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ABSTRACT: In porous form, ion conductors are key components
for a vast number of applications, making detailed understanding of
the impact of high surface area on electrochemical properties
indispensable. Here, we report on the electrical characterization of
dense and porous yttria-stabilized zirconia (YSZ) thin films
deposited by pulsed laser deposition. While dense films exhibit
high and dominant ionic conductivity over a wide oxygen partial
pressure range, as expected for YSZ, porous films reveal an
unexpectedly high electronic partial conductivity, which determines
the transport properties under highly reducing conditions. By
means of continuum simulations, we demonstrate that the high
electronic conductivity contribution may be explained in terms of a
space-charge region at the free surface, where electrons accumulate due to the positive surface charge. The latter results in increased
electronic conductivity in the space-charge region, which dominates the transport properties of the porous thin films under highly
reducing conditions. The results emphasize the importance of considering surface effects in nanostructured ion conductors for
tailoring the overall electrochemical properties for device applications.

Oxygen-ion conducting ceramics play an important role in
modern energy technologies. In particular, yttria-

stabilized zirconia (YSZ) is extensively used as solid electro-
lyte, e.g., for solid oxide fuel cells (SOFCs),1−3 oxygen
permeation membranes,4−6 or oxygen sensors,7,8 due to its
high oxygen-ion conductivity at elevated temperatures. The
ionic conductivity dominates the overall electrical properties of
single crystals of YSZ, with the electronic partial conductivity
being more than three orders of magnitude lower, even at
temperatures above 1050 °C and under highly reducing
conditions.9 The prevalent (high) ionic conductivity is
achieved by the incorporation of yttria (Y2O3), as the
substitution of Zr4+ with Y3+ is charge-compensated by the
formation of oxygen vacancies, and thus, increases the oxygen-
ion conductivity.9,10 Using Kroeger−Vink notation, this
substitution can be described by

+ +•• ×Y O 2Y v 3O2 3
ZrO

Zr O O
2

(1)

where YZr′ denotes an Y3+ ion on the Zr4+ lattice sites with a
single negative relative charge and vO•• is the vacancy in the
oxygen lattice with a double positive relative charge. OO

×

denotes a lattice oxygen ion with a relative charge of zero. In
addition, adding more than about 7−8 mol % yttria stabilizes
the cubic structure of zirconia, thereby further facilitating the
movement of oxygen ions in the solid. A maximum in oxygen-

ion conductivity is typically achieved with around 10 mol % of
Y2O3.

11 At higher yttria content, defect interactions start to
prevail, reducing the mobility of ions, and thus, the ionic
conductivity of the solid solution.12 Consequently, different
approaches have been investigated in the past decades to alter
the transport properties of oxide ceramics. Aside from doping/
substitution, major efforts have been devoted to tailoring the
ionic and electronic partial conductivities by micro- and/or
nanostructuring.13,14 The introduction of additional interfaces,
such as grain boundaries or free surfaces, can significantly affect
a material’s defect chemistry due to the formation of a space-
charge region at the interface.10,15−18 It is well-known that
grain boundaries of oxygen-ion conducting ceramics, such as
YSZ and ceria, are characterized by a positively charged grain-
boundary core, which results in depletion of oxygen vacancies
at the grain boundary and accumulation of electrons.10,16,17

Consequently, the grain boundaries act as a barrier to the
transport of oxygen vacancies, eventually decreasing the overall
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ionic conductivity. In polycrystalline oxide ceramics, the
character of grain boundaries can be probed using electro-
chemical impedance spectroscopy (EIS), where an additional
semicircle arises in the midfrequency range due to differences
in dielectric relaxation time for transport through the grains
and across the grain boundaries.19−21 The impact of grain
boundaries becomes more severe when the mean grain size is
reduced to the nanoscale. Then, the space-charge region
extends over the whole grain, and its properties determine the
overall behavior of the material.22 A prominent example is
undoped or weakly doped nanocrystalline ceria, where the
accumulation of electrons in the space-charge region of the
grain boundaries results in prevailing electronic conductiv-
ity.23,24 In contrast, bulk or microcrystalline ceria with a low
grain boundary density exhibits dominant ionic conductivity
with a negligible electronic conductivity contribution.
While extensive research efforts have been devoted to the

