.m™2),
higher reactivity of smaller particles, and consequently enhanced sinterability and
densification behavior by decrease in porosity. It is noteworthy that the particles with
narrower distribution exhibit a lower sintering rate prior to the occurrence of the grain growth
but higher densification rate after the grain growth took place [52]. The kinetics of ceramics
sintering is depended significantly on the PSD in a way that using smaller particles along with
narrower distribution greatly enhance the kinetics of the sintering reactions rate due to the
increase in driving force of sintering process, and thermodynamically enhance tendency of the
system to lower the chemical potential of the constituents and the Gibb’s free energy of the
system. Herring [54,55] pointed out that smaller particle size allows densification occur by
diffusion mechanism primarily at the grain boundary instead of grain interior by lattice

diffusion where the atomic flux of the species a, jgb, along a grain boundary can be
expressed by:

.gb /'
j&¥ =M Py,

where M is atomic mobility (m3/Ns) along the grain boundary, [Van( / )] is the active vacancy
concentration of the species a in Kroger—Vink notation [29,56] and Vyu, is the chemical
potential gradient between the particle neck and free surfaces.

The sintering process of ceramics consists of three major stages. In the initial stage, a
strong bonding happened between the tangential particles to reduce the Helmholtz’s free
energy (A) of the surface atoms in constant volume (short time). In the intermediate stage,
interparticle neck growth (long time) happens in order to decrease the system’s Gibb’s free
energy (G) at constant pressure [57] where most of the open pores that are connected to the
external surface are annihilated. In the final stage the closed pores are eliminated and the
monolith became hermetic and grain growth propagate at higher kinetic rates. Intermediate
and final state have been vastly studied for shrinkage of the green compact by diffusion
mechanisms thorough grain boundary and lattice pathways [58,59]. Therefore, prior to
sintering, to achieve a homogenous sintering process with a narrower PSD and eliminate the
agglomerates, the as-received powder was wet ball-milled.
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Fig. 1. (a) The particle size distribution of as-received and ball-milled powders. The mean,
mode, and median of the bimodal Gaussian distribution are presented. (b) The cumulative
curve of the particle size analysis is presented. The lower and upper quartile, and d50 is
marked. The IQCS values of the Gaussian distributions are reported to be 0.31 and 0.7 for as-
received and milled particles, respectively.

Fig. 1. shows the particle size analysis (PSA) of the as-received and ball-milled
6Sc1CeSZ powders, using polarization intensity differential scattering technique (PIDS). The
particle size distribution of both as-sintered and milled powder shows a bimodal Gaussian
distribution which the mean, median and mode of each individual powder is represented in
figure 1(a). The PSD of the as-received powder consist of 4 peaks with the maximums located
at 0.3 um, 10 yum, 29 ym, and 55 um, with more than 50% of the particles have a diameter
less than 9.7 um. The 55 um peak attributed to agglomerates of as-received powder which
only consist of less than 2% of the total volume percentage. After the milling, the
agglomeration peak completely disappeared and the mean particle size decreased by ~50%.
However, a slightly more broaden peak, but with skewness closer to unity and with higher
uniformity was achieved. The PSD of the ball-milled 6Sc1CeZr shows two peaks with
maxima at 300 nm and the second maxima at 3 um with an overall particle range of 100 nm
to 10 um. The inter quartile coefficient of skewness (IQCS) as a measure of degree of
asymmetry of the particle size distribution was calculated from the equation below [60,61]:

(d75 — dso) — (dso — d>s)

1QCS =
(d7s5 — dsp) + (dso — dzs)

where d,5, dsg, and d5 are lower quartile point, median, and upper quartile point. The IQCS
of the as-received and milled PDS data is calculated to be 0.31 and 0.7, respectively.
However, after the milling, a more homogenous symmetrical distribution is achieved by
lowering the IQCS by more than 125%.

The radial (R%) and axial (A%) shrinkage percentages were determined using

equations below:
"9

— 71
% 100

g
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Radial Shrinkage R (%) =
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where [, and [, are thickness, and 7; and 7; are radius of the green and sintered pellets.

