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Easy-Made Setup for High-Temperature (Up to 1100 °C)

Electrochemical Impedance Spectroscopy

Mariusz Radtke and Christian Hess

In the following communication, we report an easy-to-assemble Swagelok-like setup for high-temperature
electrochemical impedance spectroscopy with good reproducibility based on robust 1.4114 steel 10M screws
joined by non-conductive ceramics-Al,O;. We analyze the sample materials for electrochemical merits
(activation energy, charge-carrier density and flatband potential) of well-known standards such as yttria-
stabilized zirconia with 8 mol.% Y,0; (8YSZ), CeO, and In,0;. The material‘'s data are compared with
literature data performed on a standard impedance analyzer within a casual high-temperature commercial
cells. The symmetrical cell consists of insulating material (Al,O; screw) and two steel contacts, connected by
PtRh wires of thermal resistance tolerating temperatures of 2300 °C. Our high-temperature electro-
chemical setup is able to withstand temperatures up to 1100 °C and can be easily and mildly cleaned for
repetitive usage. In addition, we present a methodology for generation of a high-temperature sintered 8YSZ
ceramics and evaluate them with our setup. We analyze the internal resistances within the setup and
propose a simplified option for introduction of various gas atmospheres into the sample’s interior, as well as
evaluate the utilization of tube furnace for simplicity. We perform equivalent circuit fitting and present an
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easy to implement approach for reliable high-temperature electrochemistry.
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1. Introduction

High-temperature electrochemistry is a trending field of
pivotal importance to the large-scale industry including syn-
thetic electrolysis (e.g., NaCl production by BASF), ceramics,
molten salt electrolytic metallurgy (e.g., due to the excellent
conductivity of the molten media), heat transfer fluidics (HTF),
thermal energy storage (TES), and electrical energy storage
(EES, e.g., high-temperature fluorine salts) (Ref 1-8).

One of the most interesting examples of high-temperature
electrochemistry involves dielectric spectroscopy, in particular,
electrochemical impedance spectroscopy (EIS) (Ref 9-12). EIS
is a technique able to non-destructively investigate crucial
material parameters at high temperature, such as conductivity,
viscosity (acoustic impedance spectroscopy), activation energy
of oxygen vacancy in, e.g., A-oxygen sensors, resistance of the
ionic transport within, e.g., porous ceramics (Mac Mullin
number for solid-state electrolytes) or even the evaluation of
charge-carrier density in photovoltaic materials (Mott—Schottky
junctions) (Ref 13-16). The current development of high-
temperature electrochemistry makes EIS therefore a lucrative
and cost-effective method for evaluation of material’s behavior
at elevated temperatures.

The main drawback of the application of EIS at both
laboratory and pilot scale is the need for a reliable system
allowing to acquire the desired spectra in a dedicated span of

Journal of Materials Engineering and Performance

T T T T T T
0.0  5.0x10* 1.0x10° 1.5x10° 2.0x10° 2.5x10° 3.0x10° 3.5x10°

Fig. 1 Experimental cell setup based on M10 metric 1.4841 high-
temperature resistant screws with AlL,O; nut (96% pure, 30%
apparent porosity for gas permeation). The thickness of the PtRh
wire is exaggerated for clarity. The cell was placed inside the tube
furnace with two inlets for feeding the PtRh wires through
(Carbolite, operating temperature up to 1200 °C). The crocodile clips
ensure connection to the potentiostat outside the tube
furnace (Figure S1, Supporting Information). The cell can be
operated up to 1100 °C and is limited by the 1.4841 heat-resistant
SCrews

alternating current (AC) frequencies (Ref 17, 18). Main parts of
such a system are the signal analyzer (galvanostat for
galvanostatic electrochemical impedance spectroscopy (GEIS)
and potentiostat for potentio-electrochemical impedance spec-
troscopy (PEIS)). Most of the modern instruments (Gamry,
BioLogic, Princeton Instruments, CHI, MetroOhm) utilize this
bifunctionality in one setup. Another crucial part is obviously
the cell containing the material for analysis, which is connected
to the signal analyzer (Ref 19-22). It needs to be chemically and
temperature resistant and should not or minimally and in
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controlled fashion contribute to the internal resistance of the
measurement, nor to the iR drop (Ref 23-25). It should also be
reliable, cost-effective and easy to assemble for multiple
analysis of, e.g., batches during pilot or large-scale production
(Ref 26).

