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ABSTRACT

Featuring high levels of achievable oxygen non-stoichiometry 4§, Ce;_,Zr,
O,_; solid solutions (CZO) are crucial for application as oxygen storage mate-
rials in, for example, automotive three-way catalytic converters (TWC). The use
of CZO in form of films combined with simple manufacturing methods is
beneficial in view of device miniaturization and reducing of TWC manufac-
turing costs. In this study, a comparative microstructural and electrochemical
characterization of film and conventional bulk CZO is performed using X-ray
diffractometry, scanning electron microscopy, and impedance spectroscopy. The
films were composed of grains with dimensions of 100 nm or less, and the bulk
samples had about 1 pm large grains. The electrical behavior of nanostructured
films and coarse-grained bulk CZO (x > 0) was qualitatively similar at high
temperatures and under reducing atmospheres. This is explained by dominat-
ing effect of Zr addition, which masks microstructural effects on electrical
conductivity, enhances the reducibility, and favors strongly electronic conduc-
tivity of CZO at temperatures even 200 K lower than those for pure ceria. The
nanostructured CeO, films had much higher electrical conductivity with dif-
ferent trends in dependence on temperature and reducing atmospheres than
their bulk counterparts. For the latter, the conductivity was dominantly elec-
tronic, and microstructural effects were significant at T < 700 °C. Nanostruc-
tural peculiarities of CeO; films are assumed to induce their more pronounced
ionic conduction at medium oxygen partial pressures and relatively low tem-
peratures. The defect interactions in bulk and film CZO under reducing con-
ditions are discussed in the framework of conventional defect models for ceria.
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Introduction

Ceria/ zirconia mixed oxides Ce;_,Zr,O,_s (CZO) are
crucial components of state-of-the-art technologies to
minimize hazardous emissions of combustion engi-
nes in the environment. The most known devices to
rely on CZO are the three-way catalytic converters
(TWC) used for after treatment of the exhausts of
most gasoline-powered vehicles [1-6]. The interest in
CZO is motivated by its outstanding catalytic prop-
erties due to its much lower reduction enthalpies and
higher levels of attainable oxygen non-stoichiometry
0 and, hence, its superior oxygen storage or release
capacity, in contrast to pure CeO,_; [4-16]. The
development of oxygen non-stoichiometries (facili-
tated by high temperatures and decreasing oxygen
partial pressure, pO,) in ceria-based compounds is
caused by the loss of oxygen and related formation of
positively charged oxygen vacancies that are com-
pensated by conduction electrons (reduced Ce). They
enhance the electrical conductivity ¢ [14-17], which,
thus, becomes an indirect measure of the reduction
degree. In nominally undoped CZO, the favorable
effect on the conductivity is assigned to the substi-
tution of Zr for Ce. It exerts strain on the crystal lat-
tice, thus, favoring an extensive formation of oxygen
vacancies, which is associated with structural relax-
ation through reduction of Ce*" to Ce®" ions. This
boosts the electronic transport at considerably higher
pO, and lower reduction temperatures than for pure
CeO,_; [4, 7, 10-13]. Despite the obvious influence of
Zr addition, the reduction kinetics also depends upon
structural peculiarities of the catalyst materials, e.g.,
on extended surfaces and on grain boundaries (GB)
in thin films or nanostructured bulk ceramics
[4, 7, 10, 18-26]. In these low-dimensional CZO
morphologies, even a further decrease in the reduc-
tion enthalpy and a strong increase in the electrical
conductivity over that of bulk materials with coarse
grains can be expected [24-28]. This implies larger
non-stoichiometries for a given set of temperatures
and pO,. From an application point of view, under-
standing the relations between microstructure and
reducibility combined with utilization of simple fab-
rication methods would allow for the development of
Ce;_.Zr,O,_; films with superior catalytic properties,
paving the way toward less costly high-performance
miniaturized TWCs.
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Previously, we reported on the high-temperature
electrical conductivity (¢) and non-stoichiometry (9)
of Ce;_,Zr,O,_s films in oxygen-deficient atmo-
sphere [29], where DC measurements and impedance
spectroscopy were applied for determining J, in
conjunction with a resonant nanobalance method. A
correlation between the conductivity ¢ and non-stoi-
chiometry ¢ of CZO films in terms of slopes derived
from log-log representations of their pO,-depen-
dences at 800-900 °C was evident. However, at lower
temperatures (600-700 °C), the conductivity of CZO
films, especially of pure CeO,_; barely correlated
with the non-stoichiometry parameter 6. The ques-
tion arose, whether the observed phenomena were
specific to the fact that studied Ce;_,Zr,O,_; were
films. To address this question, the present study
aims to compare the electrical conductivities of bulk
ceramics and films of Ce;_,Zr,0O,_s with 0 <x
< 0.67, basing on the fundamental prerequisite that
they were prepared from the same starting materials
to exclude different impurity levels. This should
enable us to figure out whether possible differences

(1) are specifically related to the dimensions and
microstructures of films or

(2) whether the electrochemical behavior of bulk
and film Ce;_,Zr,O,_s could be equally
described in the framework of conventional
bulk defect chemical models for ceria
derivatives.