Fig. 2. shows the radial (R%), axial (A%) shrinkage percentage, and R:A ratio as
function of the sintering temperature. The R: A > 1 for all samples. The radial shrinkage was
6.7% and 37.2% for sample sintered at 1000 °C and 1650 °C, respectively, where they
differentiate by ~30%. The higher radial shrinkage of the samples was attributed to the
pressure distribution under uniaxial press. Theoretically, a Gaussian pressure distribution is
generated under almost every uniaxial press. Therefore, always a stress gradient is produced
inside the die press from the center to the pellet’s rim. Samples sintered at 1000 °C, 1100 °C,
and 1200 °C exhibited higher R: A ratio (although smaller individual A% and R%) while the
samples sintered at higher temperatures showed a barely perceptible positive slope where R: A
ratio ~1.2. At this point, one can assume that 1200 °C could be consider as the temperature,
sufficiently high that grain growth kinetic rate is fast enough /activated to eliminate open
pores to the surface and make the pellet heterotic.
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Fig. 2. Radial (R), axial (4) shrinkage percentage, and R: A4 ratio as function of sintering
temperature for 6Sc1CeZr.
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Fig. 3. SEM micrographs of the polished and thermally etched at 100°C below sintering
temperature for 6 hours with the EDS results of the sample sintered at 1600 °C/6h.
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The scanning electron microscope (SEM) micrographs of the polished and thermally
etched at 100 °C below sintering temperature for 1 hour is given in figure 3(a)-3(e). All
samples, including samples sintered at high temperatures showed some residual porosities.
These trapped pores were mostly observed at the 3- and 4-grain-boundaries junctions which
specifically were responsible for stopping the densification process and reaching the plateau.
However, samples sintered in low-temperature regime, showed very low density, with open
pores compared to other ceramic oxides such as YSZ. This effect is more tangle when the low
density of the samples sintered at 1000°C to 1200°C is concerned where the process was
controlled by sluggish diffusion of cations at lower temperatures. Politova et al. [62]
discussed that the Sc,03 —Zr0, system is prone to lower achievable density. This
phenomenon occurs owing to the slower rate of cation diffusion in this system compared to
that of anion transport. However, addition of Ce3™** enhanced the mobility by isomorphous
substitution of the host lattice, Zr0,. The enhancement of conductivity was attributed to the
lattice parameter changes in the host unit cell where larger cation Ce** (r 4+ = 0.97 4)
randomly substitute Z 7"4+(T2r4+ = 0.84 A) sites at the eight folded coordination (8CN) [39].
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Fig. 4. Effect of sintering temperature on the density of 6Sc1CeZr, grain size, and pore size.

The powder particles have a solid-vapor surface energy (J.m~2). The energy per unit mass
can be stored as excess surface area (J.kg~1). However it is not thermodynamically possible
to consume all the excess surface energy during the sintering, therefore the emergence of the
other interfaces add energy to the system such as grain boundaries that cause the densification
plateau and the higher relative density couldn’t be achieved [63]. Fig. 4. shows the effect of
the sintering temperature on the density, grain size, and pore size of the as-sintered pellets.
The density graph shows a sigmoidal dependence of the density on sintering temperature with
a reached plateau around 1500 °C, indicating the saturation limit of the densification process.
The densification plateau occurrence depends on several factors such as particle size
distribution of the powder particle packing, sintering heating rate (here 2 °C.min~1), and the
sintering atmosphere (air) [10]. Thermodynamically as-received powder particles have a
solid-vapor surface energy (J.m™2). The energy per unit mass can be stored as excess surface
area (J.kg™1). However it is not thermodynamically possible to consume all the excess
surface energy during the sintering, therefore the emergence of the other interfaces add energy
to the system such as grain boundaries that cause the densification plateau and the higher
relative density couldn’t be achieved [63] and the energy is consumed to decrease the surface
energy of the grains by consuming the high energy stored at the grain boundaries by
coarsening the microstructure.

