
Received: 9 June 2022 Revised: 18 November 2022 Accepted: 19 November 2022

DOI: 10.1111/jace.18938

RESEARCH ARTICLE

Analysis of defect mechanisms in nonstoichiometric
ceria–zirconia by themicrowave cavity perturbationmethod

Carsten Steiner1 Gunter Hagen1 Iurii Kogut2 Holger Fritze2 Ralf Moos1

1Department of Functional Materials,
University of Bayreuth, Bayreuth,
Germany
2Institute of Energy Research and Physical
Technologies, Clausthal University of
Technology, Goslar, Germany

Correspondence
Carsten Steiner, Department of
Functional Materials, University of
Bayreuth, 95440 Bayreuth, Germany.
Email:
functional.materials@uni-bayreuth.de

Funding information
Deutsche Forschungsgemeinschaft,
Grant/Award Numbers: MO 1060/29-1, FR
1301/23-1

Abstract
In this microwave study, the defect chemistry of ceria–zirconia solid solu-
tions (CZO, Ce1−yZryO2−δ) was investigated at high temperatures by a resonant
microwave method. Specifically, the effects of temperature and Zr content on
the dielectric properties and defect chemistry mechanisms in CZO were ana-
lyzed. Experimentswere performed on a series of different CZOpowders (y= 0.2,
0.33, 0.50, 0.67). Measurements at 600◦C and different oxygen partial pressures
(pO2 = 10−26–0.2 bar) confirm a dominant n-type conduction of small-polarons
in CZO due to the preferred formation of oxygen vacancies, which is also sup-
ported by a multimodal analysis. Polarization losses were found to be negligible
in the GHz range. Furthermore, an increased relative permittivity was observed
inCZO,which correlateswith the concentration of oxygen vacancies inCZO.Our
microwave study is the first to provide a comprehensive data set for the dielectric
properties of CZOpowder sample in awide range of different conditions. In addi-
tion, the connection of dielectric properties toCZOdefect chemistrymechanisms
is presented. The results are in good agreementwith findings in the literature and
may contribute to a better understanding of microwave-based state diagnosis of
CZO-based materials, as it discussed for three-way catalysts.

KEYWORDS
ceria, defect chemistry, dielectric properties, exhaust gas aftertreatment, oxygen vacancies,
quality factor, resonant frequency, small polaron hopping mechanism

1 INTRODUCTION

Ceria and its solid solutions are indispensable for many
modern applications and industrial processes. Applica-
tions range from synthesis gas generation,1–3 automotive
catalysts,4–7 and catalytically active coatings8,9 to elec-
trolyte materials for solid oxide fuel cells (SOFCs),10–15
and electrode materials for supercapacitors.16,17 Of key
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importance in this context is the ability of ceria to
reversibly release and incorporate oxygen in the lat-
tice. The oxygen non-stoichiometry δ in ceria (CeO2−δ)
is a result of the formation of oxygen vacancies (oxy-
gen defects) in the crystal system.18–20 Depending on
the application, these defect chemical properties can
be influenced by the addition of different dopants. In
the case of three-way catalysts (TWCs), for example, a
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large oxygen storage capacity is desirable. The use of
cerium–zirconium solid solutions (CZO, Ce1−yZryO2−δ)
has proven to be especially successful, as they allow
significantly higher non-stoichiometries under reduc-
ing conditions.21–23 Moreover, CZO exhibits higher ther-
mal stability against sintering at high exhaust temper-
atures. This counteracts the loss of the high active
surface area during operation and suppresses catalyst
aging.24–27 CZO is also interesting as a component of
electrodes for SOFC. In this context, composite anodes
with a CZO layer exhibit high electrochemical activity and
good reforming properties at the same time.28 In addi-
tion, ceria-based solid electrolytes are subject of current
research as they can be operated at significantly lower tem-
peratures (500–800◦C) compared to the commonly used
yttria-stabilized zirconia.14,29–32 Due to its importance and
the potential for future applications, the CZO material
systemand its redox behavior have been investigated inten-
sively in the past decades, mostly with measurements
of the electrical conductivity of bulk samples and thin
films.21–23,33–35 Numerical methods are also increasingly
used.36,37
Dietrich et al. introduced an investigation method that

allows the in situ determination of the dielectric properties
of (catalytically active) powder samples using microwaves
under typical operating conditions.38 For that, a sample
is placed inside a microwave cavity resonator in which
an electromagnetic field in the GHz range is excited.
According to the microwave cavity perturbation (MCP)
theory,39–41 the dielectric properties of the samples inside
of the cavity can be determined. In addition to ohmic
losses due to free charge carriers (conductivity), polariza-
tion losses in the electromagnetic field can be measured.
Furthermore, the method also provides information about
the polarization capability (permittivity) of the samples.40
In a recent study, the microwave properties as well as
the defect chemistry of pure ceria could already be ana-
lyzed. Consistent with findings from other studies, a
significant influence of the microstructure on the concen-
tration of oxygen vacancies was found for nanocrystalline
ceria.42,43 Another study also demonstrated the impor-
tance of Pt on the reducibility of pure ceria, especially
at low temperatures.44 Based on this study, an investiga-
tion of CZO used for a variety of technical application
should provide further information on the defect chemi-
cal behavior under typical operating conditions. Moreover,
the findings on the correlation of defect chemical and
dielectric properties of ceria and CZO are of interest for
the microwave-based status diagnosis of both catalysts
and catalytically coated filter systems.45,46 As past studies
have shown, the oxygen storage level of a TWC can also
be determined operando using the MCP method.47–49 By
using different high-frequency parameters, the diagnosis

of the oxygen storage state is possible in a wide temper-
ature range.50 Monitoring and evaluation of catalyst aging
is also possible.48 Even dispensingwith the usually applied
oxygen (lambda) probes would be feasible.51,52
Therefore, in contrast to previous microwave studies,

the experiments in this study focus on investigating the
correlation of dielectric properties and defect chemistry
especially of CZO. The experiments will help to better
understand the defect and transport mechanisms in the
oxygen storage and electrolyte material CZO and, also, to
gain further information for optimizing the microwave-
based state diagnosis of TWCs. In a first series of exper-
iments, the influence of Zr4+ addition on the kinetics
of oxygen transport in CZO is therefore investigated. For
this purpose, the dielectric properties of Ce1−yZryO2−δ
(y = 0.20, 0.33, 0.50, and 0.67) are investigated in the
microwave resonator using a temperature ramp up to
600◦C. Another experiment is then used to analyze the
dielectric properties of CZO at different oxygen partial
pressures at a constant temperature of 600◦C. As part
of the investigations, conductivities are determined from
the obtained microwave data set, which are compared
withmeasurement results fromother studies. Of particular
interest is a comparison to a previous study that analyzed
sintered CZO ceramics and coatings using the same mate-
rial as it is used here.43,52 A comparison to the microwave
behavior of pure ceria is also given.42 The objective of this
study is to obtain a data set for the dielectric properties
of CZO. The comparison with conductivity data from lit-
erature and the dependences on temperature and oxygen
partial pressure, conclusions can be drawn about the defect
mechanisms inCZO. The dielectric properties are also ana-
lyzed with respect to the Zr content, and the effect of Zr on
the defect mechanisms in CZOwill be examined. The data
set of the dielectric properties of CZO is also of importance
for the microwave-assisted state diagnosis of automotive
catalyst with CZO-based oxygen storage material.