impact of grain boundaries on the electrical properties of ceria-
and zirconia-based ceramics,16−18 studies on the effect of a
high free surface area and the resulting surface space-charge
region on defect chemistry, charge transport, and/or charge
storage in the solid framework of porous materials are scarce.
This is somewhat surprising, as nanoporous oxides with a high
specific surface area are used in a number of electrochemical
devices, for example as electrode materials in batteries as well
as for gas sensing or photocatalytic applications.25 A high
surface area offers a large number of active sites for redox
reactions to occur and has been shown to enable surface
protonic conductivity.26−29 Moreover, it can also result in
additional pseudocapacitive charge-storage contribution due to
the presence of a space-charge region at the interface,30,31

making profound understanding of the impact of free surfaces
on the electrochemical properties of porous oxides indis-
pensable.
In this study, we present the electrochemical character-

ization of dense and porous, nanocrystalline 9.5 mol % yttria-
stabilized zirconia thin films deposited by pulsed laser
deposition (PLD). Structural characterization via X-ray
diffraction (XRD) and Raman spectroscopy confirms the
cubic phase of the YSZ thin films. The films exhibit a random
pore structure with average grain- and pore-sizes of about 40
nm and 17 to 20 nm, respectively, as estimated from atomic
force microscopy (AFM) data. A comparable grain size of
about 40 nm is also found for the dense YSZ thin films. EIS
measurements conducted on the dense films indicate a p(O2)-
independent electrical conductivity, as expected from defect
chemical considerations for the predominantly ionically
conducting material. In contrast, the porous films exhibit a
p(O2)-dependent conductivity under reducing conditions, i.e.,
the conductivity decreases with increasing oxygen partial
pressure, following a characteristic slope of −1/8. Measure-
ments with ion-blocking electrodes demonstrate that the
unique p(O2)-dependence of the total conductivity arises from
an unexpectedly high electronic conductivity contribution,
which is several orders of magnitude larger than reference
values for single crystals of YSZ.9 The increased electronic
partial conductivity is attributed to the presence of a surface
space-charge region. The high reducibility results in a positive
surface charge, which leads to the accumulation of electrons.
This electron enrichment, which surpasses the electron
concentration in the bulk, leads to enhanced electronic
conductivity along the surface space-charge region, governing
the transport properties of the porous thin films under highly

reducing conditions. By means of finite element method
(FEM) simulations of a surface space-charge region, the
unexpected slope of −1/8 is reproduced when strong defect−
defect interactions between electrons and oxygen vacancies are
incorporated into the model. The results emphasize the
profound impact that surface effects have on the defect
chemistry and electrochemical properties of porous materials.

■ METHODS
The porous YSZ thin films were deposited on (0001)-oriented
single-crystalline sapphire substrates by PLD. Deposition was
performed using a KrF excimer laser having an energy of 2.3 J/
cm2 and a frequency of 10 Hz.26 A cubic 9.5 mol % YSZ pellet
served as the target. The substrate temperature was set to 300
°C, and the oxygen background pressure was 10 Pa. The as-
prepared films were annealed at 800 °C for 3 days after
deposition, which resulted in porous YSZ samples of
approximately 70 nm thickness, as determined by profilometry
(DektakXTL, Bruker). The same parameters were chosen for
the deposition of dense YSZ thin films. Only the oxygen
background pressure was reduced to 0.5 Pa. After annealing,
the thickness of the dense YSZ samples was determined to be
about 140 nm.
For impedance measurements, interdigital electrodes were

prepared on top of the films by photolithography (positive
photoresist, ma-P 1215, micro resist technology GmbH).
Subsequently, platinum was deposited onto the resist structure
and partially removed by a lift-off process.32 The obtained
electrodes with a thickness of about 200 nm consisted of 21
fingers of 3 mm length, having a width of 47 μm and a distance
of 33 μm between the fingers. A schematic of the platinum
electrode is shown in Figure 1(a). For measuring the electronic

partial conductivity of the porous YSZ, macroscopic gold
electrodes of thickness 400 nm were deposited on the thin
films by thermal evaporation [see Figure 1(b)]. The dense
gold electrodes can be considered as nonideal ion-blocking
electrodes, due to the difference in electrode geometry, which
reduces the triple-phase boundary for oxygen exchange by at
least a factor of 25.
EIS was performed using a Novocontrol Alpha-A impedance

bridge. Measurements were conducted on the sample with an
AC amplitude of 100 mV and in the frequency range from 10
MHz to 10 mHz. The temperature was varied between 500
and 700 °C, and the oxygen partial pressure of the gas
atmosphere was controlled by Ar/O2 and CO/CO2 mixtures.
The gas mixture was dried over CaCl2/P2O5 before flowing
into the tube furnace. At each temperature and p(O2)-
measurement step, the sample was allowed to equilibrate for
4−6 h. Then, three measurements were performed to ensure