It can be observed from Fig. 4. that upon increasing the sintering temperature from
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1000 °C to 1400 °C apparent density increased. Conventionally sintered pellets at 1500 °C
and 1600 °C showed the highest densification followed by a plateau [57]. However, some
ceramics oxides showed a reverse densification behavior which after a point density decreases
due to partial formation of liquid phase [64]. However, sintering at T = 1500 °C resulted in
excessive grain growth in pellets where the grain size d3*°° " ~ 0.92 ym while d3%%° ¢ ~
9.5 um indicated almost 4 times grain growth per each 100°C increment of the sintering
temperature.
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Fig. 5. XRD of 6Sc1CeZr sintered at various temperatures from 1000 to 1650°C for 6 hours.

The obtained powder X-ray diffraction (XRD) patterns of the as-sintered pellets at
1000 °C to 1650 °C for 6 hours were collected at room temperature and presented in a
comparative stack plot in figure 5. The crystal structure and lattice constant were determined
from the XRD pattern using the Rietveld method [65,66] implemented with GSAS-II
software [67]. The average crystallite size was determined from the (111) reflection of the
fluorite structure using the Scherrer equation [43]:

KA
t= B.cosf

where 7 is the mean size of the crystalline domains, k is shape factor and dimensionless
(typically 0.94 [43,68]), A is the wavelength of radiation, £ is the full width (line broadening)
at half maximum intensity (FWHM) in radians, and 0 is the Bragg angle in radians. It is
noteworthy that the shape factor of the XRD peak profiles could be fit by either Gaussian (for
rounded tops typically due to strain broadening) or Lorentzian (for sharper tops due to size
distribution and dislocations) distributions. The peak shapes of the experimental data typically
follow Voigt distribution which is a convolution of Gaussian and Lorentzian peak shapes
where both contributions are equally weighted which resulted to shape factor 0.94 instead of
Scherrer’s original shape factor value of 0.88 or 0.9. The calculated crystalline size and the
lattice parameters can be found in table I. The calculated crystallite size is observed to
improve with sintering temperature for all samples from 28 nm to 89 for sintering at 1000 and
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1650°C, respectively for 2 hours.

Tab. I Calculated lattice parameters and crystallite size from XRD data by Rietveld
refinement.

Ts [°C] c[A] a[A] Crystallite Size ¢a Phase analysis
1650 5.115 3.651 89 1.401 t+c
1600 5.113 3.597 82 1.421 t+c
1500 5.111 3.593 77 1.421 t+c
1400 5.109 3.595 75 1.419 t+c
1300 5.106 3.597 72 1.415 t+c
1200 5.105 3.593 75 1.421 t+c
1100 5.105 3.592 51 1.422 t+c
1000 5.104 3.593 28 1.422 t+c+ [m]

According to the well-studied equilibrium phase diagram for Sc,0; — Zr0,, solid
solutions could attain four stable crystal structures namely cubic (cubic, space group Fm3m),
tetragonal (t, space group P4, /nmc), monoclinic (m, space group P2, /c), and rhombohedral
( space group R3m ) as well as two meta-stable phases (t" where 1.0 < c/a < 1.1,
and t"" where c¢/a = 1.0) which t’ and t"" can be formed due to the presence of distorted
oxygen sublattice in the cubic (fluorite) environment [69]. The XRD data suggested that
depending on sintering temperature and time, three phases of cubic, tetragonal and monoclinic
were detected. The XRD pattern suggested formation and coexistence of the cubic and
tetragonal structure for samples sintered at T > 1200 °C. However, evidence of formation
monoclinic phase next to cubic and tetragonal structures were observed in the sample sintered
at T <1200 °C. The samples sintered at 1000 °C and 1100 °C contained a distinguished
(111) peak of monoclinic at ~28° as given in figure 5. The volume fraction of the
monoclinic phase was calculated to be in the range of 3% < X,,, < 7%. It has been
investigated that the monoclinic phase formation in zirconia systems depends on the primary
sample preparation methods, the sintering conditions, and even following mechanical
treatments such as surface polishing/grinding [70]. Therefore, to minimize the effect of the
powder XRD samples’ preparations, the XRD was carried out on the as-sintered pellets placed
on a p-type B-doped silicon zero diffraction plate, and no grinding process had been done.