2 MATERIALS ANDMETHODS

2.1 Defect chemistry of ceria–zirconia
solid solutions

As with pure ceria, the defect chemistry of CZO is based
on the formation of oxygen vacancies in the lattice,
which is accompanied by the reduction of Ce4+ to Ce3+
cations21,22,36,53–56:

2Ce
𝑥

+ 4O𝑥
O

→ 2Ce
′
Ce + 3O𝑥

O
+ 𝑉∙∙

O
+

1

2
O2, (1)

with the cerium cations Ce
𝑥
Ce (Ce4+) and Ce

′
Ce (Ce3+),

and the oxygen anions O𝑥
O
(O2−), the doubly positively
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charged oxygen vacancies 𝑉∙∙
O
in the lattice, and the free

gaseous oxygen O2. The additional electrons at Ce3+ are
bound to the cations and determine the electronic conduc-
tivity in the material due to the small polaron (hopping)
mechanism.21,22 With non-stoichiometry, the electrical
conductivity and thus the ohmic losses in CZO increase
significantly. For the relationship between the density of
conducting electrons n, respectively, the concentration
of reduced cerium ions [Ce

′
Ce], and the oxygen vacancy

concentration, the following electroneutrality condition
holds21–23,57:

𝑛 =
[
Ce

′
Ce

]
= 2

[
𝑉∙∙

O

]
. (2)

The formation of oxygen vacancies generally occurs at
high temperatures and low oxygen partial pressures. In
CZO, the exchange of Zr4+ on Ce4+ lattice sites addi-
tionally leads to strain in the crystal.58–60 As a sevenfold
coordination is energetically favored in the vicinity of
the much smaller Zr4+ cations (rZr = 0.98 Å) compared
to the typical eightfold coordination at the Cer4+ ions
(rCe = 1.11 Å), the strain acts as an additional driving
force for oxygen vacancy formation due to the so-called
size effect. Therefore, CZO exhibits significantly higher
oxygen vacancy concentrations than pure ceria under the
same conditions.58–60 For the electrical conductivity in
CZO, a 𝑝𝑚

O2
-dependence of m = −1/6 is observed at low

non-stoichiometries ([Ce3+] ≪ [Ce4+]).21 Additionally,
as the vacancy concentration increases, the interactions
between the defects can also occur. In recent studies,
they are attributed to associations between the differently
charged Ce

′
Ce and 𝑉∙∙

O
. In particular, dimers (Ce

′
Ce − 𝑉∙∙

O
)∙

and trimers (Ce
′
Ce − 𝑉∙∙

O
− Ce

′
Ce)

𝑥 are of interest.57,61–65
For both, dimers and trimers, stronger 𝑝𝑚

O2
-dependencies

are to be expected according to the theoretical models.
For dimers, the values are m = −1/4, for trimers even
m= −1/2.21,62,63,65 An increase inm has also been observed
experimentally in several studies.57,66,67
At high temperatures and very low pO2, the non-

stoichiometry in CZO can become so large that Ce4+
and Ce3+ cations are present in similar concentrations
([Ce3+] ≈ [Ce4+]). In this case, the conductivity σ in
CZO barely increases with higher non-stoichiometries and
even passes through a maximum at [Ce3+] = [Ce4+]. The
decrease in conductivity at even lower pO2 has also been
demonstrated in CZO in various studies.21,56,43 In contrast
to CZO, this effect is observed in pure ceria only at very
high temperatures and extremely low pO2.56
In addition to the partial reduction of CZO (Equation 1),

the number of extrinsic acceptor impurities is also crucial
for the formation of oxygen vacancies. The incorpora-
tion of trivalent cations (e.g., Y3+ etc.) leads to additional
oxygen vacancies18,21:

A2O3 → 2 A′
Ce

+ 3Ox
O

+ 𝑉∙∙
O

, (3)

with negatively charged acceptor cations A′
Ce
. A sim-

ilar effect can be observed for divalent cations (Ca2+
etc.). Especially at low non-stoichiometries (high pO2,
low temperatures), extrinsically induced oxygen vacan-
cies dominate in CZO. In these cases, the oxygen vacancy
concentration is fixed by the acceptor concentration21:

[
A′

Ce

]
= 2

[
𝑉∙∙

O

]
. (4)

According to the defect chemistry, a 𝑝𝑚
O2
-dependence

of the conductivity of m = −1/4 is then expected. As
the incorporation of Zr4+ cations in CZO generally pro-
motes the formation of oxygen vacancies, CZO can be
described as a pure n-type conductor in most cases.33–35,43
Depending on the ambient conditions (T, pO2), the con-
duction electrons stem from oxygen vacancies of intrinsic
and/or extrinsic origin. In contrast, ionic conductivity due
to oxygen ions plays only a minor role for CZO com-
pared to electronic conduction. However, for a high Zr
content y in Ce1−yZryO2−δ (y > 0.50), ionic conductivity
can also contribute significantly to the overall conduc-
tivity at low non-stoichiometries δ (high pO2). In this
case, the total CZO conductivity does not depend on the
ambient pO2.33 In literature, this is explained by the lat-
tice distortion due to the smaller Zr4+ cations, which is
largest for 0.20 < y < 0.50.23 For y > 0.50, this distortion
decreases again significantly, which also results in a signif-
icant decrease in the fraction of electronic conductivity due
to induced vacancies.33
For pure ceria, it is also known that the microstruc-

ture and the active surface have a significant influence on
the defect concentrations and on the electrical properties.
Significantly higher conductivities have been found for
nanocrystalline samples than for sintered ceramics.68–70 In
literature, this effect is attributed to a decrease in the acti-
vation energy for the formation of oxygen defects on the
surfaces, which is accompanied by the formation of space
charge zones.68,71–74 However, the influence of grain size
plays only a minor role in CZO. In various studies, Zr has
been shown to be the dominant factor for the formation
of oxygen vacancies in CZO due to the resulting lattice
strain,21,22,33,35 similar to doped ceria.75,76

2.2 Preparation and sample
characterization

The Ce1−yZryO2−δ-powders were prepared by solid-state
synthesis. For this purpose, cerium(IV)–oxide (chemPUR
GmbH, 99.99% purity) and zirconium oxide powders
(chemPUR GmbH, 99.95% purity, 2 wt.% Hf) were dried

 15512916, 2023, 5, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.18938 by U
niversitaet B

ayreuth, W
iley O

nline L
ibrary on [12/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



2878 STEINER et al.

at 120◦C for at least 24 h and then weighed in sto-
ichiometrically (y = 0.20, 0.33, 0.50, and 0.67). The
powders were mixed and homogenized in a planetary
ball mill (Fritsch Pulverisette 5, Idar-Oberstein, Germany)
in a ZrO2 milling jar (stabilization: 3.5% MgO) with
ZrO2 milling balls (Ø 10 mm, stabilization: 5.0% Y2O3).
Homogenization was performed in two cycles of 2 min
each at 400 rpm with a 15 min break between each
cycle. The powder mixtures were then calcined in an alu-
mina annealing box in a chamber furnace (Nabertherm
LHT08/17 chamber furnace, Nabertherm GmbH, Lilien-
thal, Germany) at 1650◦C for 12 h (heating rate: 5 K/min,
cooling with furnace constant). Using the same equip-
ment as for homogenization, the calcined powders were
ground (nine cycles, 400 rpm, each 5, 15 min pause in
between). As a final step, the powders were annealed at
623◦C for 24 h in a chamber furnace to regenerate the oxy-
gen deficiency (heating rate: 5K/min). The results from the
high-frequency tests in this study are also compared with
experimental findings from other studies using sintered
samples prepared from the same powders. The sintered
samples were prepared by firing at 1650◦C. For further
details on the synthesis route, material properties, and
contacting, we refer in this context to our former study.43
The crystallographic structure of the powders was inves-