Figure 1. Schematics of the (a) interdigitated Pt electrodes and (b)
macroscopic Au electrodes.
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reproducibility of the results. The obtained impedance spectra
were analyzed using the software RelaxIS 3.
Structural and morphology characterizations were per-

formed by scanning electron microscopy (SEM, MERLIN,
Zeiss) at an acceleration voltage of 5 kV and by atomic force
microscopy (AFM, MultiMode 8, Bruker) using a SiN
cantilever in ScanAsyst mode. The AFM images were analyzed
using NanoScope Analysis 1.9 and Gwyddion. Otsu’s method
was applied to calculate the porosity of the thin films.33

The crystallinity of the YSZ films was examined both by
XRD using an X’Pert PRO MRD system from Malvern
Panalytical Ltd. and by Raman spectroscopy using an InVia
Raman microscope from Renishaw with an excitation wave-
length of 633 nm.
Transmission electron microscopy (TEM) was performed

using a Thermo Fisher Scientific Themis Z aberration-
corrected microscope operated at 300 kV. The specimens for
TEM analysis were prepared using an FEI STRATA 400 S
dual-beam system with the Ga-ion beam operating at 30 kV,
followed by final polishing at 2 kV for improving surface
quality. A 5 nm thick gold coating was deposited onto the
sample surface to improve conductivity and protect the porous
YSZ during FIB lamella preparation, followed by ion beam

deposition of a 1 μm thick carbon coating. The local elemental
composition was determined by energy-dispersive X-ray
spectroscopy (EDS) in scanning TEM (STEM) mode. The
Zr K, Y K, and O K lines were used to map the spatial
distribution of the respective elements.

■ RESULTS AND DISCUSSION
Structural Characterization. Figure 2(a) shows a

representative top-view scanning electron microscopy (SEM)
image of the porous 9.5 mol % YSZ thin films after annealing
at 800 °C. Corresponding AFM images at different
magnifications are presented in Figure 2(b),(c). Particularly
in the AFM images, both the grains and grain boundaries are
clearly distinguishable. Analysis yields an average grain size of
(40 ± 2) nm, with pore sizes ranging from 15 to 20 nm. Using
Otsu’s method,33 the average porosity was determined to be
about 47%. SEM and AFM images of the dense thin films are
presented in Figure 2(d),(e), revealing a comparable grain size
and grain-boundary density. Additional information on the
microstructure of the porous YSZ by means of transmission
electron microscopy (TEM) investigations are provided in
Figure 2(f),(g), confirming the structural results from the SEM
and AFM characterizations. High-resolution TEM further

Figure 2. (a, d) Top-view SEM images and (b, c, e) AFM images of the porous and dense YSZ thin films after annealing at 800 °C. (f) High-
resolution TEM image of the porous YSZ. (g) Scanning TEM elemental mapping of Zr and Y, revealing a uniform acceptor distribution across the
porous YSZ.
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demonstrates the formation of cubic YSZ. No secondary
phases were identified, neither in the grains nor at the grain
boundaries. The elemental distribution determined by energy-
dispersive X-ray spectroscopy (EDS) is presented in Figure
2(g). The dashed rectangle indicates the area probed, and the
insets are the corresponding Zr and Y maps. No significant
inhomogeneities were observed, meaning the Y acceptor is
uniformly distributed throughout the porous YSZ thin films.
To confirm the cubic crystal structure, the dense and porous

samples were also characterized by XRD and Raman
spectroscopy (see Figure 3). Both films exhibit the character-
istic reflections of cubic YSZ [see Figure 3(a)], indicating
successful preparation of single-phase materials. Room-temper-
ature Raman data reveal two dominant Raman modes [see