The starting point is the microstructural charac-
terization of both types of CZO samples. Subse-
quently, their electrical properties are measured and
analyzed by impedance spectroscopy in two- and
four-electrode configurations.

Materials and methods

Bulk ceramic specimens of CeO,—ZrO, solid solutions
(Ce;_Zr,Oy_s5; CZO; 0 < x < 0.67) were fabricated
by solid-state reactions with calcination and sintering
at 1650 °C as in details reported in our previous work
[29]. The resulting pellets served as targets for pulsed
laser deposition (PLD) of CZO films onto sapphire
substrates (Al,O3) using a 248 nm excimer KrF laser
(COMPex, Coherent, Inc., Santa Clara, USA) operated
at pulse rate of 10 Hz with 200 m] pulse energy. The
depositions were conducted in an evacuated chamber
(5 x 10*~10> Pa during sputtering) with no



J Mater Sci (2021) 56:17191-17204

intentional heating of the substrates. After deposi-
tion, the films were heat-treated in air at 900 °C for
1 h in order to restore the oxygen stoichiometry [29].

The Ce;_Zr,O,_s pellets and films were charac-
terized by X-ray diffraction (XRD) in parallel beam
(20-w) geometry enabled by Gobel mirror within
20 = (25—-100)° with 0.02° resolution and 1300 s
integration time per step using the Bruker D8
ADVANCE X-ray diffractometer (Bruker AXS
GmbH, Karlsruhe, Germany) with a Cu-Koy + Cu-
Ko, radiation (4 =1.5419 A). The pre-calibrated
instrumental line broadening profile of the diffrac-
tometer was available from the device manufacturer,
which enabled estimation of crystallites sizes by
Scherrer’s equation [30]. A whole pattern fitting
combined with a Rietveld refinement (WPF) [31, 32]
was implemented for further evaluation of crystal-
lographic properties of CZO. The microstructural and
elemental analysis of Ce;_,Zr,O,_s was performed
with scanning electron microscope and energy-dis-
persive X-ray spectroscopy (SEM/EDS, CamScan 44,
CamScan Electron Optics Ltd., Waterbeach, UK) and,
additionally, with a high-resolution SEM (Omicron
NanoSAM, Scienta Omicron AB, Uppsala, Sweden).
With a confidence level of 95.4%, the uncertainties of
the determined elemental fractions were about 1.5%
for Ce and Zr and 3.2% for oxygen. The Ce;_,Zr,O,_;
bulk samples and PLD targets also contained non-
intentional impurities of several 100 ppm [29], which
may cause the formation of extrinsic oxygen vacan-
cies (see sec. 3.3).

For electrical conductivity measurements, the bulk
1.5-2-mm-thick CZO pellets were cut into about
8 mm-long and 2.1-3.5 mm-wide bars. The PLD
Ce;_Zr,0, s films had a size of 8 x 8 mm? and
thicknesses of about 2 pm (x = 0, 0.2 and 0.33) and
4-5 pm (x = 0.5, 0.67). The electrical conductivity of
bulk and film CZO was analyzed in the four- (IS4)
and two-contact (IS2) configuration, respectively, by
impedance spectroscopy (IS) using the Solartron 1260
impedance gain-phase analyzer assisted by the high-
impedance measuring bridge Solartron 1296 (So-
lartron Analytical, Leicester, UK). Two ring Pt elec-
trodes were bound at the edges of the bulk bars
(current leads) and another two ring electrodes—at
4-6 mm from each other in the middle of the bars
(voltage leads). For films, two stripe electrodes were
applied 2-4 mm away from each other by screen
printing of a Pt paste and firing at 900 °C for 1 h in
air. The uncertainties of geometric parameters for
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bulk and film samples are typically 1.5%, and the
accuracy of average thicknesses of films is within
error margins of 3.2-11.3%. The studied specimens
are depicted in Fig. 1. The IS4 data were taken in a
frequency range of 1-10” Hz with a rms AC voltage
amplitude of 20 mV and the IS2—in the range of
10-10° Hz and a rms AC voltage of 50 mV. From the
differences in both spectra, one may identify elec-
trode effects [33] and exclude them from further
interpretation of true electrical conductivity of CZO.