tigated by X-ray diffraction (XRD) (Bruker D8 Advance,
Billerica, MA, USA) using a 2.2 kW Cu-anode and a Kα1
wavelength of 1.540 Å, germanium-Kα1-monochromator
and an energy-dispersive 1D-LYNXEYE detector in a
range of 2θ = (25◦–75◦) and a resolution of 0.02◦. For
the analysis of the lattice properties, the diffraction pat-
terns were evaluated using the Rietveld analysis (software:
DIFFRAC.SUITE TOPAS). The morphology of the pow-
ders was also examined using a scanning electron micro-
scope (SEM, Leo 1530 P V, Zeiss, Oberkochen, Germany).
Possible impurities were also evaluated on the initial pow-
dersCeO2 andZrO2 by laser-ablation–inductively coupled-
plasma–mass-spectroscopy (LA–ICP–MS, Element XR,
ThermoScientific, Bremen, Germany). For ceria, the dom-
inant impurities were found to be SiO2 (450 ppm), Al2O3
(120 ppm), andCaO (80 ppm) and for ZrO2:SiO2 (660 ppm),
Al2O3 (512 ppm), CaO (100 ppm), and Fe2O3 (200 ppm).
The concentration of other impurities (La2O3, Y2O3, etc.)
was found to be below (<15 ppm) and is considered to
negligible.
The particle size distributions of the CZO powders

were determined by laser-diffraction (LD) (Mastersizer
2000, Malvern Instruments, Worcestershire, UK). For the
investigation, the powders were previously dissolved in
water with a wetting agent. Ultrasonic vibration was then
used to break up loose agglomerates and to ensure a
homogeneous particle distribution in the solution. The
results of the material characterization, exemplarily for

the Ce0.80Zr0.20O2- andCe0.50Zr0.50O2-powders, are shown
in Figure 1. Part (A) shows the XRD diffraction pattern,
(B) the morphology (SEM image) of the powder parti-
cles, and (C) the particle size distribution of Ce0.80Zr0.20O2.
Parts (D)–(F) contain the corresponding information for
Ce0.50Zr0.50O2. An overview of the crystallographic prop-
erties of each powder calculated from the Rietveld analysis
is also given in Table 1.
As shown in Figure 1A, Ce0.80Zr0.20O2 crystallizes in

the typical cubic c-phase.23,33,77,79–81 As the SEM image
(Figure 1B) indicates, the powder consists of both large
grains with a size of several μm and a large number of
smaller particles only a few tens of nm in size. This compo-
sition is also confirmed by LD (Figure 1C). Here, a bimodal
particle size distribution is observed, with a dominating
fraction of larger particles. The angular morphology of the
particles in the SEM image (Figure 1B) is probably due
to the fact that the coarse grains produced by the high
temperatures during calcination were partially broken up
and crushed by the mechanical stress in the subsequent
milling process. Furthermore, according to the data from
the Rietveld analysis of Ce0.80Zr0.20O2 (Table 1), the poly-
crystalline powder has a crystallite size of about 150 nm
and has lattice parameters consistent with those reported
in other studies.23,77 Powders with more Zr show similar
properties but differ in some details fromCe0.80Zr0.20O2. In
terms of crystal system, the Ce0.67Zr0.33O2-powderwas also
found to be cubic c-phase (Table 1). As past studies have
shown, for example, with Raman spectroscopy, this could
also be a pseudo-tetragonal (t″) crystal system, where only
the oxygen ions show a slight elongation in the lattice.79,82
As both phases are hardly distinguishable in XRD mea-
surements and, moreover, the defect chemical properties
of the material remain unaffected,79,83 this detail will not
be further investigated here. Powders with even higher
Zr-content (y = 0.50, 0.67) crystallize in the (metastable)
tetragonal phase (t′), as shown for Ce0.50Zr0.50O2 in
Figure 1D.79,80,84,85 Although the Ce0.50Zr0.50O2-powder
could be synthesized in single-phase, small amounts of
the stable t-phase are detectable in XRD patterns for
Ce0.33Zr0.67O2, due to the duration of the cooling process
after calcination.86 However, the amount of t-phase in
Ce0.33Zr0.67O2 is low and was estimated to be less than 4%
by the Rietveld analysis.
Moreover, the morphology of all synthesized CZO pow-

ders is similar. Moreover, here a bimodal particle size
distribution is observed via LD for powders with higher
y, with the dominant fraction always consisting of larger
grains of several microns in diameter (Figure 1E,F for
Ce0.50Zr0.50O2). A closer analysis of the particle size distri-
bution also reveals that the proportion of smaller particles
decrease with increasing Zr-concentration, as shown by
the comparison of Figure 1C,F. Possibly, the incorporation
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STEINER et al. 2879

F IGURE 1 Material characterization of CZO powders: (A) X-ray diffraction (XRD) pattern,77 (B) SEM image of the particles, (C) particle
size distribution of Ce0.80Zr0.20O2, and (D) XRD pattern,78 (E) SEM image of the particles, (F) particle size distribution of Ce0.50Zr0.50O2

TABLE 1 Lattice parameter und crystallite size of the CZO-powders calculated from Rietveld analysis

Powder Phase Lattice parameters a, b, c (Å) Crystallite size (nm) Residual fit error (%)
Ce0.80Zr0.20O2 c 5.3585(6) 152.2 8.7
Ce0.67Zr0.33O2 c (t″) 5.3246(10) 142.6 10.6
Ce0.50Zr0.50O2 t ′ 5.3076(5) 3.7214(8) 136.2 9.7
Ce0.33Zr0.67O2 t ′ 5.27115(9) 3.6821(15) 139.9 11.7

Note: The numbers in brackets represent the uncertainties in the last digits of the lattice parameters.

of Zr increases the mechanical stability of CZO, resulting
in powders with high Zr content being less crushed during
milling. The Rietveld analysis also demonstrates similar
crystallite sizes in the 100 nm range.
Overall, the powders prepared by solid-state synthe-

sis show the typical phase distribution of CZO. Similarly,
observations on morphology and microstructure are in
agreement with experiences from literature.79,81,83,85 Thus,
synthesizedmaterials provide a solid foundation for study-
ing the dielectric and defect properties of CZO.

2.3 MCP-fundamentals

TheMCPmethod is a contactlessmeasurement technique,
commonly used for the dielectrical material characteriza-
tion. In general, samples have the complex permittivity
𝜀39,40:

𝜀 = 𝜀′ − 𝑗 𝜀′′ = 𝜀0(𝜀
′
r − 𝑗 𝜀′r)

= 𝜀0

(
𝜀′r − 𝑗

(
𝜀′
Pol

+
𝜎

2𝜋𝑓𝜀0

))
.