Figure 3(b)]. The broad band around 640 cm−1 corresponds
to the F2g mode of YSZ, which is characteristic for the fluorite-
type phase.26 The asymmetric broadening of the F2g mode is
often observed for porous or nanocrystalline YSZ and probably
arises from phonon confinement and/or strain due to the small
grain size.34,35 The band at 420 cm−1 can be assigned to the
A1g mode from the sapphire substrate used.36,37 For the dense
YSZ thin films, the same modes are apparent. No changes to
the band positions were noticed, suggesting similar composi-
tion, as the F2g mode is typically shifted to lower wavenumbers
with increasing yttrium content.38 The additional modes (E1g)
observed for the dense films are also arising from the sapphire
substrate.39

Figure 3. (a) XRD patterns and (b) Raman spectra of the porous and dense YSZ thin films after annealing at 800 °C.

Figure 4. Comparison of the electrochemical impedance of (a) dense YSZ thin films measured using Pt electrodes and of porous YSZ thin films
measured using (b) Pt electrodes and (c) Au electrodes at high and low oxygen partial pressures.
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Electrochemical Impedance Characterization. The
conductivity of the dense and porous YSZ thin films was
characterized in the temperature range between 500 and 700
°C, as well as for varying oxygen partial pressure [from
log(p(O2)/bar) = −25 to log(p(O2)/bar) = −0.6], to
investigate the impact of the free surface area on the electrical
transport properties. Figure 4(a),(b) show the respective
impedance spectra measured under highly reducing conditions.
The dense samples [see Figure 4(a)] show the typical response
of YSZ thin films.32,40 One nearly ideal semicircle is observed
in the high-to-mid frequency range, which corresponds to the
transport through the dense material. Furthermore, the onset
of an additional semicircle at low frequencies, representing the
response of the electrode-electrolyte interface, is apparent from
the data.19,29 It is worth noting that no additional semicircle
from the grain boundaries is visible, as the bulk and grain-
boundary contributions overlap in nanocrystalline sam-
ples.22,41,42 Therefore, the response corresponds to the total
resistance of the nanocrystalline YSZ. In addition, the first
semicircle is independent of oxygen partial pressure, which is
consistent with dominant ionic conductivity, as expected for
YSZ.9

The impedance spectra of the porous YSZ thin films are
presented in Figure 4(b). The high-frequency semicircle
reveals deviations from the ideal shape, in particular in the
midfrequency range, indicating an overlapping transport
process.43,44 In addition, the size of the semicircle, and thus,
the film resistance increases with decreasing oxygen partial
pressure. Such a behavior suggests the presence of an
electronic conductivity contribution, which is expected to
decrease with increasing oxygen partial pressure, according to
standard defect chemistry.9 As shown in Figure 4(c), the
impedance of the porous thin films exhibits an even more
pronounced p(O2)-dependence, and a significantly increased
impedance at high oxygen partial pressure [log(p(O2)/bar) =
−0.67] when using Au electrodes, confirming the electrode’s
ion-blocking characteristics. Consequently, the impedance
corresponds to the electronic contribution of the system.43,45,46

The total resistance of the dense YSZ thin films was
determined by fitting an RQ element to the semicircle, where R
corresponds to the resistance. The constant phase element
(CPE) Qgeo, which represents the geometric capacitance of the
sample, takes into account the minor nonideality of the

semicircle [see Figure 4(a)]. For the porous YSZ thin films, an
equivalent circuit for mixed ionic-electronic conductors was
used,43−45,47 consisting of two resistances Rion and Reon for the
ions and electrons, respectively, and a CPE Qgeo [see Figure
4(b)]. From the CPE values, the geometric capacitance Cgeo
was calculated, yielding values of about 5 × 10−12 F for the
dense samples and slightly higher values ranging from 6 ×
10−12 to 7 × 10−11 F for the porous samples. These values are
in reasonable agreement with those reported in the literature
for mesoporous oxide thin films, which typically vary between
10−12 and 10−10 F.26,43,48 An additional capacitance Celec was
included to account for the ion-blocking behavior of the Au
electrodes [see Figure 4(c)]. The conductivity of both films
was calculated from the resistance values assuming dense
structures. Although this underestimates the conductivity of
the porous samples,41 it allows for direct comparison of the
total and electronic conductivities, which were determined
using Pt and Au electrodes with different cell constants.
Figure 5(a) presents the total conductivities of the dense

