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ABSTRACT: Thermally stable, ordered mesoporous thin films of
8 mol % yttria-stabilized zirconia (YSZ) were prepared by solution-
phase coassembly of chloride salt precursors with an amphiphilic
diblock copolymer using an evaporation-induced self-assembly
process. The resulting material is of high quality and exhibits a well-
defined three-dimensional network of pores averaging 24 nm in
diameter after annealing at 600 °C for several hours. The wall
structure is polycrystalline, with grains in the size range of 7 to 10
nm. Using impedance spectroscopy, the total electrical conductivity
was measured between 200 and 500 °C under ambient atmosphere
as well as in dry atmosphere for oxygen partial pressures ranging from 1 to 10−4 bar. Similar to bulk YSZ, a constant ionic
conductivity is observed over the whole oxygen partial pressure range investigated. In dry atmosphere, the sol−gel derived films
have a much higher conductivity, with different activation energies for low and high temperatures. Overall, the results indicate a
strong influence of the surface on the transport properties in cubic fluorite-type YSZ with high surface-to-volume ratio. A
qualitative defect model which includes surface effects (annihilation of oxygen vacancies as a result of water adsorption) is
proposed to explain the behavior and sensitivity of the conductivity to variations in the surrounding atmosphere.
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■ INTRODUCTION

Oxygen ion conductors are of great interest as solid electrolytes
in numerous research areas and applications, such as solid oxide
fuel cells,1−3 gas sensors,4 and ionic membranes.5,6 Perhaps the
most prominent oxygen ion conductor is yttria-stabilized
zirconia (YSZ). YSZ has good ionic conductivity at elevated
temperatures and further boasts high chemical and mechanical
stability.7,8 The acceptor doping with yttrium not only stabilizes
the cubic fluorite-type phase but also results in the formation of
oxygen vacancies. These vacancies are responsible for the ionic
transport properties.7 However, for most technical applications,
the ionic conductivity at intermediate temperatures is not
sufficient, thus making it necessary to find ways of increasing
it.2,9,10

An obvious strategy for improving the ionic conductivity of
solid electrolytes is nanostructuring, that is, altering the
morphology and grain size.11,12 Following this strategy,
enhancements in ionic conductivity of YSZ thin films by up
to 2 orders of magnitude have been reported and attributed to
(1) reduction of the grain boundary resistance,13−15 (2) strain
effects and/or misfit dislocations,16−18 or (3) higher oxygen

diffusivity at the film/substrate interface.19 But still, there are
also reports of no enhancement20,21 and sometimes even a
decrease in ionic conductivity has been observed.22,23 As a
result there is a wide range of values for the conductivity of
nanoscale YSZ.12 The major reason for the divergent findings is
the difficulty of controlling both the chemical composition and
microstructure of the grain boundaries in polycrystalline
ceramics. The concept of nanostructuring of solid electrolytes
has also attracted the attention of many researchers due to the
prospect of enhancing the proton conductivity at low
temperatures. Although this effect has been observed in several
nanocrystalline materials,24−28 its origin and the impact of grain
boundaries, grain size, and porosity is still under debate.26,29−31

The conductivity of YSZ thin films is usually measured
laterally, with electrodes attached to the top surface. By
decreasing the film thickness to the nanoscale, the surface
contribution to the overall behavior becomes more and more
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important−in parallel to the influence of the film/substrate
interface. Because the surface region can show different physical
properties than the bulk, surface effects may play a crucial role
in the study of ionic transport processes in nanometer thick
films. This has been recently highlighted in a review by Korte et
al.32

Mesoporous materials having both a close-packed arrange-
ment of interconnected sub-50 nm diameter pores represent an
ideal model system to study surface effectswithout the
disturbing influence of heterophase solid/solid interfaces. The
electrochemical properties of such materials are strongly
affected by the high surface-to-volume ratio resulting from
the mesoporous structure which, among others, provides easy
access to single grains in the walls.33−35

Here, we describe the transport properties of cubic
mesoporous thin films of 8 mol % yttria-stabilized zirconia as
a function of temperature and oxygen partial pressure. While a
behavior similar to microcrystalline (bulk) films is observed in
ambient atmosphere, the sol−gel derived material shows
significant changes in the transport properties in dry
atmosphere, with two activation energies in the temperature
range from 200 to 500 °C. These results can qualitatively be
explained by a dominating surface conduction mechanism,
which is strongly affected by adsorbed water.