In order to fulfill those requirements, we propose an
affordable, yet reliable and easy-to-assemble setup for high-
temperature (up to 1100 °C) electrochemistry with particular
emphasis on EIS. The analysis cell depicted in Fig. 1 consists
of three major parts: the 1.4841 steel M10 screws with flat
electrical contacts, a ceramic non-conductive alumina nut and
high-temperature resistant and conductive wire connections
(PtRh) point-welded by an arc discharge (300 V) to the 1.4841
steel screws. The high-porosity of the alumina nut allows to
vary the gas atmosphere (e.g., vacuum, synthetic air, argon,
neon). The material of interest is placed within a nut of well-
defined geometry and is brought to contact with 1.4841 high-
temperature-resistant steel from both sides. This allows to avoid
the necessity of conductive film deposition by DC sputtering or
physical vapor deposition (PVD) on the, e.g., ceramic materials
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Fig. 2 Results of the temperature calibration of the cell interior
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in order to create electric contact, which is often the case for
laboratory-scale research. The so-prepared Swagelok-type cell
may then be placed in a tube furnace with the desired gas type
and flow (Fig. 2, inset A), which allows to perform electro-
chemical analysis.

This contribution investigates the obtained electrochemical
merits on standard materials (8% yttria-stabilized zirconium
oxide; 8YSZ oxygen gas sensor and catalytic RedOx-active
oxide such as CeO, and In,0O3), as well as research-type
sintered 8YSZ ceramics. The obtained results are compared
with the literature, and the potential of using the simplified
Swagelok-type cell approach is discussed.

2. Materials and Methods

Electrochemical measurements of staircase potentio-electro-
chemical impedance spectroscopy (SPEIS) were acquired with
a BioLogic VSP potentiostat (France) equipped with PC-
controlled EC-Lab software (version 11.33) and were per-
formed in single sine mode in a IMHz-1mHz frequency range.
Mott—Schottky analysis was acquired in — 1.5 to +1.5 V versus
open circuit potential (OCP) range with 1500 potential steps
(dE 2 mV), 10 mV sinus amplitude and 6 points per decade of
frequency in logarithmic spacing with 2 measurements per set
used for signal averaging. Each SPEIS spectrum was validated
by Kramers—Kronig relations and numerically fitted by a Z-fit
procedure with details emphasized in the text. The custom-
made standardized 10M screw threads were prepared according
to the standard of ISO 10642 out of steel type 1.4841
(temperature inertness till 1150 °C in air under standard
conditions). PtRh wires (250 um thick as confirmed by digital
optical microscopy and of 99.9% purity, as confirmed by X-ray
photoelectron spectroscopy, each 15 cm long) were point-
welded to the screws in house by an arc discharge. The PtRh
contribution to the Nyquist plots were neutralized by the iR
drop determination, as only the electrode resistance was
affected during the measurement. Standard alligator-clips were
placed at the end of the wires for connecting the signals to the
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Fig. 3 Representative image of standard spectra of commercial powder In,O; analyzed in an extended temperature range under non-inert
atmosphere, with the RedOx reaction showing reduced (semi-circle at lower frequencies) and pristine material (semi-circle at higher frequencies)
with clearly visible grain boundary. The Hilbert transforms of the impedance signals yielded <A|Z|> = 6.7% and < A Phase(Z) > = 4.8%,
which is comparable with the accuracy provided by commercial analyzers (Ref 37)
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Fig. 4 Research-grade sintered 8YSZ (a) compared to the standard purchased materials (b) under oxygen flow

Table 1 Electrochemical merits of the measured samples compared to literature values

Electrochemical merit

Sample

Literature value

Activation energy kJ/mol CeO,' 91.66 123.5 (Ref 31)
In,0;2 136.98 134.8 (Ref 32)
8YSz 83.21 82.7 (Ref 33)
Synthesized 8YSZ 89.01 82.7 (Ref 34)
Synthetic 8YSZ under O, flow 91.05 82.7 (Ref 35)

