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ABSTRACT: Mixed ionic and electronic conductors represent
a technologically relevant materials system for electrochemical /
device applications in the field of energy storage and /N log(o)
conversion. Here, we report about the design of mixed

conducting nanocomposites by facile surface modification
using atomic layer deposition (ALD). ALD is the method of
choice, as it allows coating of even complex surfaces. Thermally
stable mesoporous thin films of 8 mol % vyttria stabilized
zirconia (YSZ) with different pore sizes of 17, 24, and 40 nm
were prepared through an evaporation induced self assembly
process. The free surface of the YSZ films was uniformly coated
via ALD with a ceria layer of either 3 or 7 nm thickness.
Electrochemical impedance spectroscopy was utilized to probe
the influence of the coating on the charge transport properties.
Interestingly, the porosity is found to have no effect at all. In contrast, the thickness of the ceria surface layer plays an
important role. While the nanocomposites with a 7 nm coating only show ionic conductivity, those with a 3 nm coating exhibit
mixed conductivity. The results highlight the possibility of tailoring the electrical transport properties by varying the coating
thickness, thereby providing innovative design principles for the next generation electrochemical devices.
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rdered mesoporous metal oxides are characterized by
O a regular structure made from pores of diameter 2—

50 nm."” The pores are surrounded by crystallites
that form an interconnected pathway for electrical charge
carriers. The regular pore arrangement enables efficient
penetration of gases or liquids into the bulk, thereby improving
the accessibility of active surface sites. This characteristic
structure qualifies mesoporous oxides for a variety of
electrochemical applications,”™” e.g., in the field of (photo)
electrocatalysis, as electrode materials for batteries and
supercapacitors or gas sensors. Several studies have shown
that mesoporous architectures are favorable for electro
chemical applications, which is mostly attributed to their
large specific surface area. However, also other factors, such as
the degree of crystallinity, the grain size distribution, and the
pore structure, play an important role in outperforming bulk
(nanocrystalline) counterparts.3’ 10=1s

Surface engineering may lead to further improvements in the
properties of mesoporous oxides. The accessibility of the free
surface through the porosity enables its effective modifica
tion, ¢ e.g., by functionalization, deposition of thin coatings, or
incorporation of guest species, such as metal nanopar
ticles.'” ™" A common approach is surface coating via atomic
layer deposition (ALD).”"~** ALD allows preparing conformal
and uniform coatings on complex surfaces, with precise control
over their thickness.””>* It is therefore often used in surface
engineering of nanostructured materials for energy applica
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Figure 1. Top view SEM images of (a) uncoated, (b) 3 nm, and (c) 7 nm CeO, coated YSZ 2 thin films. (d) HRTEM image of uncoated
YSZ 2. (e, f) HAADF STEM images of 7 nm CeO, coated YSZ 2 and corresponding EDS maps for Y (in red), Zr (in green), and Ce (in

blue).

tions.”””>~*" One of the benefits of ALD derived thin surface
coatings is that the deposition of a simple binary oxide, such as
AL, O; or SiO,, can help increase the thermal stability of
mesoporous materials,”* " whose structure often tends to
collapse at elevated temperatures. Surface modification via
ALD is also successfully applied to protect/stabilize cathode
materials in lithium ion and solid state batteries’ ™’ or to
improve the performance of solid oxide fuel cells.”*™*’ Apart
from that, surface engineering of complex nanostructures using
ALD allows developing innovative mixed conducting compo
sites. This can be achieved by coating an ion conducting oxide
with an electronically conductive material or vice versa.
Artificial mixed conductors prepared from two different solid
phases represent promising materials systems for various
applications, e.g., in the field of energy storage and conversion.
They are of importance as intercalation electrodes, permeation
membranes, or sensors,” as they may exhibit high electronic
and ionic partial conductivities. Furthermore, space charge
effects at the interface between two different phases can enable
interfacial storage of neutral species, such as lithium or
silver. >~