The first 6 peaks assuming cubic (fluorite) structures were labeled with Miller indices
(111),(200), (220),(311),(222),(400), and assuming tetragonal were labeled with
(111),(200)/(002),(220)/(202),(311)/(113),(222),(400)/(004), without presence of
any impurity or secondary phase formation. According to the phase diagram of the Sc,0; —
Zr0, [71] a temperature higher than ~1000 °C is needed to avoid formation of m — Zr0,
which is not a preferred phase due to low electrochemical and mechanical properties.
Moreover, Van Valzah and Eaton [72] studied the importance of cooling rate effect on t - m
phase transformation in Zr0,. They showed that exposure time and temperature of the
cooling rate as well as dopant content percentage could define the phase composition of
zirconia. In their study, air-quenching resulted in 2-5 times less monoclinic phase in partially-
stabilized zirconia, with respect to furnace cooling. They also showed that crushing a sample
prior to XRD data acquisition increase the monoclinic content by more than 10 vol%. Hence,
in this study, a lower cooling rate was applied to minimize the above-mentioned effect.
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Fig. 6. XRD of the indicator peak of the Zr0, occurred at ~30° shows the presence of cubic,
tetragonal, and monoclinic phase for sample sintered at 1000°C.

It was noticeable that XRD data showed a reciprocal however small relationship of
intensity of (111) peak with increase in sintering temperature for samples sintered at 1000°C,
1100°C, and 1200°C. This change can be attributed to possible convolution of intensity of
the (111) peak reflected from all three phases of cubic, tetragonal, and monoclinic at 26(°)
equal to 30°, 29.8°, and 31°, respectively.

Fig. 7. shows the phase percentage of the detected cubic, tetragonal, and monoclinic
phases. The samples sintered at 1000°C and 1100°C showed a relatively small weight
fraction of monoclinic phase which decreased by increase in sintering temperature and didn’t
appear in other XRD patterns. Samples sintered at T > 1200°C showed the only two phases
of cubic and tetragonal. The weight percentage of the tetragonal decreased by increase in the
temperature from x; = 80 wt% at 1100 °C to x; = 30 wt%. This phenomenon implied that
increase in sintering temperature is beneficial to maintain the highly-conductive cubic and
tetragonal phases of 6SclCeZr and avoid formation of monoclinic and (less probable)
rhombohedral phases.
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Fig. 7. Changes in the cubic, tetragonal, and monoclinic phases balance of 6Sc1CeZr as
function of sintering temperature.
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Fig. 8. shows the Raman spectra of the sintered samples from 1000 °C to 1650 °C with the
corresponding phases labeled using square (cubic), circle (tetragonal), and triangle
(monoclinic) markers. The ¢ < t phase transition happens by oxygen ion displacement from
fluorite ideal sites (8C sites) [73]. The X-ray atomic scattering of oxygen is fundamentally
smaller than that of Zr, Ce and Sc to detect tetragonal regions [74]. Therefore, obtaining
Raman data is strongly recommended as a complimentary technique indenting to phase
analysis of Zr0,-based solid solutions. The Raman spectra of investigated areas readily
showed the polymorphism of zirconia with the presence of cubic, tetragonal, and monoclinic
phases. The tetragonal phase was detected to be the prevailing phase in all samples. Thus,
Raman spectra of the investigated samples is in a good agreement with the obtained XRD
data. The primary Raman shift peaks of the tetragonal phase occurred at 265, 331, 469, and
640 cm™! and that of the cubic phase was detected at 640 cm™! which are in a good
agreement with literature data [37,69,75]. The monoclinic peaks were detected at 362, 415,
538, and 678 cm™! which is in a good agreement with literature data [75-77]. In samples
sintered at 1000 °C and 1100 °, a trace of monoclinic phase has been detected, indicating the
formation of the Baddeleyite phase. The second-order active Raman modes peaks were
observed at Raman shifts >800 cm™? and are not included in the presented data. The scandia-
zirconia phase diagram is consisting of the rhombohedral phase which can be form at
Xs,0, > 9% and in this study rhombohedral phase was not detected neither via XRD nor
Raman spectroscopy.