Charge-carrier concentration cm > CeO, 1.54E16 6E17 (Ref 52)
In,0; 8.25E16 3.8E17 (Ref 53)
8YSZ? 2.5E17 2E18 (Ref 51)
Synthesized 8YSZ* 4.7E16 2E18 (Ref 51)
Synthetic Y8SZ under O, flow® 5.4El14 2E18 (Ref 53)

Flatband potential V versus NHE CeO, —1.23 — 0.43 (Ref 52)
In,03 0.65 0.85 (Ref 53)
8YSZ 0.42 -0
Synthesized 8YSZ 0.89 .
Synthetic 8YSZ under O, flow 0.85 .8

'At 350 °C, powder

2At 350 °C, powder

3At 660 °C, pellet

4At 560 °C, pellet

At 560 °C, pellet

“Data not reported in the literature

potentiostat. The internal resistance of the PtRh wire was
established as less than 0.1 mOhm and is therefore excluded
from the calculation of the electrochemical merits. The
conductivity was calibrated using alomel (99.9% purity, in-
house source). The dihedral-width M10 nuts were purchased
from Misumi, Japan (CA/NN-M10), which are composed of
96% alumina (with rest 4% of calcium oxide impurities, as
established by X-Ray photoelectron spectroscopy in house) and
are of 30% apparent porosity. The tube furnace from Carbolite
Furnaces Ltd &02-3216P1 (Type MTF 12/25 A Figure S1) with
internal controller was employed (Figure S1, Supporting
Information). The temperature within the nut was calibrated
as opened (one side left unclosed with steel screw) after 45
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minutes from reaching the measurement temperature by the K-
thermocouple of +/— 1.1 °C measurement certainty and 35 uV/
K Seebeck coefficient, to which all temperature measurements
in text are referred (Fig. 2). CeO,, In,O3 and the 8YSZ powders
were purchased from Sigma-Aldrich/Merck, Germany. The
8YSZ scintillated pellet was prepared by pressing 100 mg
material in a 10-mm piston under 10 tons of hydraulic pressure
and subsequent scintillation at 1000 °C for 24 hours under
atmospheric air. The commercial 8YSZ pellet fitting 10M
metric screw was purchased from Keramik GmbH, Germany.
The gas flow into the cell was introduced by inserting the inlets
and outlets to the Carbolite tube furnace (Figure S1). The gas
flow in sccm was controlled by a home-build Hg manometer.
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The point welding was performed by a direct current (DC) arc
discharge at 300 V, without the use of any external metals.

3. Results and Discussion

We present a design of the measurement cell, calibration of
the tube furnace temperature and results for impedance
characterization of the materials 8YSZ, CeO,, In,O3 and self-
sintered experimental 8YSZ. We estimate the activation
energies, flatband potentials and internal resistances of the cell
based on equivalent circuit analysis according to the standard-
ized Z-fit numerical procedure. We present the experimental
measurement data up to 750 °C and estimate the capability of
measurements up to 1100 °C in order to evaluate the cell
stability.

3.1 Cell Design and its Validation

In the first step, the cell was assembled according to Fig. 1.
PtRh wires were attached to crocodile clips and the measure-
ment cell setup could be compared to the 2-probe measurement
of a typical 2-electrode cell. The only contribution of the
conductivity is the material under investigation, as Al,Os3 is not
conductive also at elevated temperature. The potentially
occurring perturbation arising from the wiring was removed
by application of PtRh wire with minimal self-resistance. The
quality of PtRh was carefully evaluated by means of XPS
spectroscopy. The thermal resistance up to 2300 °C and
excellent electrical conductivity of this alloy have allowed for
non-disturbed measurements.