■ EXPERIMENTAL SECTION
Mesoporous thin films of 8 mol % yttria-stabilized zirconia were
prepared by evaporation-induced self-assembly (EISA).36−38 In brief,
an ethanolic solution containing both sol−gel precursors (namely,
YCl3 · 6H2O and ZrCl4) and an amphiphilic diblock copolymer
structure-directing agent (here, H[C(CH3)2CH2]107C6H4(OCH2-
CH2)150OH, PIB107-b-PEO150)

39,40 was deposited onto either a quartz
glass substrate or silicon wafer by dip-coating. Optimal conditions
include relative humidities ranging from 15 to 20% and constant
withdrawal rates of 1 to 10 mm/s. After deposition, the films were
dried for 1 h at 130 °C to stabilize the nanostructure and then heated
to 600 °C using a 94 min ramp, followed by aging for 10 h. The latter
high temperature treatment results in complete combustion of the
polymer template and crystallization of the YSZ framework.
Scanning electron microscopy (SEM) images were collected on a

MERLIN from Carl Zeiss at 5 keV. Transmission electron microscopy
(TEM) images were taken using an FEI Titan 80−300 electron
microscope operated at 300 keV in TEM mode for HRTEM and in
nanoprobe mode for STEM imaging. Wide-angle X-ray diffraction
(WAXD) was carried out on an X’Pert PRO from PANalytical
instruments (λ = 0.15418 nm) with X’Celerator RTMS detector.
Time-of-flight secondary ion mass spectrometry (ToF-SIMS)
measurements were performed using a TOF-SIMS 5 from ION-
TOF GmbH. The analysis beam was Bi+ (25 keV, 1.46 pA, 100 · 100
μm2) and the etching beam was O2

+ (1 keV, 249.85 pA, 200 · 200
μm2). Raman spectra were collected on a SENTERRA dispersive
Raman microscope from Bruker Optics with Olympus objective
MPlan N 100x and a Nd:YAG laser. Grazing incidence small-angle X-
ray scattering (GISAXS) experiments were carried out at beamline
BW4 of the German synchrotron radiation facility HASYLAB at DESY
(λ = 1.381 Å, dsample/detector = 1805 mm, β = 0.2°) using a MarCCD
area detector (79 μm pixel size, counting time = 2 · 300 s). DPDAK
version 1.0.0 was used for data analysis.
The total electrical conductivity of the mesoporous thin films was

measured by impedance spectroscopy in the frequency range from 1
mHz to 1 GHz with a voltage of 500 mV using a Novocontrol Alpha-A
measuring bridge. Two interdigitated Pt microelectrodes were
prepared on the top surface of the films by photolithography. At
first, negative resist (ma-N 1420, micro resist technology GmbH) with
a thickness of about 2 μm was deposited onto the samples. After a
prebake for 100 s at 120 °C, the electrode structure was transferred
using a chrome-plated soda lime glass mask and a mask aligner

(MA56, Karl Süss) operating at 365 nm. After development (maD
533-S, micro resist technology GmbH), a hard bake at 100 °C for 45
min was performed. A 200 nm thick Pt electrode was then deposited
by pulsed laser deposition using a Pt target and a KrF excimer laser
(248 nm). For the lift-off process, acetone was used. The
microelectrodes have an accumulated length of 40 cm and an
electrode distance of 20 μm. A schematic illustration of the
interdigitated electrodes is shown in Figure S1 of the Supporting
Information (SI).