—1650°C m cubic
1500°C ® tetragonal
1200°C A monoclinic
1000°C

Intensity (a. u.)

100 200 300 400 500 600 700 800

Raman shift (cm™)

Fig. 8. Raman spectra of samples sintered at various temperatures with indicators of cubic,
tetragonal, and monoclinic phases.

The obtained Raman modes didn’t considerably differentiate in the location and width
of the tetragonal peaks by increase in the sintering temperature. However, the primary cubic
peak of the first order active Raman mode at 640 cm™! (Tg = 1000 °C) changed to
642 cm™! (Tg = 1200 °C) and ~645 cm™?! (Tg = 1650 °C) with slight increase in FWHM
of the cubic phase indicator peak. The slight decrease in the average bond length of the
Zr8+* ...0%~ should cause the increase in the bond strength and consequently shift the Raman
modes toward higher vibrational frequencies. The shift can be also related to a mass effect of
the constitutional cations on the vibrational modes in binary and ternary systems. In scandia-
ceria-zirconia ternary system, Sc (44.955u) is more than three times heavier than Ce
(140.116 u). Therefore, the small shift in the modes should be influenced by small dopant
amount of 1mol% Ce. Doping Zr0O, with CeO, shifted the Raman bands related to the
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stretching modes of Zr — O (at ~640 cm™1) shift toward lower wavenumbers implying that
the average cation-oxygen bond distances are lengthened as Ce** content increases.
However, addition of Sc,05 shifted the Zr — O (at ~640 cm™1) to higher wavelengths. Since
the Sc content is higher than Ce, a gradual shift of the main cubic peak to the higher
frequencies was observed. Kim et al. [78] observed that the degree of tetragonality of the cell
(¢/4 ratio) plays a crucial role in the phase transition in zirconia systems in a way that Zr0,
solid solution stability increases by a decrease in tetragonality toward unity and vice versa.
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Fig. 9. Electrochemical impedance spectra obtained at 200°C for the fine-grained and coarse-
grained microstructures sintered at 1200°C and 1600°C, with the equivalent circuit used for
data interpretation.

Fig. 9. shows the electrochemical impedance spectroscopy (EIS) spectra of the
samples sintered at 1200 °C and 1600 °C with grain size of 0.62 um and 7.24 um acquired at
200 °C consists an inset of the R-C circuit model used for fitting. EIS consists of applying
single frequency input on a cell and measuring the material response to the Ac stimulus by
measuring the corresponding current (I) flowing through the material under applied potential
(V). The obtained data can be fitted to semicircles. The high-frequency semicircles
correspond to the transport properties through grains and across the grain boundaries, while
low-frequency regime reveal the transport effect of the electrodes. The EIS spectra of samples
at low-temperature regime consist of three semi-circles which correspond to the resistance of
the grain, grain boundary and electrode effect from 1MHz to 1Hz. Since the low sintering
temperature resulted in finer grain structure, the larger density of the grain boundary per unit
of area had been considerably higher than coarse-grained microstructures. Thus, a higher
grain boundary resistance is observed.

It has been well-discussed that a significant inductive load effect resulted from the
leads and instrument induction always presents in high-frequency data points [79-81]. The
main transport properties of the ionic conductors are represented in the high-frequency regime
of the EIS data. Therefore, it is crucial to subtract the inductive load effect from the obtained
data to eliminate the instrumentation and leads resistance as Bauerle in his well-known paper
discussed in details [82]. This inductance appears as an imaginary part of the impedance data
in the positive direction of the imaginary part of the impedance axis (direction), as shown in
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Fig. 10. It is noteworthy that, unlike the samples' behavior, there is not a significant
dependence of inductance on temperature. At low temperatures, the effect of the inductance is
not effective although it is present, but in high temperatures, the inductance effect is obvious
as the highest frequency data points lying below the x-axis. The fitting in this manuscript is
restricted to the high-frequency regime of the impedance spectra after subtracting the lead