Additionally, the DC electrical conductivity of bulk
and film CZO was determined in two-contact con-
figuration (also applied for IS2 of bulks) by a Keithley
DVM 2700 digital multimeter (Keithley Instruments,
Solon, OH, USA). The conductivity was measured
under isothermal conditions at 600, 700, 800, and
900 °C in a gastight furnace with a temperature
control enabled by the Type S thermocouple located
in the vicinity to the measured samples and by a
Pt100 thermoresistor compensating the temperature
drifts at the cold end of the thermocouple. To estab-
lish reducing atmosphere in the chamber, i.e., oxygen
partial pressures pO, between 107° and 0.2 bar, the
oxygen ion pump technique was applied [34]. Small
0O, amounts were admixed to the flow (20 mL/min)
of a reducing gas mixture (99.5% Ar-0.5% H,). The
uncertainty of evaluated electrical conductivities was
in the range of 2-4% for bulk and 3-6% for film
specimens. Since the sample dimensions do not
contribute in the determination of slopes in ¢(T) and
o(pO,) dependences of electrical conductivity, the
uncertainties of these coefficients were lower and
amounted to about 3%.

Pt

Figure 1 Schematic representation of bulk (left) and film (right)
Cey_,Zr,0,_s samples and corresponding contact configurations
for IS and DC measurements of their electrical conductivity.

@ Springer
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Results and discussion

In order to elucidate the possible differences in the
temperature- and pO,-dependent behavior of film
and bulk ceramic ceria/zirconia mixed oxides, first a
comparative study of their microstructural peculiar-
ities is performed. Then, the analysis of temperature
dependences of their electrical conductivity in air and
in reducing atmosphere using the impedance spec-
troscopy in 2- and 4-electrode configurations is
conducted.

Microstructural and chemical
characterization of Ce;_,Zr,O,_;

The starting point is the microstructural characteri-
zation of CZO by XRD and SEM/EDS. In Fig. 2,
typical XRD patterns for bulk samples and PLD films
are compared. Table 1 provides the relevant charac-
teristics of Ce;_,Zr,O,_;, extracted by the WPF. The
ceria-rich compounds (x =0, 0.2 and 0.33) crystal-
lized in face-centered cubic phase of the CaF,-type
(Fm 3 m) [35], and ZrO,-rich materials (x = 0.5, 0.67)
crystallized in metastable tetragonal P42/nmc phase
[36]. The CZO films were found to fairly reproduce
the crystalline structure of their bulk counterparts.
However, we note a preferred orientation of the cubic
CZO on sapphire, which is evidenced by the sup-
pression of reflections that correspond to planes
parallel to or inclined toward the a-axis (e.g., the (200)
and (311) reflections in Fig. 2). Similar results for

CeO,-based layers on Al,O5 substrates were reported
in [23, 37].

The determined lattice parameters are consistent
with those reported in the literature [7, 23, 35, 36]
and, as expected, decrease linearly with increasing Zr
content in cubic samples (Fig. 3, Table 1). The average
grain sizes t., both in bulk and film samples, show a
trend to decrease with increasing Zr content
(Table 1), but in PLD layers on sapphire, the grains
were markedly smaller by a factor of about 20 (up to
40 in case of CeygZry-,0,_s). The above trend is at
least for x = 0 and 0.2 consistent with the literature
[19].

The chemical compositions of PLD and bulk CZO
are also similar (Table 2). The PLD layers on sapphire
are composed of large flat and homogeneous planar
“islands” with lateral dimensions exceeding several
tens of micrometers (Fig. 4b, d). A closer look into the
interior of large planar features (inset in Fig. 4b)
showed an array of regularly dispersed and densely
packed grains with dimensions less than 200 nm.
This agrees well with the grain size as determined by
XRD. We note also the irregularly shaped relatively
large particles randomly dispersed over the surface
of films, whose surface density increased with ZrO,
fraction in the material, as previously reported in
[29]. Within the measurement error, the EDS analysis
of the particles revealed the same composition as the
“islands”.

In contrast to film samples, the microstructure of
bulk specimens is characterized by several