Artificial composites are commonly formed by “mixing” an
ion conductor with a metal.”** In an alternative approach,
mixed conducting properties are achieved by coating the free
surface of a porous oxygen ion conductor with thin titania
(TiO,) layers.*” Mixed conducting properties have also been
assumed for mesoporous zirconia (ZrQO,) thin films coated
with ceria (Ce0,).”" However, experimental proof of
electronic conductivity of the ceria coating is lacking in the
related study, mainly because the oxygen partial pressure
dependence of the conductivity has not been examined.
Nevertheless, using oxide based coatings as an electronically
conductive phase promises higher thermal stability of the
resulting composite. In addition, electrochemical character
izations revealed that the thickness of the ALD coating has a
profound effect on the electrical properties. This is attributed
to changes in morphology and microstructure (crystallinity,

grain size, etc.) of the coating with varying ALD cycles as well
as to space charge effects arising at the different interfaces. The
strong correlation between thickness and electrical conductiv
ity offers an additional degree of freedom in tailoring the
conductivity of mesoporous oxide composites by altering the
coating thickness. However, detailed understanding of the
relation between coating thickness, morphology, and ionic/
electronic conductivity is required to optimize the electro
chemical properties for real world (device) applications.

Here, we report about the characterization of mixed
conducting nanocomposites by surface engineering of cubic
mesoporous yttria stabilized zirconia (YSZ) thin films. YSZ
was chosen as a matrix, as it is one of the most prominent
oxygen ion conductors at elevated temperatures.”' ~>” The high
oxygen ion conductivity arises from the incorporation of yttria
(Y,0,) into the ZrO, lattice, stabilizing the cubic fluorite type
crystal structure and leading to the formation of oxygen
vacancies.”*> The free surface of the mesoporous films was
coated by ceria ALD. Ceria shows high redox activity of the
Ce®/Ce* couple, thereby facilitating oxygen exchange with
the surrounding atmosphere.56 In addition, it is responsible for
the p(O,) sensitive mixed ionic/electronic conductivity, as the
release of oxygen under reducing conditions not only generates
oxygen vacancies but also localized electrons, the latter of
which reduce Ce** to Ce’*:

2Ce¢, + Of = V§ + 2Ce, + lO2
2 QY

These electrons can hop as small polarons between the Ce**
and Ce*" sites, giving rise to an electronic conductivity
contribution.””>* Thus, the electrical prc?erties of CeO,_;
strongly vary with the nonstoichiometry 8.°°'

Specifically, polymer templated, mesoporous CeO,—YSZ
nanocomposite thin films with different pore sizes and varying
thicknesses of the ceria coating are examined. Structural
characterization confirms the uniform coating of the free
surface via ALD. Temperature and oxygen partial pressure
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Figure 2. (a) GIXRD patterns and (b) Raman spectra of uncoated and CeO, coated YSZ thin films at room temperature. For comparison,
the reference patterns for cubic YSZ (PDF 98 007 5316) and cubic CeO, (PDF 98 002 8709) are shown in part a.

dependent electrochemical impedance spectroscopy (EIS)
measurements indicate that the electrical transport properties
are independent of the pore size but strongly change with the
thickness of the coating. Mixed ionic/electronic conductivity
arises when the surface is coated with a 3 nm ceria layer, as
clearly confirmed by p(O,) dependent conductivity measure
ments. The electronic partial conductivity of the ceria layer
dominates the transport properties at low temperatures and
under reducing conditions. In contrast, nanocomposites with a
7 nm ceria coating only show ionic conductivity. The results
demonstrate that surface modification of mesoporous oxides is
a viable approach to produce and explore mixed conducting
materials systems with tailorable properties.

RESULTS AND DISCUSSION

Structural and Compositional Characterization. Rep
resentative top view SEM images of uncoated mesoporous
YSZ thin films (thickness d ~ 180 nm) are shown in Figure la
and Figure S1. The pores have average in plane diameters of
17, 24, and 40 nm. In the following, the corresponding films
are referred to as YSZ 1, YSZ 2, and YSZ 3, respectively.
Both YSZ 1 and YSZ 2 are crack free and have a continuous
pore structure with a distorted cubic symmetry. The high
resolution TEM (HRTEM) images in Figure 1d and Figure S2
confirm that the pores (denoted by an orange circle) are
surrounded by crystalline walls having grains of average
diameter S nm, independent of the pore size. As opposed to
YSZ 1 and YSZ 2, YSZ 3 shows a disordered but macro
scopically uniform porous network (see Figure S1), a result
that we attribute to the lower solubility of the high molecular
weight structure directing agent (SDA) used in the synthesis.