inductance using resistors, capacitors, and constant phase element (CPE).
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Fig.10. The EIS spectra of the inductive load of the sample holder, leads, and instrument
obtained at various temperatures.
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Fig. 11. Impedance spectra of the sample sintered at 1600°C obtained at (a) 400°C and (b)
800°C before and after inductive load subtraction. The insets show the equivalent circuits
using R-C and R-CPE elements and the fit.
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Figure 11(a) and 11(b) represent the EIS data of the sample sintered at 1600°C before
and after subtraction of the induction load acquired at 400°C and 800°C, respectively. As can
be seen, the inductive load effect at higher temperatures significantly contribute to the sample
resistance, contrary to low temperatures. The insets show the fit and R-C circuit used for the
fit. The data before subtraction of inductance, need to be fit using a resistor and a CPE
element which deviate from an ideal capacitor. However, after removing inductance load, a
good fit is achieved just by using resistor and capacitor.
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Fig. 12. Nyquist plot of EIS data measured from 1MHz to 1Hz at 600°C of samples sintered
at 1400°C for various dwell time of 2, 6, and 10 hours with corresponding grain sizes.

Fig. 12. shows the impedance spectra of the 6Sc1CeZr sintered at 1400 °C for 2, 6,
and 10 hours obtained over the frequency range of 1MHz to 1Hz at 600°C. It is well known
that the microstructure influences the total electrical conductivity. In this work, the high
frequency intercept of the fit was used to measure the total conductivity. The intercept of the
fit in high-frequency regime with the x-axis (real part of Z) data points were fit to an
Arrhenius type conductivity equation below:

o= (@ew(-25)

where gy, is the pre-exponential factor in S.cm™1. K, T is temperature, E, is activation energy,
and kp is Boltzmann constant. In low density samples, an increased number of pores (open
and close) remained due to the lower diffusion rate required for sintering along the grain
boundaries presumably has resulted in a decrease in total conductivity and increase in grain
boundary resistance.

From the EIS data it was observed that the grain, grain boundary, and total resistivity
have analogous behavior. This high electrical conductivity is attributed to the high achieved
relative density and most minuscule contribution of grain boundary resistivity to the total
resistivity as sintering temperature increased. However, the bulk resistivity is not significantly
dependent on grain size and sintering conditions, while two semicircles were observed in the
low-temperature regime of the impedance plots. The high-frequency arc corresponds to the
grain (bulk) resistance, and the intermediate frequency semicircle corresponds to the grain
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boundary resistance component.

T [°C]
838 727 636 560 496 441
s T T T L T T
6.—
de
’3:::‘1 s
4 e o7 4
-‘looto'..t.
T 2f Tew, My ety
=* v' 4 ¥ ¢ o W :
E 0 By i * 3
9 « 1650 °C °% Ay .
E [} ‘" !'
= a2l 1600 °C 3 &
E e 1500 °C M I
E 4} ¢ 1400°C Y
= 1300 °C

6 4 1200°C

gl * 100°C

B e 1000 °C

_10 L L L 1 1 L

0.9 1.0 1.1 1.2 13 1.4
1000/T [K]

Fig. 13. Arrhenius plots of the conductivity of 6Sc1CeZr in the entire range of the
measurement temperature.
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Fig. 14. The calculated activation energy and natural logarithm of the pre-exponential factor,
extracted from linear fit to the Arrhenius plots as function of grain size.

Solid electrolytes such as scandia- ceria- doped zirconia have a negligible electronic
conductivity. Although mathematically the electronic conductivity cannot be identically equal
to zero, owing to local equilibrium thermodynamic [83] where:

Ototal = O; T O¢
However electronic conductivity in fact is as small as 1075 S.cm™!. Therefore it can be

assumed that the increase in total conductivity is generally attributed to the increase in ionic
conductivity due to decrease in interior grain conductivity. Fig. 14. shows the dependent of
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the activation energy and the conductivity pre-exponential factor to the microstructure. In this
study, activation energy and pre-exponential factor showed a reciprocal relation with the grain
size where finer grains exhibited higher activation energy than coarse grains.