The in-plane resistance was measured in the temperature range
from 200 to 500 °C inside a gastight tube furnace. The temperature
was controlled using a type K thermocouple and a digital multimeter
2700 (Keithley) with a reference junction at 50 °C. The oxygen partial
pressure was controlled by mixtures of Ar and O2 and measured using
a home-built zirconia-based EMF cell and a digital multimeter 2700
(Keithley). The gas mixture was dried over CaCl2/P2O5 before flowing
into the tube furnace. For the temperature-dependent measurements
at ambient atmosphere, the tube furnace was kept open. Before each
temperature and p(O2)-measurement step, the sample was allowed to
equilibrate for 6 to 10 h.

■ RESULTS AND DISCUSSION
The YSZ thin films studied in this work were prepared by sol−
gel dip-coating37,38 using chloride salt precursors and a large
polyisobutylene-block-poly(ethylene oxide)39,40 diblock copoly-
mer as structure-directing agent. In so doing, the best result in
terms of pore ordering and material homogeneity was achieved.
Both the surface and bulk morphology of the solution-

processed material after annealing at 600 °C for 10 h were
investigated by electron microscopy. Representative top view
and cross-sectional SEM images are shown in Figure 1a,b and

SI Figure S2. As can be seen, the films have a continuous
mesostructure with distorted cubic pore symmetry. The average
size of the cavities is 24 nm in plane. The dimension in the
direction normal to the plane of the substrate is much smaller
because of the unidirectional film contraction during thermal
annealing. In addition, it is evident from the SEM images that
the pores at the top surface are open, the nanoscale structure
persists throughout the bulk, and that even several hundred

Figure 1. Electron microscopy of the polymer-templated mesostruc-
tured YSZ thin films heated at 600 °C for 10 h. Top view (a) and
cross-sectional SEM images (b), and HAADF-STEM images (c)
showing that the network of pores is well developed. The side lengths
of the high magnification images in the inset are 125 nm (a), 235 nm
(b), and 90 nm (c). (d) HRTEM image demonstrating the high
crystallinity.
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nanometer thick layers of YSZ are crack-free on the micrometer
level. This is also corroborated by the high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) images in Figure 1c. Both high-resolution TEM (Figure
1d) and selected-area electron diffraction (see SI Figure S2)
demonstrate the polycrystalline nature of the wall structure; no
amorphous regions were observed. Overall, the electron
microscopy data verify the high quality of the YSZ thin films
with minor structural defects. There are no signs of
restructuring or instability at 600 °C which emphasizes the
exceptional thermal stability of the sol−gel derived material.
The pore structure and its thermal stability were also

investigated by means of synchrotron-based GISAXS. Figure 2

shows GISAXS patterns obtained on a sub-200 nm thick film
heated at 600 °C for different times. Strong in- and out-of-plane
maxima, characteristic of a distorted large-pore cubic
mesophase with reasonable ordering, can be observed after
annealing for up to 1 h.35,40 The corresponding patterns
indicate lattice contraction (perpendicular to the substrate) of
more than 80%. The scattering intensity loss in the qz-direction
for longer annealing times can be attributed to the
morphological anisotropy of the films. However, the maxima
in the qy-direction are preserved, thereby demonstrating that
the lateral pore structure is little affected. This can also be seen
from the horizontal line cuts in Figure 2. Even higher order
maxima are clearly visible after 50 h at 600 °C.