The relatively large porosity of the alumina nut has allowed
for introduction of various gaseous environments into the
interior of the investigation area. An example of such a
measurement under 20 sccm of oxygen flow at elevated
temperatures is presented in Fig. 4, inset B, for yttria-stabilized
zirconia with 8 mol.% Y,0; (8YSZ), bearing two vacancies for
each unit cell, according to the equation in the Kroger—Vink
notation: Y203 sy — 2Yz + 300" + 3V, which further leads
to pressure-dependent saturation of vacancies by oxygen: Og*
— 1/2 O, (ot 2e+V". Here, the * means the negative charge,
while - is the positive charge. V, is the vacancy replacing
oxygen, and x stands for the charge-neutrality. The presence of
oxygen vacancies is strongly suggested, as based on the
activation energy, which was calculated to be 89.01 kJ/mol
(0.92 ¢V) for the synthesized 8YSZ, 83.21 kJ/mol (0.86 eV) for
the commercial 8YSZ ceramic ring (GmbH, Germany), 91.66
kJ/mol (0.92 eV) for CeO, and 136.98 kJ/mol (1.38 eV) for
In,O3 (Table 1). Owing to the various concentrations of oxygen
vacancies, which was additionally investigated by means of
staircase potentiostatic-impedance spectroscopy (SPEIS) and
the Mott—Schottky equation (Eq 2), the value of the activation
energy was established to depend on the chemical environment
(Ref 27). The results of the activation energy, charge-carrier
concentration and flatband potential calculations are gathered in
Table 1. We note that the dielectric constants needed for the
calculations of the concentrations of active species were
calculated according to the procedures reported in the literature;
in our case, we restrict ourselves to fixed temperatures with
smallest values of resistance, as judged by a Z-fit of the
equivalent circuits (Ref 28, 29).
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Figure 2 shows a representative plot for the Al,O; nut
interior temperature calibration within the opened measurement
cell placed within the tube furnace. Owing to the uniform
thermal convection within the tube furnace, the nut interior
measured with one side open (i.e., with one screw left out) has
proven the accuracy of the temperature readout of the furnace
display and of the K-element thermocouple temperature readout
placed within the cell’s interior.

3.2 Measurements of Standards

In order to assess the applicability of simple measurement
cell in Fig. 1, we have performed a temperature-dependent
determination of oxygen vacancies within CeO,, In,0s,
commercial 8YSZ and self-made 8YSZ under various gas
atmospheres. By applying the Arrhenius equation:

Ing =1nA4 — In(E,/RT) (Eq 1)
and the Mott—Schottky equation:
1/C2 = 2/ (SSOAZQND) (Vvs NHE — VFB - ka/e) (Eq 2)

where o is the conductivity, A the Arrhenius constant, £, the
activation energy, R the universal gas constant, T" the temper-
ature, and C is the capacitance, € and g, are the dielectric
constant and permittivity in vacuum, kg is the Boltzmann
constant, 4 the electrode surface area, e the number of electrons
transferred (assumed as 1), Np the charge-carrier density (in
cm ), Vis the measured potential against the normal hydrogen
electrode (NHE, in Volt), and Vg is the flatband potential (in
Volt).

According to the proposed hoping mechanism of conduc-
tivity in the literature, which depends on the amount of
available and addressable (at the given temperature) oxygen
vacancies, the saturation of those by gas flow leads to
differences in impedance spectra and is a well-known phe-
nomenon (Ref 30). Our approach was to evaluate the Al,O3
porosity in order to observe the effect of oxygen saturation. The
experimental results for oxygen flow (20 sccm) are shown in
Fig. 4, insets A/B.

The measurements of commercial standards are in agree-
ment with the literature (Ref 31-35). The equivalent circuit
modeling is exemplary shown in the Fig. 3, inset A, as a
magnified cut-out from the cumulative assembly of EIS spectra
in the inset B. The spectra show good agreement with the
theoretically obtainable results (error analysis of the Z-fit y*/
Z = 0.35), as judged by the 6.7% error yielded by the Kramers—
Kronig relations (KK relations). The KK analysis represents the
mathematical dependence of the imaginary and real parts of the
impedance, therefore proving the application potential of the
proposed high-temperature measurement system (Ref 36.

The conductivity of CeO, and In,O; owing to the hoping
mechanism was evaluated and found to be in good comparison
with the literature data (Ref 38, 39). We have observed the
accessibility of oxygen vacancies to vary at different temper-
atures, but considered a temperature of 350 °C for both CeO,
and In,Oj3 in order to compare the charge-carrier density with
literature values (Ref 31-35). The respective Arrhenius plots for
Ce0,, In,O5 and YSZ (both synthesized and commercial) can
be found in the Supporting Information.