Figure 2 Typical XRD 20 1° 20 1°
proﬁles of Ce|_xZr,O0,_s, (a) . 3|0 L 4]0 L 5|O L 60 (b) ) 3]0 L 4|0 L 5|0 L 6|O
showing a nearly perfect 9 103" CeOz_s film _ & 1 aen Ceg.52Zr0.502_5 film
8 1.0 ——— Measured profile 2 104 Pt == Measured profile
. = ] I = ] p
match with the reference < ——Fitted profile g ©  —Fitted profile
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3 & 054 (220) ® 0.5-
3 m) CeO, and tetragonal -~ Pt x - A (110) @11
1 002
(P42/nmc) CegsZros0,. The 2 _JL l @‘k @2)| 2 J 00 %200 (193 202)
i . = o ]
reflections of platinum 2 T = JL " 2 —t T
. o ERUN Bulk CeOp_; I 4 (19M) Bulk Ceq 5Zro 5025
originate from the electrodes £ 104 ~——— Measured profile e 104 ~——— Measured profile
deposited on the films. a>, — Fitted profile g —— Fitted profile
= 0.5 (220) = 054 (112)
@ 1 (200) T S @ 1 (002){10) %o0) @
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| S I LA /N
s T T PDF#3-1002 - Ce0, S T T PDF#98-1436 - Ceo 5210 502
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30 40 50 60 30 40 50 60
20 I° 20 I°
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Table 1 Lattice parameters and average grain dimensions () of bulk and film Ce;_,Zr,O,_;
Sample composition  Bulk samples Film samples
Lattice parameters in A reinnm R, in %  Lattice parameters in A reinnm R, in %
a b c a b c
CeO, 5.4119(5) 1102 8.4 5.4121(26) 54 49
Ceg.gZrp 20, 5.3520(12) 924 9.5 5.3536(21) 29 6.6
Ceg.67Z210.330; 5.3184(11) 888 10.3 5.3209(86) 48 7.2
Ceg.5Zrp 50, 3.7165(3) 5.3065(4) 792 9.7 3.7208(23) 5.3005(48) 43 6.8
Ceo33Z10.670,° 3.6765(5) 5.271509) 836 9.1 3.6796(42) 5.2676(104) 37 12.1

The numbers in brackets denote the uncertainties in the last digits of lattice parameters

*R, stands for the residual fit error

"The parameters provided only for stable t-phase, though also the metastable +* phase was observed [29, 35]

5.40 -3.75
es ] L
8 535 a2 %\5 . [370
c ] t o F
I ] :
@ 5.30 ﬁ\? -3.65
[} B Ct L
o 1 -~ r
8 5254_ . - 3.60
— 1 This study: N
"-é-' J—=— cubic, film Literature data: -
- 520 _: O cubic, bulk —-B- cub?c 71 _ 3.55
1—¢—tetragonal, film o - cubic [35] C
] & tetragonal, bulk > - tetragonal [36] [

———
0.0 0.2 0.4 0.6 0.8
xin Ceq_,Zr,Op_s

Figure 3 Variation of lattice constants a. for cubic and a, and ¢,
for tetragonal CZO samples with Zr fraction.

micrometer large particles composed of fused, about
1 pm large grains (see, e.g., Fig. 4c), and porosity,'
especially evident in Zr-containing CZO (Fig. 4a, c).

! The density of as-sintered bulk samples (measured by
weighing method and gas pycnometer mircomeritics® Accy-
Pyc 1330, Norcross, USA) was not lower than about 90% of
theoretical density. The estimation of effective conductive
volume of the samples results in conductivity correction of less
than 27%. As in this study, a rather qualitative comparison of
film and bulk CZO is intended, the reported conductivities are
not corrected for porosity.

Temperature dependence of electrical
conductivity of CZO

We applied impedance spectroscopy to find out
whether these microstructural features affect the
electrical behavior of CZO and which phenomena are
responsible for their conductivity behavior at typical
operation temperatures of TWCs. Previously, the
conductivity of CZO films was measured in lateral
direction using the IS2 approach [29]. In this config-
uration, the complex impedance spectra of coarse-
grained ceria typically contain well-separated fre-
quency dispersions (semicircles) corresponding to
grain interior (high-frequency domain) and grain
boundary (GB; low frequency) resistances
[12, 23, 24, 28, 37, 39-41]. As the temperature
increases (or pO, decreases), the high-frequency
contributions become less distinguishable due to the
exponential increase of the characteristic frequency
for bulk transport with temperature [41]. Eventually,
with a diminishing low-frequency part, and some-
times covered by stray capacitances, both contribu-
tions become indistinguishable essentially turning
into a condensed point at the intersection with real
impedance axis [28, 41]. At high temperatures, the
conductivity is, thus, treated as a total conductivity
[23, 28, 37, 41]. In nominally undoped ceria, it was
found to be dominantly electronic [12, 24, 27, 28, 42].
In case of nanostructured materials, with decreasing
grain dimensions, the GB contributions may overlap
with that of the grain interiors, making it hard to
distinguish them [26, 41, 43]. Furthermore, in case of
films, the presence of large stray capacitances (since

@ Springer
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Table 2 Chemical composition of bulk and PLD film Ce;_,Zr,O,_s, evaluated by EDS

Nominal composition ~ Bulk samples

Film samples

Measured content in at.-%

Actual composition

Measured content in at.-% Actual composition

Ce Zr (0] Ce Zr (0]
CeO, 343 - 65.7 CeO1 .92 344 0 65.6 CeO1.9;
CepgZry,0, n/a n/a n/a n/a 27.2 6.9 65.9 Ceps8Z19 201 94
Ceg 67219330, 23.8 11.0 65.2 Ceg 687103201 87 23.1 11.2 65.7 Ce 672193301 91
Ceg. 571950, 19.4 15.2 65.4 Ceg.56Z10.4401 39 17.6 17.0 65.4 Ceg.51Z19.4901 39
Ceg 3372196707 12.2 21.2 66.6 Cey.37210.6301.99 11.5 21.4 67.1 Ce.35Z10.6502.04