The crystallite size was determined by X-ray diffraction.
WAXD patterns as a function of annealing time at 600 °C are
shown in Figure 3a. Distinct (111) and (200) peaks at 2θ
values of 30.2° and 35.0°, respectively, can be observed. As is
evident, the YSZ thin films are already highly crystalline after
annealing for only 1 min and the line broadening of the peaks
barely changes with time. Applying the Scherrer equation to the
(111) peak gives an average crystallite size of 8 nm, which is of
the order of the wall thickness. This result thus provides an
explanation as to why the pore structure remains virtually
unaffected; phenomena like sintering or gain growth are not
observed.
The polymer-templated mesostructured films were also

characterized using Raman spectroscopy, ToF-SIMS, and
XPS. The Raman spectrum shows only a single line at about
610 cm−1 (see SI Figure S3). This band can be assigned to an
F2g mode and is characteristic of the cubic fluorite-type phase.

41

Figure 3b shows the depth profiling results from positive
polarity ToF-SIMS analysis. Both the 89Y+ and 91Zr+ signals are
constant until the film/substrate interface is reached, which
demonstrates that the Y and Zr ions are homogeneously
distributed throughout the depth. The surface composition and
bonding were investigated by XPS. A survey scan confirming
the absence of any contaminants is shown in SI Figure S4,
detail spectra of the Y 3d and Zr 3d core levels are illustrated in
Figure 3c,d. The latter spectra can be fitted to two peaks, with
an area ratio of 2:3 and low χ2 values, at 159.04 eV (Y3+)/
184.38 eV (Zr4+) and 157.00 eV (Y3+)/182.00 eV (Zr4+) due to
emissions from the 3d3/2 and 3d5/2 components, respectively.
XPS further indicates nearly perfect 1:5.25 Y/Zr stoichiometry
(Y/Zr/O atomic ratio 1:5.27:12.14). Taken together, the data
in Figure 3 establish that the mesoporous YSZ thin films are
single phase and well-definedthey are an ideal model system
with which to study the effect of free surface on the ionic
transport properties.
Figure 4 shows a comparison of representative impedance

spectra of ∼150 nm thick mesoporous YSZ films measured at
two temperatures under ambient atmosphere and in dry air
with both ambient and low oxygen partial pressures. All spectra
show a nearly ideal semicircle at high frequencies in the range
between 1 MHz and 100 Hz, and further the onset of one or
two semicircles at low frequencies. For the measurements at
high temperatures and ambient atmosphere especially, the
appearance of a third semicircle can be observed. This
semicircle shifts to lower frequencies with decreasing temper-
ature, becomes more and more depressed and eventually
disappears below 700 K. In dry air conditions, it is less
pronounced and merges with the second semicircle. It is worth
noting that a bare quartz glass substrate was also measured to
assess the effect of potential leakage currents. As shown in SI
Figure S5, the resistance of the substrate is about 4 orders of
magnitude larger than that of the YSZ thin films, and therefore
leakage can be ruled out.
In order to analyze the impedance spectra and to determine

the resistance of the films, the data were fitted using an
equivalent circuit consisting of RQ elements in series. At high
temperatures and ambient atmosphere (three semicircles
appeared), three RQ elements were used; the impedance
spectra with two semicircles were fitted using an equivalent
circuit with only two RQ elements. Each of the RQ elements
represents one of the corresponding nonideal semicircles with
resistance Ri and constant phase element Qi. The fits to the data
are shown as solid lines in Figure 4. From the parameters n and

Figure 2. GISAXS patterns of the mesoporous nanocrystalline YSZ
thin films heated at 600 °C for 1 min (a), 1 h (b), 10 h (c), and 50 h
(d). The angle of incident β was set at 0.2°. The intensity color map is
shown at the bottom. Line cuts made along the direction indicated by
the red arrow in (a) are shown below the GISAXS patterns.
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Figure 3. (a) WAXD patterns of the mesoporous YSZ thin films heated at 600 °C for 1 min (A), 1 h (B), 10 h (C), and 50 h (D). The peak denoted
with an asterisk mark stems from the silicon wafer used as substrate. (b) ToF-SIMS depth profiling of a ∼250 nm thick film. (c, d) XPS detail spectra
of the Y 3d and Zr 3d levels. Experimental data are shown as diagonal crosses, lines in black and blue are fits to the data and orange lines represent
the sum of the peak fits.