Fig. 13. represent the Arrhenius plots of the total conductivity (G¢orqr = 04 + 0gp) as
function of reciprocal temperature. The highest measured total conductivity was attributed to
sintering at 1600°C. The grain and grain boundary conductivity and specific grain boundary
conductivity are extracted from this data and will be published elsewhere. Samples sintered at
1500 °C achieved near theoretical density without excessive coarsening and this sample also
exhibits the almost second highest conductivity as well as sampled sintered at 1650°C, while
conductivity slightly decreased for samples sintered at lower temperatures than 1500°C. The
samples sintered at T > 1500°C showed almost identical density while the grain structure.
The difference in the conductivity values was explained by the grain size and porosity
analysis. The sample sintered at 1650°C, while achieved the densification plateau, has the
largest grain size, however, it is probable that at T > 1600°C, grain coarsening followed by
grain boundary broadening as well as pore size growth. Thus, migrating ions at the grain
boundary pathways had been scattered and causing reduction in the measured total
conductivity.

4. Conclusion

The effect of sintering temperature on the relative density, grain size, pore size, phase
content balance, and electrical conductivity of the 6 mol% Sc,0; — 1 mol% CeO, co —
doped ZrO, has been investigated. The samples’ density reached the density plateau at 1500
°C while at T>1500°C densification process stopped and coarsening happened. Then XRD
and Raman spectroscopy revealed the presence of minor monoclinic phase for samples
sintered at T < 1200°C which decreases with increase in Ts. The presence of the cubic phase
increased by increase in the sintering temperature. The EIS spectra of the fine- and coarse-
grained structures were investigated using circuits consist of R-C and R-CPE elements. The
effect of the inductive load has been discussed in interpretation of the Nyquist spectra at
intermediate and high temperatures. The total electrical conductivity was measured and
presented in an Arrhenius plot. The highest achieved conductivity is reported for sample
sintered at 1600°C. Therefore, the optimum sintering temperature is reported to be 1500°C <
T < 1600°C.
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Cancemax: Ysopyu 6 mol% Sc; O;' mol% CeO, co-doped ZrO, cy wnanpasmenu
KOHBEHYUOHATIHUM —~ MEmOOOMA  NPOYecupara  Kepamuka U  CUHMEPOBalbeM  HA
memnepamypama 00 1000°C 0o 1650°C y ea30yxy. Yciosu cunmeposarwa Ha
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MUKpOCMpYKmypy u Qasuu cacmag cy ucmpadicenu Kopuwhieroem pasiuyumux memooa
Kapakmepusayuje, YKaoyuyjyhu nukHomempujy, oudpaxyujy u cnekmpockonujy. Enexmpuyna
NPOBOOMLUBOCIT  V30pAKA e  UCHUMUBAHA NPUMEHOM  eNleKMpoXeMujcke UMNneoaHcHe
cnexkmpockonuje. Ymuyaj unoykmuernoe onmepehierna (Mepero 00 cobHe memnepamype 00
800°C) ce pasmampa y pexcumuma Hucke 00 sucoke memnepamype. Ha T<400°C nowmo ayx
HUje NOMNYHU NOTYKPYe, GUCOKOPDPEKGEeHMHU YK OU ce M02ao YKIONUMU HOMORY ellemeHma
KOHCmaHmue aze, 00K ce 00y3umarem UHOYKMugHoz onmepelierba nocmudice 000po
VKIanare NomMohy KOHOEH3AMOpCKo2 eNeMeHma YMecmo eleMeHma KOHCmaumue @ase.
ApeHujycos dujazpam nposoodsusocmu y30paka omxpuea oa ysopax cunmeposgar Ha 1600°C
mokom 6 camu nokasyje Hajeehy nposoomueocm. Eunepeuja axmueayuje u npe-
EeKCHOHEHYUJATHU (AKMOP NPOBOOHLUBOCTHY CY UBPAUYHAMU U3 JUHEApHO2 VKIAnard )
nooamie Koju ce cmaryjy nogeharnem memnepamype CUHmMepo8arsd.

Kuoyune peuu: yupkonujym cmabunuzoean ca ckanoujymom u yepujymom, 6SciCeZr,
eeKMPUUHA NPOBOOHUBOCHL, UMNEOAHCA.
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