For the preparation of nanocomposites, the different thin
films were coated via ALD with a ceria layer of either 3 nm
(3Ce0,/YSZ x) or 7 nm (7Ce0,/YSZ x) thickness. After
surface coating, they were probed using SEM, mainly focusing
on the change in pore size with the number of ALD cycles. As
shown in Figure 1b,c and Figure S2 for YSZ 2, the pores
shrink significantly with increasing ALD cycles. For 7CeQ,/

YSZ 1, the pores were virtually completely filled (Figure S1).
Also for YSZ 2 (Figure 1c), the pores appeared to be largely
filled after coating with 7 nm ceria. However, STEM images of
the corresponding 7CeO,/YSZ 2 nanocomposite (Figure le,f
and Figure S2) demonstrate that some of the porosity is
maintained. This is further supported by energy dispersive X
ray spectroscopy (EDS) maps of the elemental distribution for
the 3CeO,/YSZ 2 and 7CeO,/YSZ 2 thin films in Figure 1f
and Figure S2. The mapping of Ce reveals a uniform coating
distribution, suggesting good surface coverage of the YSZ
matrix.

The crystallinity and phase purity of the nanocomposites
were investigated by GIXRD at room temperature. Figure 2a
presents GIXRD patterns for all samples. The uncoated YSZ
films show characteristic reflections of cubic YSZ, indicating
successful preparation of a single phase material > Applying
the Scherrer equation to the (111) reflection, a crystallite size
of approximately 6 nm was calculated, in good agreement with
the value estimated from TEM imaging.6 After ALD coating,
additional broad reflections are visible in the diffraction
patterns. These reflections can be assigned to the cubic
fluorite structure of CeO,. They sharpen and increase in
intensity for the films coated with a 7 nm ceria layer, which is
in line with previous results.’® However, for YSZ and ceria, the
low scattering factor of oxygen and the broad reflections, due
to the small crystallite size, make a clear differentiation
between the cubic and tetragonal phases difficult.**~*

Raman spectroscopy measurements were conducted to
confirm the cubic lattice symmetry of both the mesoporous
YSZ and the ceria coating. As shown in Figure 2b, Raman
spectra of the uncoated YSZ films display the characteristic
triply degenerate F,, mode at 604 cm™", which is typical of the
cubic fluorite phase.”**”® Note that the intense mode at 490
cm™! and the broad Raman band at 430 cm™" arise from the
quartz glass substrate.”” For the CeO,~YSZ nanocomposites,
the Raman measurements also confirm the fluorite crystal
structure of ceria, due to the presence of the prominent
Raman active band at @ = 461 cm™". The samples show a red
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Figure 3. (a) ToF SIMS depth profiles for 3 and 7 nm CeO, coated YSZ 1 and YSZ 3 thin films and (b) corresponding Ce 3d XP spectra.

shift and broadening of the F,, mode, compared to single
crystals (@ = 465 cm™"),”%”" both of which slightly increase
with decreasing coating thickness. This behavior is character
istic of nanoscale ceria’”~"” and indicates its columnar growth
on the YSZ surface.”” Phonon confinement and changes in the
lattice constant (tensile strain) result in broadening of the
Raman mode and a shift to lower wavenumbers with
decreasing particle size. Thus, the red shift of the F,, mode
observed for decreasing coating thickness suggests a smaller
grain size for the 3 nm CeO,. However, strain effects arising at
the CeO,/YSZ interface may be responsible for the broadening
and shift of the F,, mode too.”®

The homogeneity of the CeO, coating throughout the films
was examined by time of flight secondary ion mass spectrom
etry (ToF SIMS). Figure 3a shows depth profiles for YSZ 1
and YSZ 3 after the deposition of 3 and 7 nm CeO,. For all
samples, a constant ratio of YO~ and ZrO~ species (until
reaching the film/substrate interface) is found, indicating
uniform distribution of Y and Zr throughout the mesoporous
films. In addition, the CeO~ signal clearly follows that of YO~
and ZrO~, confirming the conformal coating of the inner
(bulk) porosity. The slight decrease/increase of the CeO~
signal with increasing sputtering depth seen for 7CeO,/YSZ 1
and 3CeO,/YSZ 3 is related to the porous structure of the
nanocomposites, as discussed previously.”® Interestingly, no
SiO™ signal is detected for the 7CeO,/YSZ 1 at short
sputtering times. This result suggests complete coverage of
the top surface, as also indicated by SEM imaging in Figure S1.
This was somewhat expected though, as in that case, the pore
radius is similar to the thickness of the ALD ceria layer. Note
that blocking of the interconnecting channels (necks) between
the pores prevents proper filling and results in growth of a
sealing layer.”"*"”” However, a nearly constant CeO™ signal is
found after a short sputtering time, accompanied by the
presence of the Si~ substrate signal, thereby corroborating the
uniform coverage of the solid/air interfaces in the YSZ 1 thin
film.