Figure 4. Complex impedance spectra of the mesoporous YSZ thin films measured at high (top) and low (bottom) temperatures and under ambient
atmosphere (left) as well as in dry air with ambient oxygen partial pressure (middle) and low oxygen partial pressure (right). Simulated impedance
spectra are shown as solid lines.
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CQ of the constant phase element, the capacitance Ci of the
semicircles can be calculated according to the following:42,43

= −C R Cn
Q

n1 1/
(1)

For the semicircle at high frequencies, a capacitance of about
1.2 × 10−13 F was determined. For those at low frequencies,
values of 1 × 10−6 to 1 × 10−5 F were found. The semicircle at
high frequencies can therefore be attributed to the response of
the electrolyte, while those at low frequencies correspond to
the response of the electrode/electrolyte interface.44 This
interpretation is also supported by impedance measurements at
different bias voltages (not shown). Only the two semicircles at
low frequencies are affected by variations in applied voltage, as
expected for electrode processes. As we focus here on the
electrolyte properties, we did not investigate the electrode/
electrolyte response in detail. In the following sections, we take
a closer look at the resistance of the electrolyte.
Using the resistance determined from the impedance spectra,

the conductivity of the mesoporous YSZ thin films was
calculated according to the following:

σ =
R

l
bd

1
(2)

where R represents the resistance, l the electrode distance, b the
electrode length, and d is the film thickness. However, this way
the conductivity of the mesoporous YSZ is underestimated
because the porosity is neglected. The electrode area b × d
would be reduced when considering the pore structure,
ultimately leading to an increase of the geometrical factor and
therefore to a higher conductivity. But since it is very difficult to
determine the exact geometrical correction term, the samples
were treated as dense films. Consequently, the total
conductivity determined by eq 2 could be the bottom limit
of the conductivity of the material. The temperature depend-
ence of the conductivity in ambient atmosphere as well as in
dry atmosphere for the lowest and highest oxygen partial
pressures tested is shown in Figure 5.

The conductivity in ambient atmosphere reveals linear
behavior, with Arrhenius-type dependence over the whole
temperature range. A fit of the experimental data to the
expression ln(σT) = ln(σ0) − EA/kBT gave an activation energy
of 1.20 eV. This value is comparable to those reported for
single crystals of YSZ and polycrystalline bulk material. Typical
values lie between 0.8 and 1.23 eV.21,22,45−48 For comparison,
the average of the conductivity values for bulk YSZ taken from
ref 12 is shown in Figure 5 as well. Apart from the agreement
between the activation energies, the absolute value of the total
conductivity of mesoporous YSZ is lower by about 1 order of
magnitude compared to its bulk-phase counterpart. One should
keep in mind, nevertheless, that the mesoporous samples were
considered as dense films in the calculation. This means the
bulk conductivity of the crystallites is underestimated to a
certain extent.
Measurements in dry atmosphere show a distinct change in

the conductivity behavior. As is evident from Figure 5, the
absolute value of the conductivity increases by approximately 1
order of magnitude under dry conditions and ambient oxygen
partial pressure (lg(p(O2)/bar) = −0.67), reaching values even
higher than those typically observed for bulk YSZ. In addition,
the temperature dependence of the conductivity shows two
transport regimes with different activation energies. For
temperatures below 630 K, a slightly increased activation
energy of about 1.28 eV is deduced, while a significant decrease
of EA to 0.78 eV is found at higher temperatures. Furthermore,
the data do not show notable changes with variations in the
oxygen partial pressure. The absolute values of the total
conductivity are virtually constant for the oxygen partial
pressure range investigated (here, lg(p(O2)/bar) = −0.67 to
−4.4), as can be seen in Figure 6. The same also holds true for
the activation energy at low and high temperaturesEA is
shown as a function of oxygen partial pressure in Figure 7.
The intrinsic metastability of mesoporous materials may lead

to the fact that they undergo structural and/or morphological
changes,49 especially at high temperatures, due to sintering or
other causes. In order to ascertain that the differences in
conductivity are not caused by such changes, all measurements
were repeated several times. The same behavior was observed