’5 9
N,

——— 20pum

Figure 4 SEM images of bulk (a, ¢) and PLD film (b, d) Ce,_,
Zr,0,_;. The inset in (b) shows high-resolution SEM of CeO,_;
“island” microstructure. Images (a, ¢ and d) are acquired in back-
scattered electron contrast mode, showing a single-phase nature of
the samples. The cracks observed in CeO,_; films are expected to
close at increased temperatures due to combined action of thermal
and chemical expansion, inherent for ceria [29]. A thermal
expansion mismatch between film and substrate Aa is estimated to
be ~ 5 ppm/K [29]. With chemical expansion coefficient of 0.1
for ceria ([38]), for the temperature increase by 600 K and non-
stoichiometry of 0.01, the total expansion of an “island” is about
0.4%.

the volume between electrodes is small) may mask
the GB-related contribution [23, 27, 28, 37]. Hence, in
this work, we combined the IS4 and IS2

@ Springer

configurations for bulk samples to include the con-
ditions of PLD films characterization of our previous
work [29].

In Fig. 5, typical complex resistivity p”'(p’) spectra
for bulk and film Ce;_,Zr,O,_s at moderate temper-
atures and oxidizing conditions are presented (with
p  and p”’ being the real and imaginary components
of complex resistivity, respectively). For bulk CZO
materials, two semicircles on the p”(p”) plots are
obtained with an IS2 approach, whereas only one
semicircle is resolved with IS4 (Fig. 5a, inset of
Fig. 5b). The high-frequency part (first semicircle
from 0 to about 550 Qm in Fig. 5a) of IS2 and the
single semicircle from IS4 overlap, suggesting the
same localization and mechanism of this charge
transfer contribution in the samples. We attribute it to
the grain interior conductivity (index G) o of poly-
crystalline CZO with the resistance R and a capaci-
tance expressed by the constant phase element CPEg
accounting for the non-ideal capacitive behavior of
the material. The similarity of capacitances on the
order of 107 F, as seen by the least-square fitting
(LS) of the parameters of Rg|CPE; (see EEC in
Fig. 5a) to IS2 and IS4 spectra, supports this
assumption. The Ry in the depicted EEC stands for
the resistance of cables and electrical connections in
the equipment. Obviously, the low-frequency semi-
circle observed in IS2 is eliminated by the IS4
approach. Hence, the charge transfer in this fre-
quency domain contribution can be attributed to the
polarization effects at the interface between the CZO
and Pt-electrodes [33, 39, 41, 44-47]. Since the polar-
ization effect is related to a specific measurement
approach, it will not be further evaluated and
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Figure 5 Complex resistivity p”’(p”) spectra for bulk and film
CeO,_; in air (a) and for Ce;_,Zr,O,_; at different oxygen partial
pressures (b). Solid lines represent the LS-fit of IS to equivalent
electrical circuit (EEC) pictured in (a). The insets in (a) show the

discussed. The film CZO specimens showed only one
semicircle in IS2 and, apparently, no polarization-
related contribution.” Similar results were obtained
for impedance spectra of ceria-based thin films
deposited with PLD onto sapphire substrates by
other research groups [23, 27, 37].

Distinguishing between the conductivity via grain
interior (G) and via grain boundary (GB) is practically
impossible when only one semicircle can be evalu-
ated. Insights based on the dielectric constant of the
film are not feasible, as it cannot be calculated due to
the dominating stray capacitance for lateral IS mea-
surements. Hence, in further, we analyze only the
total resistance Riot = Rg + Rgg of films. It is equiv-
alent to our measured DC resistance.

The temperature dependences of gy, for films and
bulk materials in air are shown in Fig. 6a. Despite the
discrepancies in the absolute values of conductivities
(likely, due to uncertainty of sample dimensions and
porosity of bulk samples, see sec. 2) for Ce;_,Zr,O,_s
with x of 0.2-0.5, the slopes in their Arrhenius rep-
resentations are identical within the error margins.
For Cey§Zry,0,_5, the conductivities match. Toge-
ther with linear log(s) vs. 1/T dependences and very
similar activation energies E, for bulk and film CZO
(Table 3), this observation implies that same con-
ductance mechanism occurs in both kinds of materi-
als between 600 and 900 °C. Moreover, the E, values

% For bulk samples, the ratio of length to cross-sectional area is
about 1 mm™', whereas in films, it is 100-250 mm ™. Conse-
quently, the films exhibit much higher resistances, and the
interface polarization becomes negligible.
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Bulk (1S2)
Ceg 8210 202-5