It is well known that the mixed conducting properties of
ceria are strongly correlated with its ability to switch between
the +3 and +4 oxidation states.””*®®! For that reason, the
Ce0,/YSZ nanocomposites were investigated by XPS to
determine the Ce®* content in the surface coating. To calculate
the Ce’" content, the integral areas of the six signals from Ce**
(v, v",v"” and u, u”, u'") and the four signals from Ce** (v,, v/
and uy, u') were compared.”” Figure 3b shows Ce 3d XP
spectra and corresponding fits for the 3 and 7 nm CeO, coated
YSZ 1 and YSZ 3 thin films. The analysis reveals that the
Ce®"/Ce* ratio is independent of the pore size but varies with
the coating thickness. With increasing thickness of the CeO,
layer, the Ce®* concentration decreases, in good agreement
with previous data® and the results from Artiglia et al.*'
Despite the different pore structures and surface areas (for the
CeO, to be deposited onto), only small differences in the Ce**
content between the 3CeO,/YSZ 1 (35%) and 3CeO,/
YSZ 3 (33%), as well as between the 7Ce0,/YSZ 1 (26%)
and 7Ce0Q,/YSZ 3 (29%), are observed. Thus, the difference
clearly derives from the thickness of the coating in the
nanocomposites. Typically, the nonstoichiometry of CeO,_s
and therefore the Ce®* content, is determined by the
surrounding atmosphere (refer to eq 1). However, because
the XPS measurements were performed under identical
conditions, the decrease in Ce** signal with increasing coating
thickness suggests the presence of a surface space charge
region (where the electrons accumulate).>**** Since XPS is a
surface sensitive technique with a typical penetration depth of
approximately 5 nm,”” the width of the space charge layer can
be considered to be confined to only a few nanometers. Note
that a high surface concentration of Ce®" has also been
reported by Hao et al. They monitored the Ce** distribution in
ceria nanoparticles using scanning tunneling microscopy
(STM) combined with electron energy loss spectroscopy
(EELS).®

Electrochemical Characterization. The electrochemical
properties of the uncoated YSZ films and corresponding
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Figure 4. Arrhenius plots of the total conductivity for (a) uncoated, (
part a is the average of reported values for bulk YSZ taken from ref 91
uncoated, (e) 3 nm, and (f) 7 nm CeO, coated YSZ 1.

b) 3 nm, and (c) 7 nm CeO, coated YSZ thin films. The gray line in
. Oxygen partial pressure dependence of the total conductivity for (d)

nanocomposites were studied as a function of temperature
between 200 and 600 °C in 50 °C steps and oxygen partial
pressure (approximately 107 and 0.2 bar) using electro
chemical impedance spectroscopy (EIS). Representative
impedance spectra (Nyquist plots) recorded at 450 °C are
shown in Figure S3. Figure S4 shows the impedance spectra for
the 7Ce0,/YSZ 1 measured at different temperatures (200—
600 °C). All spectra exhibit an almost ideal semicircle at high
frequencies, as commonly observed for mesoporous metal
oxide thin films.”*** At low frequencies, the appearance of a
second semicircle is apparent. Consequently, the EIS data were
fitted using an equivalent circuit with two RQ elements
connected in series. The elements represent one of the two
semicircles and consist of a resistance element R and a constant
phase element Q connected in parallel. The capacitance values
were calculated from the parameters @ and Cq of the constant
phase element according to™%

C= R(I_a)cc(ll/a) (2)