Figure 5. Temperature dependence of the conductivity for different
atmospheric conditions. The black line is the average of reported
values for bulk YSZ taken from ref.12

Figure 6. p(O2) dependence of the total conductivity measured at
different temperatures. Solid lines are fits to the experimental data.
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in each of the measurements, which provides ample evidence
that the change in conductivity is reversible and only depends
on the atmospheric conditions. In addition, SEM confirmed
that the mesoporous morphology is fully preserved.
In order to explain the different temperature dependence of

the ionic conductivity in dry and ambient environments, one
has to consider the underlying transport mechanism in the
mesoporous YSZ thin films. In bulk oxide ceramics with a
fluorite-type structure, such as CeO2 and ZrO2, the conductivity
is determined by the defect concentration of mobile electronic
and ionic charge carriers. This means it depends on the
electronic band gap and the anion Frenkel defect equilibrium.
The defect concentration and thus the electrical properties can
be altered by either doping or varying the oxygen partial
pressure in the surrounding gas phase.
According to the well-established defect model for YSZ, the

doping with yttrium results in the formation of oxygen
vacancies for charge compensation. Using Kroeger-Vink
notation, the doping can be described as follows:45,50

⎯ →⎯⎯⎯ ′ + +··Y O 2Y V 3O2 3
ZrO

Zr O O
x2

(3)

where YZr′ denotes an Y3+ impurity located at a Zr4+ site with
relative charge of −1, and VO

·· represents an oxygen vacancy
with relative charge of +2. Oxygen vacancies are also generated
under reducing conditions as oxygen will be released from the
lattice according to the following defect reaction:

⇌ + + ′·· eO
1
2

O V 2O
x

2(g) O (4)

Applying the law of mass action, the mass action constant for
low oxygen partial pressure can be written as follows:

= ′··K e p[V ][ ] (O )Red O
2

2
1/2

(5)

The electroneutrality condition at low p(O2) is then given by
2[VO

·· ] = [YZr′ ] + [e′]. Because of the incorporation of 8 mol %
yttria, [YZr′ ] is much larger than [e′]. Therefore, the oxygen
vacancy concentration can be considered constant in reducing
atmosphere. The p(O2) dependence of the electron concen-
tration results from eq 5:

′ ∝ −e p[ ] (O )2
1/4

(6)

Assuming constant mobility μi of the carriers with charge qi,
the partial conductivity σi is directly proportional to the defect
concentration ci (σi = qiμici) and reflects the oxygen partial
pressure dependence of ci. As shown in Figure 6, the total
conductivity of the mesoporous YSZ thin films does not reveal
p(O2) dependence. This means that the electronic contribution
to the total conductivity is negligible and the ionic transport via
oxygen vacancies is the dominating transport mechanism in the
films under dry conditions. The same behavior is known for
dense films and single crystals of YSZ.14,45 From this we
conclude that the mesoporous morphology has apparently no
effect on the major charge transport mechanism. It should be
noted, though, that this conclusion is not necessarily true in
general. The high surface area of mesoporous materials may
have significant influence on the dominating charge transport
mechanism, as recently shown by Hartmann et al.35 They
studied the total conductivity of solid solution thin films of
CeO2 and ZrO2 as a function of oxygen partial pressure and
observed a p(O2) dependence of the conductivity, with slopes
varying between −1/3 and −1/2 depending on the
composition. These unusual slopes were explained by a defect
model which includes surface defects with different effective
charges compared to bulk defects. They also discussed the
formation of defect associates.
Although the p(O2) dependence of the total conductivity of

the mesoporous YSZ thin films shows no clear indications of
defect associates, their formation may explain the change in
slope of conductivity with temperature (see Figure 5).51 A
similar behavior, with two different activation energies, has
already been observed for single crystals and polycrystalline
YSZ.52−55 At low temperatures or high doping concentrations,
free oxygen vacancies can be trapped at YZr′ impurities due to
Coulomb interaction and form a defect pair:52−54