YSZ thin films, which are independent of oxygen partial
pressure. This confirms dominant oxygen-ion conductivity σion,
as expected for YSZ, the temperature-dependence of which is
described by

=
i
k
jjjjj

y
{
zzzzzT

T

E

k T
( ) expion

ion
0

A,ion

B (2)

with σion0 being the conductivity prefactor, kB the Boltzmann
constant, and EA,ion representing the activation energy, which
corresponds to the effective migration enthalpy of the oxygen
ions ΔHmig. The ionic conductivity of the dense YSZ thin films
can be well described using eq 2, as indicated by the dotted
lines in Figure 5(a), yielding EA,ion = (1.2 ± 0.05) eV. This is in
excellent agreement with results from literature, where values
of 1.10 eV to 1.24 eV have been reported for nanocrystalline
YSZ.26,49

A p(O2)-independent total conductivity, i.e., dominant ionic
conductivity, was also observed for the porous YSZ thin films
in the high oxygen partial pressure range, as shown in Figure
5(b). Applying eq 2 yields an activation energy of EA,ion = (1.2
± 0.05) eV for ion transport, as in case of the dense YSZ
samples. Interestingly, under highly reducing conditions, the
σtot increased with decreasing oxygen partial pressure,

Figure 5. Oxygen partial pressure dependence of (a) ionic conductivity of the dense YSZ thin films and of (b) total and electronic conductivities of
the porous YSZ thin films. Dotted and solid lines are fits to the experimental data.
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indicating mixed ionic-electronic conductivity, according to the
standard defect chemical description of binary oxides.40,45,50

The presence of a mixed ionic-electronic conductivity was
also confirmed by the measurement of electronic conductivity
using (ion-blocking) Au electrodes [see Figure 5(b)]. While
the σeon in the high oxygen partial pressure range is about 4
orders of magnitude lower than σion, it reaches comparable
values to σtot under highly reducing conditions. This
underscores the significant effect that the porosity has on the
electronic properties of the YSZ thin films, as the electronic
conductivity of single-crystalline YSZ is at least 3 orders of
magnitude lower both under comparable atmospheric
conditions and at even higher temperatures (∼1000 °C).9
Hence, the electronic conductivity contribution in the porous
YSZ thin films is increased by several orders of magnitude
compared to σeon in the bulk material. In addition, the
electronic conductivity of the porous thin films shows an
unexpected p(O2)-dependence with a characteristic slope of
−1/8. In contrast, a slope of −1/4 is observed for single
crystals of YSZ, as expected from defect chemical consid-
erations.9 The electronic conductivity contribution (dotted
lines) can therefore be described by

=
i
k
jjjjj

y
{
zzzzzT

T

E

k T
p( ) exp (O )eon

eon A,eon

B
2

1/8

(3)

yielding an activation energy of EA,eon = (1.5 ± 0.1) eV. As
indicated by the solid lines in Figure 5(b), an excellent
description of the measured total conductivity is achieved
when considering both contributions, namely, σtot = σion + σeon.
The unexpectedly high electronic partial conductivity, along
with the unusual p(O2)-dependence, evidently arises from the
presence of a high surface area. Such effects may be attributed
to surface space-charge regions formed around the grains of
the porous thin films. Note that it can be ruled out that the
electronic conductivity arises from space-charge effects
involving the grain boundaries, since the dense thin films
(having a similar grain-boundary density) only exhibit ionic
conductivity over the entire oxygen partial pressure range
investigated.
Finite Element Simulations. Finite element method