(5)

The real part represents the permittivity of the 𝜀′ of the
sample, which is composed of the relative permittivity of

the sample 𝜀′r and the electric field constant of the vacuum
𝜀0. The imaginary part represents the dielectric loss 𝜀′′

within the sample, which is analogously associated with
the relative dielectric loss 𝜀′′r . The dielectric loss includes
losses from the polarization of the material (𝜀′′

Pol
) and

ohmic losses from the conductivity 𝜎. In theory, both
contributions are frequency dependent—especially for
the conductivity, there is an inverse proportionality to the
measurement frequency f.
A cylindrical cavity resonator (aluminum, Ø 184 mm,

height hC = 80 mm) is applied for the dielectric charac-
terization of CZO. It uses the TM010 resonant mode and
its higher modes (TM020, TM030). The typical resonant fre-
quencies are fTM010 ≈ 1.18 GHz, fTM020 ≈ 2.62 GHz, and
fTM030 ≈ 4.18 GHz. Three quartz tubes with different diam-
eters are arranged concentrically along the resonator axis.
In the inner (sample) tube (Ø 10 mm), the sample is local-
ized on a porous quartz frit. A sketch of the resonator
setup is found in the Supplementary Information of this
study. Through the frit, the sample is flushed with differ-
ent process gases. Temperatures, typical for exhaust gas
experiments, are provided by a heated air flow (approx.
50 l/min) between a second tube and the sample tube. A
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2880 STEINER et al.

F IGURE 2 Microwave spectra at the TM010 mode for the
Ce0.80Zr0.20O2-powder at 600◦C for high (0.2 bar) and low
(10−26 bar) pO2: (A) transmitted power S21 (in dB), (B) resonant
circle of the TM010 in the complex plane

vacuum-isolated area between the second and the outer,
the third tube provides thermal isolation of the setup.With
this arrangement, sample temperatures of up to 600◦C can
be achieved. At the same time, the resonator itself is con-
stantly cooled to 20◦C by water cooling. The temperature
above and below the resonator is monitored by thermo-
couples. Further details on the design of the resonator and
the concept of the resonator (including sketches) were also
published earlier.38
The electromagnetic coupling of the resonator is imple-

mented by two loop antennas. They allow a measurement
of the transmitted power. At discrete frequencies (reso-
nances), standing electromagnetic waves are excited in
the resonator, at which a maximum in the transmitted
power S21 can be detected in the spectrum. As an exam-
ple, Figure 2A shows the transmission spectrum (S21 in
dB) near the TM010 mode for a Ce0.80Zr0.20O2-sample at
600◦C. The resonances are characterized by the resonant
frequency fres, the half-bandwidth BW, and the maximum
power amplitude S21,max.39,87,88 The half-bandwidth is the
dominant parameter for the quality factor of the resonance
Q = fres/BW. As can be seen in Figure 2A, these reso-
nant parameters change with the dielectric properties of
the sample. In general, a larger permittivity leads to lower
resonant frequencies. The inverse quality factor 1/Q in
turn correlates with the dielectric losses. Analogously to
previous studies (also at TWC),41,50,89 the Ce0.80Zr0.20O2-
sample typically exhibits higher resonant frequencies and,
at the same time, lower attenuations at high oxygen partial
pressures (blue) than at low pO2 (red).
In the complex plane (Figure 2B), the S21 data points

close to the resonance form a circle. The diameters of the
resonant circles are correlated with the transmitted power
of the mode S21. In contrast, S21 data points, obtained from
frequencies away from the resonance, can be found near
the origin.40,90–92 For the determination of the resonant
parameters in this study, squares root regression of the
resonant circles is applied, as this method is considered

robust and accurate91,93 and has been successfully used
in previous studies.41,44,42 Using MCP theory, the dielec-
tric properties of a sample can be determined from the
resonant parameters. The theory is based on the electric
field perturbation caused by the insertion of a sample.
Therefore, the changes of the resonant frequency and the
quality factor are evaluated, which can be described by the
following equations90:

𝜀′r − 1 =

𝑉c
Δ𝑓

𝑓0
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𝑄
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(7)
with the volume of the resonator VC and the sample VS,
the modal effective volume Veff of the mode and the effec-
tive depolarization factor Ne of these. The changes of the
resonant parameters are defined as follows:

Δ𝑓

𝑓0
=

(𝑓0 − 𝑓S)

𝑓0
, (8)

Δ

(
1

𝑄

)
=

1

𝑄0,S
−

1

𝑄0,0
, (9)

with the resonant frequency f0 and the (unloaded) qual-
ity factor Q0,0 of the resonator without sample and the
corresponding resonant parameters f0 and Q0,S of the res-
onator with sample. The modal volume was determined
analogously to previous studies from simulations of the
field distribution within the resonator. Veff/VC = 26.78%
for the TM010 mode, Veff/VC = 13.73% for the TM020 mode,
and Veff/VC = 12.84% for the TM030 mode were obtained.
An impact on the resonance properties of the modes by
interferences with other modes can also be excluded.41
As the samples in the resonator generally have a lower
height (hS) than the height of the resonator (hS < hC), addi-
tional field weakening is observed due to depolarization
within the sample geometry. This effect is mainly affected
by the sample geometry and the orientation of the sample
in the electric field. The field weakening of the excitation
field is typically described by the dimensionless effective
depolarization factor Ne.94–96
CZO powder samples with a mass of mS = 0.35 g were

investigated in the study. The relative bulk densities of
the samples are shown in Table 2. With a porosity frac-
tion of about 70%, the values are similar for all powder
samples. Depolarization factors were determined for the
bulk densities in the resonator (Table 2). The analytical
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STEINER et al. 2881

TABLE 2 Relative bulk density and effective depolarization
factor of the CZO powder samples

Powder
Rel. bulk
density 𝝂𝐒 (%)

Effective depolarization
factor Ne

Ce0.80Zr0.20O2 32.4 0.389
Ce0.67Zr0.33O2 28.2 0.348
Ce0.50Zr0.50O2 31.4 0.395
Ce0.33Zr0.67O2 33.1 0.397

approach assumes a cylindrical sample geometry with its
axis of symmetry aligned parallel to the field direction in
the resonator.94 The exact approach, as well as the assump-
tions and limitations made, are explained in detail in our
previous study.41 The results of the calculation are shown
in Table 2.
The comparison of the depolarization factors with the

bulk densities shows that samples with lower bulk den-
sity also have lower depolarization factors. This effect
is expected as samples with low bulk density occupy a
larger volume in the resonator and consequently have a
higher bulk height hS. The effect of depolarization, in turn,
decreases with hS and Ne becomes zero when hS = hC.
Compared to the study on pure ceria, the CZO pow-
ders have higher bulk densities (𝜈CeO2 = 20.6%42) and
thus stronger a depolarization. This effect can be plausi-
bly explained by the high calcination temperatures and
the associated grain growth, which enhances the powders
density and reduces the porosity.
Equations (6) and (7) can be used to determine the

dielectric properties of the powders. Before this, however,
the porosity must be taken into account in order to be
able to derive the dielectric material parameters of the
CZO material itself. In the case of ceria-based materials,
the Looyenga mixing rule has been successfully applied
several times42,41,97:

(𝜀)
𝑘

=

𝑛∑
𝑖

𝜈𝑖(𝜀𝑖)
𝑘
, (10)

with the complex permittivity of the bulk 𝜀, the vol-
ume fraction 𝜈𝑖 and the complex permittivity 𝜀𝑖 of the
i-th constituent, and the mixing exponent k = 1/3 for
Looyenga. The mixing model is especially suitable for
homogeneous mixtures, such as powders (mixture of air
and material),98,99 and gives good results even in the case
of higher losses,100,101 which can also be expected in reduc-
ing conditions due to the CZO defect chemistry. Moreover,
our experience and comparisonwith the literature confirm
that the mixing model is a good choice for CZO materials.