′ + ⇌ ′ −·· ·· ·Y V (Y V )Zr O Zr O (7)

As shown by Kilner et al., the formation of defect associates
strongly affects the free vacancy concentration, which
determines the ionic conductivity.51 At high temperatures,
where the defect pairs dissociate, the activation energy
corresponds to the migration enthalpy ΔHm of the free
vacancies. At low temperatures, the binding energy ΔHa of the
defect pairs is included:56

= Δ + ΔE H HA m a (8)

As described above, activation energies of 0.78 and 1.28 eV
were determined at high and low temperatures, respectively.
Consequently, the mesoporous thin films exhibit a migration
enthalpy of 0.78 eV. The dissociation enthalpy of the defect
associates is about 0.5 eV. These values are comparable to those
reported in the literature. Bauerle at al. determined values of
ΔHm = 0.68 eV and ΔHa = 0.49 eV for single crystals of YSZ,57

and Filal et al. reported migration enthalpies of 0.65 and 0.89
eV and dissociation enthalpies of 0.5 and 0.22 eV for
polycrystals and single crystals, respectively.54 Apart from the
formation of defect associates, other factors, such as additional
electronic contribution to the conductivity or increased strain,
could in principle also be responsible for the change in
activation energy. However, an additional electronic contribu-
tion would result in a change of the total conductivity with
varying oxygen partial pressure (see eq 6), which is not
observed. Also, strain in the YSZ lattice as a possible reason can
be excluded because the change in activation energy is only

Figure 7. p(O2) dependence of the activation energy at low and high
temperatures. Solid lines are fits to the experimental data.
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Figure 8. Schematic illustration of two scenarios leading to a shift in Ts to lower temperatures. (a) Conductivity decrease at high temperatures, where
the oxygen migration dominates the temperature dependence of the conductivity. (b) Conductivity increase at low temperatures, where the ionic
conductivity is dominated by the formation of defect associates.

Figure 9. Influence of the surface on the transport properties in mesoporous YSZ. (a) Increased oxygen vacancy concentration leads to enhanced
surface conductivity. (b) Formation of hydroxide ions reduces the oxygen vacancy concentration and therefore the surface conductivity.
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observed under dry conditions−strain effects are expected to be
independent of atmosphere.
It is interesting to note that the change in slope in the

Arrhenius plot is usually observed at temperatures between Ts =
830 and 870 K. However, this transition already occurs at 620
K for the mesoporous films. The shift in Ts to lower
temperature can be explained by two possible scenarios,
which are schematically illustrated in Figure 8: (a) conductivity
decrease at high temperatures, where the oxygen migration
dominates the temperature dependence of the conductivity, or
(b) conductivity increase at low temperatures, where the ionic
conductivity is dominated by the formation of defect associates.
In the following, we discuss the latter case as the conductivity is
higher in dry atmosphere.
Since bulk and mesoporous YSZ samples show virtually the

same activation energy, the increased conductivity at low
temperatures can only be attributed to a higher concentration
or mobility of the oxygen vacancies, both of which is strongly
affected by the formation of space-charge regions at grain
boundaries and surfaces. The space charge layer width in YSZ is
typically assumed to be 3 nm.58,59 This is of the order of the
grain size. Thus, the total conductivity may be dominated by
transport through the space charge region at the surface. Space
charge concepts for YSZ assume segregation of yttrium dopants
and depletion of oxygen vacancies at grain boundaries.42,50