CZO films (1S2)
370 °C; 0.01 bar

® Ceq.8Zro202-5
¢ Ceq.52rg.502-5

—0.2 bar

0 40 80 120 160 200
£ 1Om

equivalent circuit without the electrode contribution that includes
Ry and RG|CPEg (see text, left) and the enlarged IS spectra for
curves boxed in a red frame (right).

are consistent with literature data for bulk- and nano-
Ce,_Zr.Oy_5 [11, 12, 18, 23, 27, 48]. Based on the
similarities observed for bulk and film Ce;_,Zr,O;,_;
(0.2 < x < 0.5), we conclude that the conductivity of
CeO,-ZrO, films is dominated by grain interior
charge transport.

Essential observation is that for bulk Ce;_,Zr,O,_;
with x > 0.2, the grain conductivity component og
constitutes the total conductivity oy of the specimens
at temperatures above 500 °C (Fig. 6b), becoming a
sole conductivity-limiting (i.e., dominant) factor in
the concerned temperature range of 600-900 °C. In
CeO,_s5, 0g becomes dominant only at T > 680 °C
(Fig. 6b). The observed transition is accompanied by
a change in the slope of the log(ss)-1/T representa-
tion, i.e., the conductivity mechanism changes, which
is indicated by a steep increase of E, (Table 3). We
have found that in Zr-containing bulk CZO the
change in the slope occurred when the electrode
component (second semicircle in IS2, e.g., seen only
at T < 500 °C in the inset of Fig. 5b) was no longer
resolved, eventually turning the spectra into a con-
densed point at the intersection with the p“-axis. For
bulk CeO,_; these IS features occurred only at
T > 700 °C or at lower pO,. According to the litera-
ture, such behavior can be ascribed to the transition
from dominant ionic to dominant electronic bulk
conductivity with increasing temperature [28, 41-43].
The evaluated high-temperature E, values of about
2 eV for bulk CeO,_s and 1.5-1.6 eV for Zr-contain-
ing CZO are consistent with those reported for
dominant intrinsic electronic conduction of CeO, and

@ Springer
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Figure 6 Temperature dependences of electrical conductivities of Ce;_,Zr,O,_s in air (a) and of the grain interior (¢g) contribution in

total electrical conductivity oy of bulk CZO (b).

Table 3 Activation energies E, (in eV) of conductivities for film and bulk Ce;_,Zr,O,_s as derived from IS2 and 1S4 complex impedance

measurements

Nominal composition Total conductivity g, 600-900 °C

Grain interior conductivity og (bulk CZO; 1S2)

Film (IS2) Bulk (IS4) Moderate temperatures High temperatures
CeO, 1.33 £ 0.15 2.02 +£0.14 0.78 £+ 0.1 (450-650 °C) 2.09 £+ 0.16 (700-900 °C)
Cep.gZr9,0, 1.50 & 0.11 1.50 & 0.09 0.27 4+ 0.04 (350450 °C) 1.43 + 0.14 (500-700 °C)
Ceg.67219330, 1.60 £+ 0.13 1.56 &+ 0.12
Ce 5710 505 1.66 & 0.16 1.70 & 0.14
Ceo_33Zr0_6702 1.56 £+ 0.19 1.25 £+ 0.08
CZO at elevated temperatures in literature conductivity at temperatures below 750 °C [12]. Our

[11, 12, 24, 27, 42, 48]. Noteworthy, the conductivity
activation energy includes the reduction enthalpy H,
and migration enthalpy H,, (E, = H,/3 + H,,), where
H,, = 0.35-0.4 eV describes the small polaron hop-
ping mechanism [11]. Thereof resulting H, values of
about 4.8 and 3.1 eV are consistent with expected
reduction enthalpies for CeO,_s and Ce;_,Zr,O;_;,
respectively [11, 42]. At low temperatures (before the
transition), the E, values are much lower (Table 3). As
the reduction degree at low temperatures in air is
negligible [14], we suggest that in these conditions
the ionic conductivity via intrinsic Frenkel defects
(intrinsic oxygen vacancies formed according to
CeO, = Cel, +2Ve + 20)) and/or extrinsic oxygen
vacancies introduced by acceptor (A) impurities
(A0; = 2Ace + Vi + 30() dominates. In the latter
case, the electroneutrality of the system requires
compensation by electron holes (concentration fixed
by impurity). They contribute to the electrical

@ Springer

E, value of 0.78 eV for CeO,_; is close to 0.86 eV
reported in [12] for the same temperature range. As
earlier reported in [29], our ceria/zirconia solid
solutions were overall less pure than CeO,_;, which
may explain the lower E, for conductivity of Ce;_,
Zr,O,_s at low temperatures. In summary, we sug-
gest that the changes in the apparent activation
energies of conductivity depicted in Fig. 6b and
Table 3 describe the transition from thermally acti-
vated extrinsic impurity-controlled (mixed) charge
transport at low temperatures to intrinsic reduction-
controlled transport at high temperatures. In the lat-
ter  regime, the  concentrations  equation
[Ceg.]=2[VE] = 26 applies, and, due to much higher
mobility of electrons, the conductivity is dominantly
electronic.