2.4 Experimental procedures

Our study uses two types of experiments for the dielectric
characterization of CZO. Prior to the measurements, the
powders were dried at 200◦C for at least 24 h, to avoid
the effect of possible water adsorption on the surface of
the powders. The experiment is designed to analyze the
reducibility and the kinetics of oxygen incorporation and
release during heating. It also provides information about
the effect of Zr on the temperature-dependent dielectric
properties in CZO. Therefore, the oxidized CZO powders
were heated to 600◦C in the resonator with a continu-
ous temperature ramp (1.5 K/min), which is shown in
Figure 3A (black line). The procedure was performed a
first time with synthetic air (20% O2) and a second time
under reducing conditions with 3.5% H2 to observe the
chemical reduction of CZO during the temperature ramp.
Typical microwave signals (fres (blue),Q0−1 (red line)) dur-
ing the experiment, which were obtained similarly in one
of our previous studies,42 are shown in Figure 3A on the
right axes (exemplarily for Ce0.80Zr0.20O2). Additionally,
a reference measurement of the resonator without sam-
ple is performed (Figure 3A, blue-dashed). From these
changes of the resonance parameters to the reference
measurement, the dielectric sample properties can be
derived.
In analogy to the data of the previous study,42 the res-

onant frequency (Figure 3A) continuously decreases with
temperature during the measurement due to the ther-
mal expansion and increasing permittivity of the resonator
structure (quartz tubes, etc.). The resonant frequencies
of the measurements with powder (red and blue) pro-
ceed parallelly to the empty measurement (black-dashed)
in this phase. The quality factor (Figure 3A) also barely
changes at first. Only at very high temperatures (>500◦C),
the curves diverge increasingly between oxidizing and
reducing conditions as a result of the formation of oxygen
vacancies in CZO.
In another type of experiment, the dependence of the

dielectric properties of CZO on the oxygen partial pres-
sure at a constant temperature of 600◦C is analyzed. By
comparing the sample conductivities σ and their pO2-
dependences, the data can clarify whether powders show
similar defect chemical properties like sintered ceram-
ics or films of the same material investigated in previous
studies.43,52 Even though the electric conductivity of sin-
tered CZO ceramics or coatings has been analyzed many
times in the literature,33–35,52 to the best of our knowledge,
no such studies dealingwith powder samples are available.
In addition, the experiment may provide information on
the correlation of polarization and any polarization losses
that may occur in CZO, which may further add to the
previous understanding of CZO defect chemistry.
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2882 STEINER et al.

F IGURE 3 Microwave experiments for the dielectrical characterization (TM010-data, Ce0.80Zr0.20O2): (A) temperature ramp with fres
(dark blue) and Q0

−1 (red) under oxidizing (20% O2) and reducing conditions (3.5% H2, light blue, red, almost identical) and for the empty
resonator (blue-dashed), (B) stepwise increasing pO2 at 600◦C with the logarithmic changes of fres (blue) and Q0

−1 (red)

Before starting the experiment, the samples were
reduced at 600◦C in the resonator at low pO2 ≈ 10−26 bar
until the defect chemical equilibriumwas established. Tak-
ing the Ce0.80Zr0.20O2 powder as an example, the typical
procedure of the experiment, including the changes in the
resonant parameters, is shown in Figure 3B. High oxygen
partial pressures (10−4 bar ≤ pO2 ≤ 0.2 bar) are gener-
ated via O2/N2 mixtures using mass flow controllers. Low
oxygen partial pressures (10−26 bar ≤ pO2 ≤ 10−19) are
obtained by H2/H2O equilibria. The oxygen partial pres-
sure was measured downstream of the resonator using a
commercial Nernst cell of known temperature (BOSCH
LSF 4.2, 700◦C). Using the Nernst Equation (11) and the
mass action law of the hydrogen–water reaction (12), the
pO2 at the sample location can be calculated, similar to
other studies102:

𝑈Nernst =
𝑅𝑇

4𝐹
ln

𝑝O2

𝑝O2,ref
, (11)

𝐾H2O(𝑇) =
[𝐻2] 𝑝0.5

O2

[𝐻2O]
, (12)

with the universal gas constant R, the Faraday constant F,
the reference oxygen partial pressure 𝑝O2,ref = 0.21 bar, the
temperature-dependent equilibrium constant KH2O, and
the concentrations of hydrogen [H2] and water [H2O].
As shown by the measured Nernst voltage (Figure 3B,

gray) and the calculated pO2 (black) at the sample, the pO2
increases gradually during the experiment. At t≈ 5.5 h, the
transition from reducing to oxidizing conditions occurs. At
the end (t ≈ 7.8 h), the oxygen partial pressure is 0.21 bar.
The (logarithmic) changes in the resonant frequency fres

(blue) and the inverse quality factor Q−1 (red) are shown
in Figure 3B. Both resonant parameters hardly react to
changes in pO2 at low pO2. Although this result was found
similarly for the other CZO powders, this observation rep-
resents a fundamental difference compared to the results
measured for pure ceria. There, a stepwise change of the
resonant parameters and thus of the dielectric parame-
ters with pO2 was clearly detectable also under reducing
conditions.42
After the change to oxidizing conditions (Figure 3B,

t ≈ 5.5 h), especially the signal of the inverse quality factor
Q−1 decreases further with each pO2-step. The change in
theQ−1 signal throughout the experiment spans two orders
of magnitude. Instead, only a small progressive decrease
in resonant frequency is observed at high pO2, which
is consistent with the results found for ceria.42 In sum-
mary, the fundamental behavior of CZO in themicrowaves
experiment is found to be similar to pure ceria; however,
differences can be observed in certain detail. A deeper
analysis with derived dielectric parameters and discussion
of the defect chemical background will be given in the
following chapter.

3 RESULTS AND DISCUSSION

3.1 Effect of temperature on the
dielectric properties of CZO

In this section, the effect of temperature on CZO under
reducing conditions is presented. First, we will consider
the effect of Zr on polarization in the lattice 𝜀′r at room
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STEINER et al. 2883

TABLE 3 Relative Permittivity 𝜀′r of CZO at room temperature

Powder 𝜺′
𝐫

CeO2 22.242

Ce0.80Zr0.20O2 24.5
Ce0.67Zr0.33O2 26.6
Ce0.50Zr0.50O2 27.4
Ce0.33Zr0.67O2 29.0

temperature, which is shown in Table 3. In addition, the
value for pure ceria is also shown, adopted from Ref.
[42]. Apparently, the replacement of Ce sites by Zr4+ ions
leads to a slight increase in the relative permittivity. This
result agrees with other studies that analyzed the dielectric
properties of CZO by impedance spectroscopy or by DFT
studies.103,104 The dielectric losses 𝜀′′r are too small to be
determined at room temperature.
Based on these values, the change in the dielectric

properties at higher temperatures will be analyzed in
the following. Of particular interest is the effect of Zr
on the thermally activated reduction of CZO. Therefore,
the dielectric properties of CZO powders are derived for
oxidizing and reducing conditions from the microwave
experiment (Figure 3A). Additionally, the change in dielec-
tric properties due to chemical reduction is calculated by
the following equation:

Δ𝜀′r = 𝜀′
r,red

− 𝜀′
r,oxi

, (13)