For the semicircle at high frequencies, capacitances of 1.6—
4.3 X 1072 F were obtained. Typical values for the bulk of
ceramic materials vary between 107 and 107'° E.**" Thus,
the first semicircle is attributed to the response of the
nanocomposite. At low frequencies, the tail of the second
semicircle can be described by a capacitance of approximately
1077 F, which corresponds to the contribution of the
nanocomposite/electrode interface.*”*® It is worth noting
that in microcrystalline materials, a third semicircle in the
intermediate frequency range arises, due to the transport across
the grain boundaries. However, in nanocrystalline samples, the
semicircles representing the grain and grain boundary
contributions merge, making a separation impossible.”*"*’
For that reason, only the total resistance (i.e., grain and grain

boundary) is obtained from the analysis of the high frequency
semicircle. The total conductivity o, was determined from the
resistance R and the geometry of the interdigitated electrodes
used for the electrical characterization:”*

b
dlﬁngern

- 1
tot R (3)
where b = 33 pm is the distance between the electrode fingers,
n = 20 the number of fingers, /... = 3 mm the length of an
electrode finger, and d = 180 nm represents the film thickness
(see also Figure SS). Using eq 3, the porosity is neglected,
meaning the samples are treated as being dense.

Figure 4a shows the temperature dependence of the
conductivity for the uncoated YSZ films in an Arrhenius type
representation. The same conductivity was found for YSZ 1,
YSZ 2, and YSZ 3. This is somewhat surprising, as the
microstructure can significantly affect the impedance of
polycrystalline ceramics.***>*® The pore size independent
conductivity can probably be attributed to the characteristic
architecture of the mesoporous YSZ thin films. Despite
differences in the average pore size, they all exhibit a regular
arrangement of crystallites of very similar size, giving rise to
comparable transport pathways for the charge carriers. As is
evident from the data, the samples showed a linear Arrhenius
behavior over the whole temperature range investigated. This
is expected, as YSZ exhibits ionic conductivity because of the
presence of oxygen vacancies resulting from the introduction
of yttria into the zirconia lattice. This kind of substitution can
be described in Kroeger—Vink notation by:>>

ZrO, , . N
Y,0;, — 2Y,, + V5 + 304 (4)



3Ce0,/YSZ_1

@
-5 const. 600 °C
— =
e S & c—
%) w
g
= < —o_
S P - 2 -
2 o Ry 4
= O
-94 O >
\0
10 -1/4 ©
250 °C
-1 ; . ; :
-5 -4 -3 -2 -1 0

log p(O.,) / bar

7Ce0,/YSZ_1

(b)
const.
-5 » 600 °C
® N L]
%1 A& ~: 1=
2 -7 <Z> v v A\ 4
O] p L4 i d
o 8- T4 Y=
L . b > P
7 @] o O o O]
-104 250 °C
-1 T T T T
5 -4 3 2 -1 0

log(p(O,) / bar)

Figure S. Calculated oxygen partial pressure dependence of the conductance for (a) 3 nm and (b) 7 nm CeO, coated YSZ 1 thin films. Solid

lines are fits to the experimental data.

where Y}, represents a Y>* ion on a Zr** site with a relative
charge of —1, and V{ is an oxygen vacancy with a relative
charge of +2. Of denotes the oxygen lattice sites with a relative
charge of zero. From the temperature dependence of the
conductivity, the activation energy E, and the pre exponential
conductivity factor o, were derived:

O ion E
Gion(T) = —on exp( 2 ]

T kyT (3)
where ky is the Boltzmann constant, 6y, the conductivity
prefactor, and T represents the temperature. For the uncoated
YSZ samples, an activation energy Ej ;,, = 1.25 (+0.02) eV was
obtained. This is in good agreement with the values reported
for oxygen ion conductivity in nanocrystalline YSZ, ranging
from 1.02 to 1.23 eV.*?°*%%1 Also, the measured
conductivities are similar to the average of reported values
for bulk YSZ taken from ref 91 (shown as a solid gray line in
Figure 4a). A dominant oxygen ion conductivity is also
confirmed by the p(O,) independent conductivity shown in
Figure 4d.>> As the concentration of oxygen ions is fixed for
varying p(0O,), due to the “doping” with yttria, the activation
energy represents the migration enthalpy AH,;; of the oxygen
ions. For the conductivity prefactor 6y, a value of 7.5 (+0.3)
X 10° Sm™'K was obtained.