(FEM) simulations were used to analyze the effect of a
surface space-charge region on charge-carrier concentration
and electronic partial conductivity of the porous YSZ thin
films. For simplification, the nanoscale grains were described as
a 1D system, where one edge represents the surface of a
nanograin, while the other edge represents the center of the
grain. A small region near the surface was defined, where the
standard chemical potential of oxygen vacancy formation is
lowered relative to the bulk by Δμvo = μv,surfo − μv,bulko to account
for the positively charged surface.51,52 The excess positive
charge at the surface results in the formation of the space-
charge layer, in which oxygen vacancies vO•• are depleted and
electrons e′ are accumulated. Since the samples were treated at
800 °C for 3 days, it can be assumed that the Y3+ ions on the
Zr4+ lattice sites (YZr′ ) are immobile. Consistent with the TEM
analysis, we assumed that the acceptor-dopant concentration is
uniform throughout the grains, i.e., a Mott−Schottky-type
space-charge model is adopted. While this simplification may
introduce quantitative deviations in the description of electrical
properties,53,54 it represents the most important characteristics
of a space-charge layer under the given experimental
conditions. In a first step, the electron concentration [e′] of

the bulk was calculated using the expression given by Park and
Blumenthal9
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with a being the lattice constant and x(T,p(O2) representing
the nonstoichiometry. The prefactor 1.75 was determined by
Park and Blumenthal from coulometric titration measurements
conducted on single crystals of YSZ.
In the next step, the change in defect concentration in the

space-charge region was calculated by solving the equilibrium
conditions for the electrochemical potential of the electrons
ηe(x) and the oxygen vacancies ηv(x)45

= =x x( ) and ( )e e
bulk

v v
bulk

(5)

where ηebulk and ηvbulk denote the electrochemical potential of
electrons and vacancies in the bulk, respectively. As the
fraction of acceptor dopants YZr′ exceeds 1% by far, it is
reasonable to account for defect interactions, which are
represented in the electrochemical potentials by terms that
depend linearly on the defect concentrations. Therefore,
neglecting gradient terms, the electrochemical potential ηv(x)
of the oxygen vacancies can be described by55
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where μvo denotes the standard chemical potential of the
vacancies, ϕ(x) is the electrical potential, and the second term
represents the configurational contribution. nv and ne are the
site fractions of oxygen vacancies and electrons, respectively,
and f vv and fev are the interaction parameters for the vO•• − vO••

and the vO•• − e′ interactions, respectively. νo,o = 6 and νO,Zr = 4
denote the coordination numbers of oxygen sites with the
surrounding oxygen and zirconium sites, respectively. The
electrochemical potential of electrons was defined in a similar
way, where e′−e′ interactions are included by the interaction
parameter fee. The electrical potential is linked to the defect
concentration profiles by Poisson’s equation

= +
x

eN n x eN n x n
d
d

2 ( ) ( ( ) )r 0

2

2 O v Zr e Y
bulk

(7)

with NO and NZr being the density of oxygen and zirconium
sites in the lattice, respectively, and nYbulk = 9.5% representing
the site fraction of yttrium ions.
The concentration profiles obtained from the solution to the

Poisson equation were integrated over the entire space
coordinate to calculate the overall integrated conductivity
parallel to the surface, assuming a position-independent
electron mobility ue

=x eN u n xd d
l l

e
0

e Zr e
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cell cell

(8)
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with lcell = 20 nm being half of the average grain size. The
conductivity was then obtained by dividing the integrated
conductivity by the average grain size

=
l

x1
d

l

e
cell 0

e
cell

(9)

The electron mobility was taken from the expression given
by Park and Blumenthal9

= ×
i
k
jjjjj

y
{
zzzzzu

k T
8.02 10

cm
Vs

exp
1.89 eV

e
2

2

B (10)

FEM simulations were performed for varying oxygen partial
pressures and for 700 and 1000 K to elucidate the effect of a
surface space-charge region on electron concentration, and
thus, the electronic conductivity of nanocrystalline YSZ. For
the calculation of the defect concentration profile of the space-
charge region, experimental values for the lattice constant (a =
5.1 Å) and permittivity (εr = 60) were taken from
literature.56−59 The difference in standard chemical potential
of oxygen-vacancy formation between surface and bulk was set
to be Δμvo = −1.5 eV, which is a reasonable value for oxygen-
ion conducting ceramics.52,60,61 The p(O2)-dependence of the
carrier concentration profile was simulated for three different
sets of interaction parameters, which are listed in Table 1.