Δ𝜀′′r = 𝜀′′
r,red

− 𝜀′′
r,oxi

, (14)

with the difference of the relative permittivity Δ𝜀′r and
the dielectric loss Δ𝜀′′r , the relative permittivities 𝜀′

r,red
and

𝜀′
r,oxi

under reducing and oxidizing conditions, respec-
tively, and the corresponding dielectric losses 𝜀′′

r,red
and

𝜀′′
r,oxi

. Figure 4A,B shows these data, calculated from the
TM010 mode signal (≈1.18 GHz). Figure 4C,D includes
the corresponding properties determined from the TM020
signal (≈2.62 GHz). In addition to the results on CZO
powders, data from pure ceria (from Ref. [42]) were also
integrated into the diagram.
As can be seen, the properties under oxidizing and

reducing conditions are similar over large parts of the
experiment. Only at temperatures well above 500◦C, the
differences occur and increase with temperature. Then,
under reducing condition, a continuous increase of both
relative permittivity and of dielectric losses is observed.
The latter is expected due to the thermally activated for-
mation of oxygen vacancies and migration of electrons
localized at the Ce3+-cations in CZO.34,35,33 Without going
into detail about the underlying mechanisms at this point
(details in Section 3.2), the focus of this investigation will

be on the differences between CZO powders. In addition,
the results will be compared with the data of pure ceria.
Comparing the data of the different CZO powders with

each other, we find that as the Zr-content y increases,
so does the temperature at which the formation of oxy-
gen vacancies in the material is first observed. Although
the redox behavior in Ce0.80Zr0.20O2 is detectable from
a temperature of T = 530◦C, comparable changes in
Ce0.33Zr0.67O2 do not occur until T = 570◦C. Reduction
in CZO therefore requires higher temperatures as the
Zr-fraction y increases. The temperatures also differ sig-
nificantly from those for pure ceria, where reduction was
observed as early as T = 480◦C. Moreover, the chemi-
cal equilibrium (of the defects) was reached when the
target temperature of 600◦C was met.42 In the case of
CZO, oxygen vacancy formation, or reduction, contin-
ued beyond the experiment. To evaluate this effect, the
morphology must be considered at this point in addi-
tion to the kinetics of oxygen transport. Although the
microstructure of the CZO powders is largely similar
(Section 2.2), the ceria powder in particular exhibits
smaller crystallites and grain sizes. Therefore, the differ-
ences in the behavior of the CZO powders most likely
come from Zr itself, whereas the differences from pure
ceria are also influenced by the microstructure. The cal-
culated activation energy for the formation of oxygen
vacancies of the ceria powder of Ea = 1.03 eV42 already
indicated a large influence of the microstructure in this
case.
It is also noticeable in the data that the signal ampli-

tudes of the dielectric loss are consistently smaller for the
higher resonant mode (TM020) than for the basic mode
(TM010). This fact has already been observed in ceria
and is further evidence that CZO losses are indeed from
small polaron hopping (localized electrons), as smaller
contributions from electronic conductivity to the dielec-
tric losses at higher frequencies can be expected (according
to Equation 5). Therefore, the CZO powders are likely pri-
marily an n-type conductor, as has been confirmed many
times in the literature33–35-including ourmeasurements on
sintered ceramics or PLD films.43 In addition, proton con-
duction has also been observed in the literature in ceria
and CZO, which arises from an interaction with hydro-
gen and water vapor at the surfaces, forming hydroxyl and
hydride species. The effect is favored by samples with a
high surface area (grain size: nm range) at low temper-
atures (200–350◦C).105 In our study, there is no evidence
of significant contribution from proton conduction. More-
over, as the CZO particles are relatively large (μm-range,
crystallite sizes > 100 nm) due to the solid-state reaction
route of synthesis and the high experiment temperatures
(600◦C), a significant contribution seems unlikely in this
study.
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2884 STEINER et al.

F IGURE 4 Difference of the dielectric parameters of CZO powders between heating under oxidizing (20% O2) and reducing conditions
(3.5% H2): (A) of relative permittivity Δ𝜀′r and (B) dielectric loss Δ𝜀′′r according to TM010-signal (≈1.18 GHz); analogously (C and D) according
to TM020-signal (≈2.62 GHz). Included are data from CeO2.42

3.2 RF-analysis of the CZO defect
chemistry

In another experiment, the CZO powders were investi-
gated at 600◦C and different pO2 values. Figure 5 demon-
strates the correlation of the dielectric properties with pO2
for all investigated CZO powders. In the figure, the left
axes show the change in relative permittivity,Δ𝜀′r, that rep-
resents the additional polarization occurring due to the
formation of oxygen vacancies. Only this part of the per-
mittivity is expected to be a function of the oxygen vacancy
concentration, that is, the pO2. Accordingly, the part of
the permittivity originating from the lattice itself (𝜀′

r,L
) is

subtracted:

Δ𝜀′r = 𝜀′r − 𝜀′′
r,L

. (15)

This consideration is obsolete for dielectric losses, as
losses due to oxygen vacancy formation dominate in CZO,
as many times shown in literature.33–35,55,56 Therefore, it
may be expected that 𝜀′′r , shown on the right axis (Figure 5),
is generally a function of the pO2.
Figure 5A,B shows the relative permittivity 𝜀′′r and the

dielectric loss 𝜀′′r for y = 0.20 (Ce0.80Zr0.20O2), respec-
tively, determined from the TM010 (≈1.18 GHz) and
TM020 (≈2.62 GHz) signal data. Parts (C and D) include
the results for y = 0.33 (Ce0.67Zr0.33O2), (E and F) for
y = 0.50 (Ce0.50Zr0.50O2), and (G and H) for y = 0.67
(Ce0.33Zr0.67O2). Basically, the powders behave similarly.
The dependences on pO2 also agree with the powder data,
even independent of mode. The dielectric properties of

all CZO powders are almost constant at low pO2, with
high values for Δ𝜀′r and 𝜀′′r . Under these conditions, the
inhibition of the hopping mechanism by high oxygen defi-
ciencies δ seems likely.21,22,34,43,56 An investigation of the
non-stoichiometries in CZO using resonant nanobalance
on PLD films (again fabricated from the same material)
also supports this hypothesis. The measurements showed
that much larger oxygen deficiencies δ exist in CZO com-
pared to CeO2 at these conditions.43,52 At high pO2, both
dielectric properties Δ𝜀′r and 𝜀′′r decrease with increasing
pO2, which is typical for CZO at 600◦C, as oxygen vacan-
cies are filled up and fewer electrons are available for small
polaron hopping.33–35
For a more detailed analysis in this range

(10−3
≤ pO2 ≤ 0.20 bar), the 𝑝𝑚

O2
-dependence m of

CZO powders was determined. The results are shown in
Table 3. For Ce1−yZryO2−δ powders with 0.20 ≤ y ≤ 0.50%,
similar dependences on the 𝑝𝑚

O2
are found in the range

−1/6 < m < −1/4. Correlations of this magnitude are
typical for CZO materials whose properties depend on
both intrinsic oxygen vacancies due to chemical reduc-
tion (Equation 1, m = −1/6) and from extrinsic oxygen
vacancies by aliovalent acceptor-type dopants (Equation 3,
m = −1/4). Corresponding observations were also made at
600◦C in one of our previous studies using DC conductiv-
ity measurements on sintered CZO ceramics synthesized
from the same material.43,52 A direct comparison to these
results is given in Table 3.
Regarding the 𝑝𝑚

O2
-dependencem at high pO2, a slightly

different reactionwas observed for Ce0.33Zr0.67O2, the pow-
der with the highest Zr content (Figure 5G,H). In our
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STEINER et al. 2885