As stated earlier, the conductivity behavior of film
and bulk Ce;_,Zr,O,_s was qualitatively similar.
Meanwhile, pure ceria films show almost two orders
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of magnitude higher electrical conductivity and
much lower E, in contrast to bulk samples. According
to the literature, this is an expected behavior
explained by the impact of the higher GB density in
nanostructured materials, which facilitates the charge
transfer and decreases the apparent activation energy
of oot [23, 24, 26, 27, 43].

All in all, the insights from the temperature
dependences of o of CeO, and CZO with respect to
practical application point on the obvious beneficial
effect of substituting Zr for Ce. That is, the addition of
Zr, essentially, greatly decreases the reduction
enthalpy and leads to a strongly dominating elec-
tronic conductance of Ce;_,Zr,O,_; at temperatures
even about 200 K lower than for pure CeO,. Hence,
the Ce;_,Zr,O,_s mixed oxides are mainly electronic
conductors in a much broader temperature range
than pure CeO, and, compared to effect of Zr addi-
tion, the influence of their microstructural properties
is marginal. Furthermore, since the dominant elec-
tronic conductivity in ceria/zirconia mixed oxides is
related to the concentration of oxygen vacancies
(oxygen non-stoichiometry ¢) inside the material,
these effects provide also the basis to electrically
determine the actual oxygen storage level of TWC,
either by direct current measurements [49] or by
high-frequency methods [50], supported by the
modelling conducted in [51].

Electrical conductivity of Ce;_,Zr,O,_;
under reducing atmospheres

The analysis of the total electrical conductivity of
Cey_Zr,O,_;s in reducing atmospheres further sup-
ports the conclusion about the crucial effect of Zr
substitution for Ce in CZO materials (Fig. 7). For both
kinds of samples with 0 < x < 0.67, the trends in the
oi dependences on pO, are qualitatively similar and
the negative slopes obtained in the whole studied
range of pO, and at temperatures of 700-900 °C
prove the dominating electronic conduction of CeO,—
ZrO,. Both film and bulk CZO with x > 0.2 show a
classic behavior that can be derived from conven-
tional defect chemical models of ceria and its
derivatives, as described, e.g., in [11, 14, 15, 18, 52].
For discussion of our data, we introduce also small
acceptor (impurity) concentrations (see sec. 2).

At the highest temperature of 900 °C (Fig. 7), the

variation of o with (pOz)fé at moderate pO, transits
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to dependences with lower exponents (hereafter,
designated as —1) at decreased oxygen potentials,
which reflects the transition from intrinsic conduc-
tivity regime (dominated by small polaron hopping
at Ceg,/Ce(, sites [14, 15]) to a conductivity domi-
nated by strong defect interactions, assumed to lead
to the formation of either dimer (Ce,Vgy)® [18, 52] or
trimer (Ceg, Vo Ceg,)” [16] defect associates. In the
former regime, the concentration of intrinsically
generated oxygen vacancies [V lin: is much larger
than that of extrinsic vacancies fixed by acceptor
impurity ([Vglex), and electronic conductivity
strongly exceeds the ionic conductivity that stem
from mobile oxide ion vacancies (6ge >> ogv,) [18].

At lower pO,, the concentration of defect associates

increases, leading to a oG ~ (pOz)f’I'f dependence with
4 <n<6 [18, 52]. Following that, with further
decreasing of oxygen partial pressure, the electrical
conductivity reaches a plateau/maximum, which
corresponds to the condition when concentrations of
reduced and non-reduced cerium ions become equal
[Ce’*] = [Ce*'] and, consequently, the small polaron
hopping mechanism can no longer be supported [11].
At even further decrease in oxygen potential,
[Ce’*] > [Ce*™] applies, and the conductivity
decreases. This behavior is clearly evidenced at
highest temperatures for Ce;_,Zr,O,_s with x = 0.5
and 0.33 (Fig. 7).

At lower temperatures (600-800 °C) and high pO,,
the slope increases toward 1/4 to 1/5 with decreasing
temperature. This is indicative of extrinsic Vg con-
tribution. In this case, the conditions og. >> ogv, and
[V&lext >> [V Lint apply. The conductivity is domi-
nantly electronic, but the denominator n changes
from 6 to 4 [18]. If oG << ogvo and [V{ lint < [VE lext
apply, the electrical conductivity is dominated by
ionic transport via extrinsic V{, showing (in the
extreme case of pure ionic transport) no dependence
on pO,. The intermediate case, as observed here at
600-800 °C, is characterized by 4 <n < 6, where n
increases with temperature [18]. In the high pO,
regime, this would correspond to an increase of
[V& line, whereas at low pO,—to a dissociation of
dimer or trimer defect complexes.