From eqs 9 and 10, the p(O2)-dependence of electronic
conductivity was calculated, which is depicted in Figure 6.
Figure 6(a) shows the p(O2)-dependence of the electronic

conductivity in a nanograin of YSZ without any defect
interactions being taken into account (parameter set A). The
data reproduce the characteristic slope of −1/4, which agrees
with experimental results for dense samples and is well
described by defect chemistry using Brouwer approximations

for the intrinsic regime.9 Interestingly, the characteristic slope
decreases when interactions between oxygen vacancies and
electrons are taken into account. For parameter set B [see
Figure 6(b)], the slope changes to around −1/6, while the
experimentally observed slope of −1/8 is reproduced for
parameter set C [see Figure 6(c)]. From this data, it is evident
that it is necessary to include defect−defect interactions in
order to weaken the dependence of the defect concentration
on oxygen partial pressure. We note that the set of parameters
used to reproduce the experimental data is unlikely to be
unique. However, the necessity to include defect−defect
interactions for reproducing the experimental data hints
toward a significantly increased electron concentration in the
space-charge region at the free surface. In particular, the
electron concentration exceeds the one present in the grain-
boundary space-charge region, as no electronic conductivity
contribution was found for the dense YSZ thin films (having a
similar grain-boundary density). This may be attributed to a
reduced space-charge potential at the grain boundaries, which
has been found to be in the range of 0.15−0.25 eV.62−64 The
negative electron-vacancy interaction parameter fev = −0.4 eV
suggests trapping of electrons at the Zr4+ lattice sites next to
oxygen vacancies, forming so-called T centers65−67

+•• × •• •• •(v Zr ) e (v Zr )O Zr O ZrF (11)

Furthermore, the positive electron−electron interaction
parameter fee = +0.4 eV may suggest that localization of two
electrons next to one vacancy is unlikely. Hence, the high
electronic conductivity in the surface space-charge region may
simply arise from hopping of electrons between occupied and
unoccupied Zr4+ ions localized next to oxygen vacancies.
Theoretical calculations predict energies of about 1.9 eV for
the transfer of electrons near oxygen vacancies.68 This value is
higher than the activation energy of EA,eon = (1.5 ± 0.1) eV
determined from the analysis of the electronic conductivity
contribution, indicating a reduced migration barrier for the
hopping process in the surface space-charge region.
Finally, direct comparison with the experimental results

reveals that our simulations underestimate the electronic
partial conductivity by roughly 2 orders of magnitude. This
deviation may indicate that the electrons within the space-

Table 1. Interaction Parameters Used in the Simulations

parameter set f vv/eV fev/eV fee/eV

A 0 0 0
B +0.2 −0.3 +0.2
C +0.2 −0.4 +0.4

Figure 6. Calculated oxygen partial pressure dependences of the electronic conductivity at 700 and 1000 K for (a) parameter set A, (b) parameter
set B, and (c) parameters set C of interaction parameters, namely, fvv, fev, and fee (see Table 1). The dotted lines serve as guide for the eyes.
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charge region possess a higher mobility than within the bulk,
which is reasonable given the lower migration barrier for the
hopping process [see eq 10]. However, more calculations are
needed to clarify the transport mechanisms that are responsible
for the high electronic conductivity of the porous YSZ thin
films.

■ CONCLUSIONS
The impact of a high surface area on the electrochemical
properties of yttria-stabilized zirconia (YSZ) was probed using
electrochemical impedance spectroscopy. For this purpose,
dense and porous thin films in nanocrystalline form were
deposited by pulsed laser deposition. Structural character-
ization confirmed the successful preparation of cubic YSZ
samples with similar grain sizes. Electrochemical character-
ization at various temperatures and over a broad oxygen partial
pressure range indicated dominant ionic conductivity for the
dense thin films, in line with expectations. In contrast, the
porous thin films exhibited an unexpectedly high electronic
conductivity contribution, dominating the total conductivity
under highly reducing conditions. The increase in electronic
conductivity by at least 3 orders of magnitude compared to
that of single-crystalline YSZ is attributed to the presence of a
space-charge region at the free surface of the nanograins. By
means of continuum simulations using the finite element
method, we demonstrate that the measured p(O2)-dependence
of the electronic conductivity can be reproduced by a space-
charge model that includes strong defect−defect interactions
between oxygen vacancies and electrons. The results
emphasize the strong impact of surface effects on the ionic
and electronic transport properties in nanostructured ceramics.
The latter can be exploited in the design of advanced solid
electrolytes and mixed-conducting materials for next-gener-
ation device applications.
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