F IGURE 5 Correlation between dielectric parameters (𝜀′r and 𝜀′′r ) of CZO and pO2: results for Ce0.80Zr0.20O2 at (A) TM010 (≈1.18 GHz) and
(B) TM020 (≈2.62 GHz) modes; analogously (C and D) for Ce0.67Zr0.33O2; (E and F) for Ce0.50Zr0.50O2; (G and H) for Ce0.33Zr0.67O2

TABLE 4 Comparison of 𝑝𝑚
O2
-dependences (range:

10−3
≤ pO2 ≤ 0.20 bar) of the CZO powders (this RF study, TM010

mode, ≈1.18 GHz) with sintered CZO ceramics (4-wire
measurement, original data from Ref. [43]), made from the same
material

Sample

pO2m-dependencem
Powder Sintered ceramic43

Ce0.80Zr0.20O2 −1/5.27 −1/4.48
Ce0.67Zr0.33O2 −1/5.55 −1/4.67
Ce0.50Zr0.50O2 −1/4.31 −1/5.04
Ce0.33Zr0.67O2 −1/7.48 Almost insensitive

previous study the sintered ceramic was almost insen-
sitive to pO2.52 From the microwave data, a small 𝑝𝑚

O2
-

dependence of m < 1/7 (Table 4) can be derived. Studies
investigating CZO with y > 0.50% showed that for high
Zr contents the strain in the lattice decreases again and,
consequently, the formation of oxygen vacancies is less
favored.23,34,37 At the same time, ionic conductivity in CZO
plays an increasing role at temperatures of 600–800◦C. As
ionic conductivity is of extrinsic nature (determined by

acceptor-type impurities), it is also not a function of the
pO2. In the case of mixed conductivity (ionic and small
polaron), only low 𝑝𝑚

O2
-dependences m are expected,33,52

as we observed for both the Ce0.33Zr0.67O2 powder and the
sintered ceramic (Table 4). Overall, the material behavior
under these conditions is typical for CZO and is in good
agreement with the literature.23,33,34,57,68
In a next step, the dielectric losses in the CZO powders

obtained from the microwave measurements are com-
pared with measurements on sintered ceramics. In the
previous study on pure ceria, this comparison in partic-
ular has provided clear evidence that the microstructure
of CeO2 has a decisive effect on the defect concentra-
tions and, consequently, on the (di)electrical properties of
the material. In order to determine the electrical conduc-
tivity of the CZO powders, we first assume, in analogy
to Ref. [42], that the polarization losses are negligible
compared to the ohmic losses in CZO (𝜀′′

Pol
≪

𝜎

2𝜋𝑓𝜀0
).

This assumption allows for a direct determination of the
conductivity losses. We will return to why this simplifi-
cation can be considered legitimate for CZO at a later
time.
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2886 STEINER et al.

F IGURE 6 Comparison of the conductivities σ of CZO from
the microwave measurement with the 4-wire measurement on
sintered ceramics (gray, from Ref. [43]) over pO2 at 600◦C: (A)
Ce0.80Zr0.20O2; (B) Ce0.67Zr0.33O2; (C) Ce0.50Zr0.50O2; (D)
Ce0.33Zr0.67O2. TM010: red, ≈1.18 GHz, TM020: blue, ≈2.62 GHz,
TM030: green, ≈4.16 GHz

Figure 6 shows the conductivities of CZO calculated
from microwave data at 600◦C over the pO2 for (A)
Ce0.80Zr0.20O2, (B) Ce0.67Zr0.33O2, (C) Ce0.50Zr0.50O2, and
(D) Ce0.33Zr0.67O2. The data include the results of TM010
(red, ≈1.18 GHz) and TM020 (blue, ≈2.62 GHz) modes.
Additionally, the conductivities of their sintered counter-
part are plotted for comparison (gray, from Ref. [43]). Due
to the lower signal quality of the TM030 mode (≈4.16 GHz),
the data of the TM030 mode (green) are only meaningful
at large signal amplitudes and are therefore listed exclu-
sively at low pO2. The same holds for the TM020 mode
in Figure 6D. For details on resolution limits and details
on the corresponding modes, we refer to our previous
work41,43 in this context.
As the comparison in Figure 6 shows, the losses in

the CZO powders are close to findings for the sintered
ceramics and the individual modes suggest similar level
of conductivity σ. At high pO2, identical values and 𝑝𝑚

O2
-

dependencies for the ohmic losses in the CZO are obtained
for 0.20 ≤ y ≤ 0.50 (Figure 6A–C). The similar prop-
erties also suggest that the microstructure only plays a
minor role in CZO. These observations are also consistent
with findings from comparable studies by other research
groups.19,20,33,35 Only at a Zr content of y = 0.67, higher
losses are observed for the powder than for the sintered
ceramic (Figure 6D). The higher 𝑝𝑚

O2
-dependence (Table 4)

suggests that significantly more oxygen vacancies exist in

the powder. The sintered ceramic, on the other hand, is
likely to be primarily affected by ionic conductivity.
Now focusing on low pO2, both samples (powder and

sintered ceramic) are insensitive to the pO2 due to the
inhibition of small-polaron hopping caused by large non-
stoichiometries δ in CZO.21,23 However, generally lower
losses for the powders are observed than for the sin-
tered ceramics. Based on the defect chemistry model for
CZO, there is no plausible explanation why a CZO powder
should have lower vacancy concentrations than a sintered
ceramic of the same material under the same conditions.
Instead, we assume that this effect is due to measurement
restrictions of the microwave method itself. Due to the
high conductivity in CZO at low pO2, the penetration depth
of the electromagnetic microwaves decreases drastically
and an additional weakening of the electric field within
the sample is likely. An estimation of the propagation of
electromagnetic waves in the GHz range suggests that the
penetration depth for permittivities and electrical conduc-
tivities typical for CZO under reducing conditions drop to
the mm range (note: sample diameter 10 mm). Although
the exact dimension of this effect is unclear and is also
beyond the scope of our study, a weakening of the electric
field nevertheless seems likely. Such an effect would lead
to lower signal amplitudes. The real losses occurring in
the samples would therefore be larger than determined by
the microwave measurement. One indicator of this effect
is even provided by measurement: The conductivities of
CZO under reducing conditions decrease slightly with the
zirconium fraction y (Figure 6), both in the 4-wire and
in the microwave measurement. At the same time, the
difference between both measurement methods decreases
with lower conductivities of the samples. As the field-
weakening effect correlates with higher conductivities σ
of the sample, this results can be entirely expected in the
experiment.
To conclude this section, we will now return to the

question of whether polarization losses 𝜀′′
Pol

in CZO can
indeed be neglected (𝜀′′

Pol
≪

𝜎

2𝜋𝑓𝜀0
). Similar to the study

on pure ceria, several indications can be found in the
data, which justify the assumption: (1) Studies on con-
ductivities and their dependences for the CZO powders
(Figures 5 and 6) showed good agreement with sintered
samples of the same material43,52 and also with litera-
ture from other groups.21,23,33,68 If there are other losses
in CZO besides conductivity σ, the measured losses in the
microwave measurement should have been higher (and
possibly even show other dependences). (2) In a multi-
modal microwave analysis, the measured losses decrease
with the higher modes for CZO, which is pictured in
Figure 7 for the Ce0.80Zr0.20O2 powder. For this purpose,
the data at low pO2 were used, as here the intrinsic small
polaron hopping induced by vacancy formation is the
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F IGURE 7 Correlation of the dielectric losses 𝜀′′r of
Ce0.80Zr0.20O2 and the inverse microwave frequency at low oxygen
partial pressures pO2

dominant conductivity mechanism. The presented data
include the information of all three recorded TM modes.
The figure indicates a proportional correlation between the
measured dielectric losses 𝜀′′r and the inverse microwave
frequency (f)−1. Considering Equation (5), this result is
a clear indicator that the losses in CZO originate pri-
marily from the conductivity σ, that is, small-polaron
hopping. Conversely, this also confirms that polarization
losses hardly play a role in CZO and consistently jus-
tifies the former assumption. Although small polaron
hopping is generally accepted for CZO, the confirma-
tion of the CZO defect model using microwaves (GHz
range) is a new approach that has not been presented
before.
Overall, the results are consistent with literature and

are in-line with our earlier microwave investigations.42
The derived defect mechanisms are also in good agree-
ment with the current understanding of the CZO defect
chemistry.