The very high values of n, observed in Cegas.
Zry6702_5 at 600-800 °C for high pO,, apparently
correspond to the case of 6ge & dgv,, Where oy, is
defined by the very high and constant [V ]eyx, lead-
ing to an almost pO,-independent conductivity at

@ Springer
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Figure 7 Electrical conductivity o, of Ce;_,Zr,0,_s under
reducing atmospheres. The correlation with non-stoichiometry data
from [29] is shown for CeygZry,0,_s and CegsZrgsO,_s. The

600 °C. Apparently, the same situation occurs in
CeO,_; films, with the exception that pure ceria in
this study contained much less impurities than CZO
[29]. While at 800-900 °C the conductivity of bulk
CeO,_; follows the classic pO,-dependence, at 600-
700 °C the total conductivity o is less dependent on
pO, in oxidizing conditions (Fig. 8b). The o at
600 °C is nearly independent on pO,, suggesting the
conductivity via extrinsic V{. Consistent with
insights from o(T) dependences in Fig. 6b, at 700 °C
the og of bulk CeO,_; shows a purely electronic

nature with a conventional (pOz)fé dependence.
These two observations of og support the earlier
made assignment of dominantly electronic conduc-
tivity with the high-temperature (T > 680 °C) regime
and of dominated by impurity-related extrinsic
charge carriers transport with the low-temperature
one (Fig. 6b) for bulk CeO,_;. On the contrary, for
CeO,_; films, n increases with temperature at high
pO, and decreases toward 6 (slope—1/6) at the lowest
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n in the o vs (pOz)fl/ " representation. The origin of hysteresis in
film conductivities at moderate pO, is described in [29].

oxygen activities and highest temperatures (Fig. 8a).
In light of usually higher ionic contribution in ¢ of
nanostructured CZO [26], we assume that the
observed discrepancies between bulk and PLD film
ceria may be related to the smaller grain size of
CeO,_; films. The overall much higher electrical
conductivity of CeO,_; films compared to their bulk
counterparts, both in o(T) in air and 6 (pO,)
measurements, supports this assumption. Note that
for another “more ionic” film material, the Cegs3
Zr5670,_s, an electronic-like increase of E, (unlike
“the deceleration” of the slope for CeO,_;) is seen in
Fig. 6a, which supports the afore-mentioned
assumption about the dominating influence of Zr
addition over that of microstructural peculiarities in
Zr-substituted ceria. The as of now available experi-
mental results, however, do not allow us to confirm
the effect of microstructure and to derive the related
mechanism behind this conductivity behavior of film
CeOz_(;.



J Mater Sci (2021) 56:17191-17204

~
&8
-’

o = N W
PR | -

log (0ot /SM™)
|

| .0;
900 °C S
1 | 700°C o)
||
_3 — 600 °C 6.310.2
4 n g
-4 - —a-Films (IS2 & DC) 8.7£1.0

1 ® Bulk materials (1S4)

L IR LR UL LB B FELIL L I Y
24 20 -16 -12 -8 -4 0
log (pO4 /bar)

Figure 8 Electrical conductivity of bulk and film CeO,_; (a) and

its extracted grain interior conductivity 6g (b) under reducing
atmosphere. The numbers next to the curves indicate the slope, i.c.,

Conclusion

By applying two- and four-point impedance spec-
troscopy, the artefactual contributions of electrode
polarization effects could be successfully separated
from the conductivity data for bulk and PLD film
Cey_,Zr,O,_;. It was established that in the temper-
ature range that are typical operating conditions of
automotive TWC, the CZO conductivity is domi-
nantly electronic and is determined by the grain
conductivity, whereas other possible contributions in
conductivity are negligible in the temperature range
of 700-900 °C. The structural peculiarities, poten-
tially, play a significant role in the conductivity of
pure nano-grained ceria films, rendering this material
to behave more “ionic-like”. The substitution of Zr for
Ce in CZO, apparently, does not support these con-
tributions. The beneficial effect of Zr addition
appears to dominate any possible microstructural
effects on the conductivity of CZO films and drives
these materials to a strongly electronic conductivity
at temperatures even 200 K lower than those
observed for mixed ionic/electronic to electronic
conductivity transitions in bulk or film CeO,. Con-
sequently, the film and bulk Ce;_,Zr,O,_s show
qualitatively similar electrochemical behavior in
reducing conditions, which could be adequately
described in the framework of conventional defect
model for ceria derivatives without the introduction
of possible microstructural impacts.
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