However, atomistic simulations predict segregation of oxygen
vacancies at the free surface60increased vacancy concen-
tration may be responsible for enhanced surface conductivity
(see Figure 9a), thereby resulting in the observed shift in Ts.
The strong influence of the surface on the transport

properties of the mesoporous thin films is also observed
when the atmosphere is changed from dry to “humid”. As
previously mentioned, the conductivity decreases by nearly 1
order of magnitude in ambient atmosphere over the whole
temperature range investigated. The total conductivity usually
increases significantly in humid air at temperatures below 200
°C, which is attributed to proton conduction along the
surface31 or grain boundaries.27,61 In this case, proton defects
are formed in the form of hydroxide ions ((OH)O

· ) according
to the following defect reaction:62,63

+ + ⇌·· ·H O V O 2(OH)2 (g) O O
x

O (9)

The hydroxyl groups can persist on the surface of oxide
materials up to 500 °C, as shown by Raz et al.64 But given that
proton conduction is negligible compared to oxygen ion
conduction at high temperatures,52,61,65 no significant change in
conductivity has been observed in wet air atmosphere for dense
YSZ at temperatures above 200 °C, neither for single crystals52

nor polycrystals27,31 or thin films.22 However, because the
contribution of proton transport increases with decreasing grain
size,27 proton conduction has been observed up to 400 °C in
nanoporous YSZ thin films, as reported by Scherrer et al.66

Miyoshi et al. observed proton transport in nanograined YSZ
even up to 500 °C, which they also attributed to the unique
structure of the material and the presence of hydrate layers
between the surfaces of adjacent grains.26,67

In view of the fact that the mesoporous thin films employed
here show no increase in conductivity in ambient atmosphere,
the influence of proton transport appears to be small. The onset
of proton conduction may be inferred from the data in Figure 5
at low temperatures; the conductivity slightly deviates from the
linear fit below ∼530 K (250 °C). Overall, this indicates that
the amount of adsorbed water is not sufficient to provide

additional transport pathways for protons (high proton
conduction is usually observed in wet atmosphere). Never-
theless, the significant decrease in conductivity−in ambient
atmosphere−can be attributed to the presence of water on the
surface of the mesoporous thin films (see Figure 9b). The
adsorption of water not only results in the formation of proton
defects, but also in the annihilation of oxygen vacancies (see eq
9).68,69 These vacancies are responsible for the oxygen ion
conduction, and thus their annihilation is expected to have a
profound effect on the conductivity. For example, a decrease in
ionic conductivity by almost 2 orders of magnitude has been
observed for hydrated mayenite.70 This is comparable to what
we find for the mesoporous YSZ thin films.
The annihilation of vacancies is clearly limited to the surface

because water does not dissolve in cubic YSZ.68 Therefore, the
decrease in conductivity indicates that, on the one hand, a
noticeable amount of vacancies (at the free surface of the
mesoporous films) is in fact annihilated and the surface
transport makes a significant contribution to the total
conductivity. On the other hand, the amount of adsorbed
water seems insufficient to affect the conductivity due to
substantial proton transport. Future work (e.g., humidity
dependent conductivity studies) is necessary to confirm these
hypotheses and fully explore the mechanism.

■ CONCLUSIONS

In summary, we have shown that single phase cubic YSZ thin
films with an ordered mesoporous morphology can be prepared
by sol-gel co-assembly through a soft-templating method using
the large diblock copolymer PIB107-b-PEO150 as structure-
directing agent. The nanocrystalline material is well-defined at
different length scales and shows no signs of instability at 600
°C. Due to high surface-to-volume ratio (surface phenomena),
the films possess unique transport properties compared to bulk
YSZ. Under dry air conditions, defect associates are already
formed at temperatures below 350 °C. Furthermore, the total
conductivity is strongly reduced in ambient atmosphere. This
decrease is likely due to water adsorption on the free surface,
which is accompanied by the annihilation of oxygen vacancies.
Overall, our results demonstrate a significant contribution of
the surface region to the total conductivity of the solution-
processed mesostructured thin films.
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