3.3 Impact of Zr on defect chemistry of
CZO

In this chapter, the effect of the Zr content y on the elec-
trical conductivity of the CZO powders is analyzed in this
section, and compared with the data from pure ceria.42
Figure 8 shows the electrical conductivity of the CZO pow-
ders with the Zr content at 600◦C (A) at high pO2 (10−3 bar)
and (B) at low pO2 (10−23 bar). As shown in (A), the
conductivity of CZO increases initially at oxidizing con-
ditions due to the strain in the crystal (0.20 ≤ y ≤ 0.33)
but decreases noticeably at higher y. Similar correlations
are observed for reducing conditions (B). The microwave
results for CZO therefore suggest that the incorporation
of Zr4+ into the lattice leads to a higher concentration of

oxygen vacancies and increases the practically achievable
oxygen non-stoichiometry δ in CZO, as long as the Zr con-
tent is not too large. The fundamental findings agree with
results documented for sintered ceramics and PLD coat-
ings (the same material).43,52 The effect can be explained
by the so-called size effect. Thereby, the small Zr4+ cations
energetically favor the formation of oxygen vacancies at
Ce-lattice sites.58–60
Furthermore, the conductivity of CeO2 compared to

CZO at high pO2 (A) differs from those at reducing con-
ditions (B). Although the ceria powder shows similar
conductivities as CZO (y = 0.20, . . . , 0.33) at high pO2,
the conductivity is significantly lower compared to CZO
at low pO2. The reason for this effect is assigned to the
effect of microstructure on the nanocrystalline CeO2 sam-
ple. Therefore, at high pO2, the ceria properties are affected
by the energetically favored reduction of the near-surface
regions and cause similar conductivities like in CZO.19,69,70
This hypothesis was also confirmed by the low activa-
tion energy for the defect formation of the ceria powder
sample.42 On the other hand, samplemorphology becomes
less important at low pO2. As the pO2 decreases, more and
more oxygen vacancies are formed in deeper layers of the
material. Here, higher oxygen non-stoichiometries δ can
be achieved in CZO, which in turn can be attributed to
the “size effect” that energetically promotes the release of
oxygen near Zr sites.58–60 As a consequence, much higher
conductivities are observed in CZO (compared to ceria).
Due to the assumed field weakening in the measurement
(see the previous section), it can also be assumed that the
effect in the measurement is rather underestimated and
the real effect is probably even larger.
As a last step in our analysis, the effect of Zr on the

polarization and therefore on the permittivity of the mate-
rial will be examined, in particular, how the formation of
oxygen vacancies affects the polarization in CZO. Figure 9
shows the change in the relative permittivity Δ𝜀′r by the
chemical reduction of CZO at 600◦C. The changeΔ𝜀′r is ref-
erenced to the polarization properties of CZO at reducing
(pO2 = 10−23 bar) and oxidizing conditions (pO2 = 0.21 bar)
(similar to Equation 13).
The increase in polarization due to reduction in ceria

is much weaker compared to CZO. A maximum can be
observed at y ≤ 0.20, with a slightly decreasing tendency
at higher Zr fractions. The observation correlates with the
results on CZO conductivity (Figure 8B). Therefore, the
data suggest that the increasing polarization is directly
associated with the formation of oxygen vacancies in CZO.
A comparison with the values for 𝜀′r at room temperature
(Table 3) shows that the increase in relative permittivity
Δ𝜀′r due to vacancy formation is similar in magnitude to
the polarization in the lattice in stoichiometric CZO. Oxy-
gen non-stoichiometry therefore leads to approximately a
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F IGURE 8 Effect of Zr concentration y
on the electrical conductivity σ of
Ce1−yZryO2−δ powders at 600◦C: (A) high pO2
(10−3 bar); (B) low pO2 (10−23 bar)

F IGURE 9 Effect of Zr concentration y on the change of
relative permittivity Δ𝜀′r of the Ce1−yZryO2−δ powders (between
pO2 = 10−23 bar and pO2 = 0.21 bar) at 600◦C

doubling of the total relative permittivity in CZO, with the
highest effect for Ce0.80Zr0.20O2. The higher relative per-
mittivity 𝜀′r in reduced ceria and CZO was also reported
in other studies.103,106 Nevertheless, the question remains
what kind of mechanism causes the increase in polariza-
tion. We have already made some proposals for this in our
previous publication.42 The reduction of CZO (according
to Equation 1) leads to the formation of oxygen vacancies in
the lattice with two reduced Cer3+ cations with additional
electrons e−. The result is a (twofold) positively charged
(empty) oxygen site and a negatively charged Ce site (com-
pared to the original configuration in the lattice), which
might induce an additional dipole moment.

4 CONCLUSIONS

In the present study, the dielectric properties of CZO
were investigated by the MCP method. Ceria–zirconia
solid solution powders with a wide range of compo-
sitions (y = 0.2, 0.33, 0.50, and 0.67) were subject of
the study. The effect of temperature on the reducibility
of CZO was analyzed in a first step. Here, Zr in ceria
was found to inhibit the kinetics of oxygen exchange
at low temperatures. Experiments related to dielectric
losses at 600◦C and a large pO2-range confirmed that CZO

allows high oxygen vacancy concentrations (or oxygen
non-stoichiometries δ) at low pO2, especially compared to
pure ceria. An analysis of the fundamental defect mech-
anisms suggests that at low pO2, the inhibition of the
small-polaron mechanism also occurs due to high oxy-
gen non-stoichiometries.21,33,57 Instead, the oxygen partial
pressure dependencies at high pO2 suggest that both intrin-
sic and extrinsic oxygen vacancies contribute to the overall
conductivity in CZO under these conditions. The com-
parison with sintered ceramics43,52 (of the same material)
suggests that identical mechanisms dominate in both sam-
ple sets and, unlike CeO2,42 microstructure plays only a
minor role in CZO. Moreover, for the first time, we used
a multimodal microwave approach and found evidence
that the conductivity in thematerial is indeed of electronic
origin (small polarons). On the other hand, polarization
losses in the CZO are not significant. Furthermore, the
chemical reduction of CZO was observed to be accompa-
nied by a stronger permittivity, which correlates with the
concentration of oxygen vacancies in CZO. Thus, our study
is one of the few to use microwaves to characterize CZO
powder samples and provides a comprehensive data set for
the dielectric properties of CZO that has not been shown
before. The results are consistent with the understanding
of the CZO defect chemistry and are in good agree-
ment with findings from our previous fundamental- and
application-oriented studies.41–44,50,52 The data set about
the correlation between defect chemistry and the dielectric
properties of CZO can also provide valuable information
for themicrowave-assisted diagnosis of CZO-based oxygen
storage and electrolyte materials.
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