The substitution of Ce*" in ceria and In*" in indium oxide by
foreign elements due to the implantation or respective sample
preparation (e.g., electrospinning) results in an increased
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amount of oxygen vacancies, which are treated as the main
source of the charge-carriers (Ref 40). Many of the vacancies
will nevertheless be intrinsically built into the structure as point
defects, which consequently leads to an improved conductivity
(Ref 41). The different accessibility of oxygen vacancies is
translated to charge-carrier densities and is not to be referred to
structural changes, as, e.g., ceria exhibiting a fluorite Fm3m
space group up to its melting point at 2477 °C, but rather to the
bulk activation energy needed per mol unit of the material
under investigation (Ref 42, 43). For example, the charge-
carrier density of In,O3 can vary, as it depends on the amount
of reduced material, which occurs due to the thermal RedOx
reduction reaction: 2In,O3; — 4In° + 30,, meaning that the
material’s chemistry is involved in a large bundle of parameters
influencing the conductivity. In the case of oxide materials, this
may vary from batch to batch (Ref 43, 44).

3.3 Measurement of Experimental Research Samples

In order to investigate the potential of the proposed setup,
we have performed a real-run test of the research-type prepared
samples. The 8YSZ powder was sintered under air for 24 hours
at 1000 °C prior to pelletization as described in the materials
and methods section. The translucent ceramic pellet was
carefully placed inside the measurement cell and brought into
the tube furnace. We have observed much higher temperature
activity of the sample at 660 °C, as manifested by the
generation of the semi-circle in the Nyquist plot and therefore
the observed temperature-dependent conductivity. The results
aiming for a comparison of the merits obtained by our cell with
literature values are gathered in Table 1. Figure 4 shows the
applicability of the cell for measurements during respective gas
treatments. The spectra in A and B show different temperatures,
while only in the range of 560-566 °C the peculiar generation
of the second semi-circle was observed, which was attributed to
the phase transition within the monoclinic 8YSZ system to the
tetragonal system (Ref 54). Interestingly, this phase transition
behavior was observed only under oxygen atmosphere. Further
discussion of this effect is nevertheless outside of scope of this
article and we refer to the reader to the comprehensive review
of that matter in the literature (Ref 54).

The peculiarity of ceramic solid and oxygen gas interaction
is still a matter of research, as conductivity (both electrical and
ionic) measurements at higher temperatures are considered to
be challenging (Ref 45). The dependence of the gas atmosphere
on the 8YSZ conductivity (specified in this study by a gas
pressure of 1 atm and a flow of 20 sccm) and especially on the
oxygen vacancies saturation is manifested by the presence of
the charges in the bulk of the material, which causes creation of
holes within CeO, and In,0O5. The exact character of holes and
the creation of localized Frenkel exciton states within the
8YSZ, as well as their exact position and contribution to the
final states of the Bloch-conduction band, are not fully
understood yet and are currently a matter of intensive
computational studies (Ref 46-49). In case of the data presented
in Table 1, the conductivity of 8YSZ varies strongly with the
atmosphere, while the position of relative to the conduction
band and easily obtainable flatband may provide additional
merits explaining the accessibility of excitons and their
influence on the conductivity (Ref 50). The possibility of more
careful temperature control should provide better insight into
the quantum properties of ceramics under investigation within
our system.
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4. Conclusions

In this study, we have presented an easy method for reliable
measurements of high-temperature impedance spectroscopy in
a cell of well-defined geometry, easy availability of the
assembly materials and high durability. The cell consists of
1.4841 10M steel screws with temperature resistance up to
1150 °C, alumina (96% Al,O3) and PtRh connectors. We have
performed analysis of electrochemical merits like activation
energy of oxygen vacancies in ceria, In,O5 and yttria-stabilized
zirconium oxide, their charge-carrier concentration and flatband
potential. We have established that the amount of charge
transfer concentration varies with temperature, which we refer
to as the activation energy needed to successfully activate the
active centers and we discussed the availability of Frenkel
excitons potentially contributing to the conductivity. The theory
of flatband was referred to the position of the Bloch-conduction
band in order to demonstrate the possibility of performing
investigations of quantum electronic structure of both powders
and pellets. After characterization of the commercial standards,
we have demonstrated a possibility of investigation of research-
grade materials, such as self-prepared 8YSZ. We also shown
the influence of gas atmosphere on the impedance measurement
due to the large 30% porosity of the alumina used as the
powder/pellet vessel. In conclusion, our approach can be used
in any tube furnace of adequate size and our normalized
approach of the cell makes high-temperature impedance
measurements a straightforward, reproducible and highly
accurate task.
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