Coating the mesoporous YSZ films significantly changes
their electrical properties. After the deposition of 3 nm ceria,
the total conductivity of the nanocomposites increases by at
least 2 orders of magnitude compared to that of the pristine
YSZ material (Figure 4b). Two transport regimes with
different activation energies can be observed at ambient
conditions in the Arrhenius representation. The change in
activation energy becomes even more evident when calculating
the activation energy as a function of the inverse temperature:

d(In(oT))
d(1/T) (6)

E, = —kg

As shown in Figure S6, the activation energy clearly
decreases with decreasing temperature. In addition, the CeO,
coating affects the p(O,) dependence of the conductivity in
the temperature range between 250 and 600 °C, as shown in
Figure 4e. At lower temperatures, the conductivity varies with a
characteristic slope of —1/4, while at higher temperatures, it
remains constant in the p(O,) range investigated.

The 7CeO,/YSZ nanocomposites show the highest total
conductivity at all temperatures (Figure 4c). Again, two
different transport regimes characterized by changes in
activation energy are observed (see also Figure S6). However,
in contrast to the 3CeO,/YSZ samples, the 7CeO,/YSZ
nanocomposites reveal a constant p(O,) dependence of the
conductivity at all temperatures (Figure 4f). Similar to the
uncoated YSZ films, the effect of pore size on the transport
properties is negligible. Instead, the thickness of the CeO, layer
determines the differences in conductivity seen.

Direct comparison of the conductivity is somewhat
questionable when analyzing the influence of the coating on
the electrical properties of the nanocomposites, because the
deposition of the surface layer decreases the pore size, which
was neglected in the calculation, as discussed previously. It is
more reasonable to compare the total conductance G = R™/,
comprising the ionic conductance Gyg; of the mesoporous YSZ
matrix and the conductance Gg,o, of the ceria coating. The

transport through the coating occurs in parallel to the transport
of the oxygen ions in the YSZ, i.e., the total conductance is
given by Gy, = Gysz + Gceo, The contribution of the CeO,

layer was determined from the total conductance of the
nanocomposites by subtracting the conductance of the
Gysz). This is

possible because the YSZ samples exhibit the same
conductivity (independent of pore size, see above). The
resulting p(O,) dependence of the individual conductance
contributions from the 3 and 7 nm ceria coatings are shown in
Figure Sa,b.

The 7 nm CeO, coating shows a p(O,) independent
conductivity over the whole temperature and oxygen partial
pressure range (Figure Sb). This behavior suggests that the
surface layer exhibits a dominant oxygen ion conductivity, as
ceria tends to form intrinsic anti Frenkel defect pairs.”” We
attribute the two transport regimes with different activation
energies to the presence of a small amount of acceptor
impurities (A) in the coating. The formation of oxygen
vacancies, due to acceptor impurities, is given in Kroeger—Vink
notation by:”*

mesoporous YSZ films (Gceo, = Giom —

CeO, , . .
A,0; —— 2A,. + Vg + 304 (7)



At low temperatures, the presence of these impurities leads
to a constant oxygen vacancy concentration [V5]a, which is
significantly larger than the intrinsic one due to anti Frenkel
defects, ie, [V{]a > [V5]ap- The temperature dependence of
the conductivity is then only determined by the migration
enthalpy A, Hi,, of the oxygen vacancies:

6 (T) = Zneu(T) = 2Vl Fo exp _ DoigHin

P T kyT
(8)

where [V(], = n/N, is the oxygen vacancy concentration (due
to acceptor impurities), n the corresponding density of oxygen
vacancies, N, the Avogadro constant, e the elementary charge,
F the Faraday constant, Z the valence, and y, represents the
mobility prefactor. Hence, the low temperature activation
energy E,,, corresponds to the migration enthalpy of the
oxygen ions:

EA,Imp = AmigHion (9)

At higher temperatures, intrinsic anti Frenkel defects are
prevalent, leading to the formation of oxygen vacancies V{; and
oxygen interstitials O;":

CeO, — Ceg, + 2V + 20/ (10)

Consequently, the concentration of the intrinsic oxygen
vacancies increases and outweighs the constant vacancy
concentration, due to the presence of acceptor defects. The
ionic conductivity in the high temperature region is therefore
given by

O-ion,AF(T) = Zn(T)e/t(T)

. /’to AmigHion Ainon
~ 2[V5]an F— exp| — exp| —
O Xp[ KT )P 2kgT
(11)

where n(T)/Ny ~ [V{]aF exp(—AH,,,/2ksT) is the
concentration of the intrinsic oxygen vacancies (due to anti
Frenkel defects). In this case, the activation energy of the ionic
conductivity E, ,r comprises the A, .H;,, and the enthalpy of
formation AH,,, of the anti Frenkel defects:

H + Ainon
mig~ “ion ) (12)

Eyap=A

The temperature dependence of the ionic conductance of
the ceria coating is then given by

Gion,CeOZ(T) = Gion,Imp(T) + Gion,AF(T) (13)
with
GO,Im EA,Im
Gion,Imp(T) = _P exp(_—P
T kBT (14)
and
GOAF EAAF
G, T) = —— exp| ———
1on,AF( ) T XP( kBT (15)

A good description of the experimental results (see solid line
fits in Figure Sb) is achieved for Eptmp = AmigHion = 0.91
(£0.03) eV and E, 5 = 1.96 (£0.02) eV and the conductance
prefactors Gy = 200 (£12) SK and G ap= 5.9 (£1.0) x 10°
SK. The activation energies are in excellent agreement with

previous studies.””> From eq 12, the AH,,, is calculated to be
approximately 2.1 eV, which is also consistent with literature
values.”* ™%

In case of the 3 nm CeO, coating (Figure Sa), the
conductance decreases with increasing oxygen partial pressure,
which is typical of CeO, with a dominant electronic
conductance. In the near stoichiometric p(O,) range (intrinsic
regime), a decrease in oxygen partial pressure results in the
release of molecular oxygen (reduction reaction) according to
eq 1. As the concentration of oxygen vacancies is much larger
than that of the electrons, the vacancy concentration can be
assumed constant (Brouwer approximation). Then, the
electron concentration, and therefore the conductance, varies
with p(OZ)_1/4, in agreement with the experimental
results.”*7 %7 However, at higher temperatures, the
conductance again becomes p(O,) independent, indicating a
dominant ionic conductivity, as observed for the 7CeO,/YSZ
thin films. Thus, the results provide clear evidence that the
3Ce0,/YSZ nanocomposites exhibit a mixed ionic/electronic
conductance:

Gtot,CeOz(T’ P(Oz)) = Gion,CeOZ(T) + Gelec(Tf p(OZ))
(16)
Like for the 7 nm coating, the ionic conductance of the
nanocrystalline CeO, surface layer is described by eq 13. The
additional electronic contribution, due to hopping of electrons
between the Ce®* and Ce* sites, is given by*”'*>'’

G, elec E elec

Gelec(T’ p(OZ)) = - T
B

(17)

The corresponding fits of the temperature and p(O,)
dependences of the total conductivity are shown in Figure Sa.
Fits to the experimental data for the 3 and 7 nm CeO, coated
YSZ 2 and YSZ 3 thin films are presented in Figure S7, while
in Figure S8, the electronic and ionic contributions to the total
conductance are displayed separately. A good data description
is achieved for Ejy,, = 0.93 (£0.03) eV and E,,p = 1.94
(£0.02) eV, in agreement with the results for the 7CeO,/YSZ
nanocomposite. The prefactors G, = 66.7 (+12.0) SK and
Goar = 2.8 (£0.3) X 10% SK are reduced by a factor of 3 and
2.1, respectively (see also Table S1), corresponding to the
difference in thickness of the coatings. Overall, the results
indicate that both the 3 and 7 nm CeO, surface layers exhibit a
comparable ionic conductivity. For the electronic conductance,
an activation energy Ej... = 0.86 (+£0.02) eV and a
conductance prefactor Gy = 18.2 (+1.0) SK bar'/* are
obtained. In the intrinsic regime, the activation energy again
comprises the migration enthalpy A, ,H,.. and the enthalpy of
formation AH,,,. of the electronic defects:®"??10%103

AfHelec

EA,elec = AmigI_Ielec + T (18)

A typical value of 0.4 eV for Amg)Helec has been reported for
a small polaron hopping in ceria, 7700102 Using this, AH,,. is
calculated to be approximately 0.92 eV, which is significantly
lower than for single crystals (4.2—4.7 eV).*>°" However,
comparable values have been reported for nanocrystalline
ceria.’" The decrease in AH,. originates from the space
charge potential at the grain boundaries. As shown by Tschope
et al. using the space charge model, the apparent activation
energy of the electrons decreases from 2.7 eV to approximately
1.0 eV when decreasing the grain size to 30 nm. In addition,



calculations using density functional theory (DFT) predict that
the high surface area of ceria nanoparticles strongly affects
AH,.. and facilitates oxygen release.””"'% The low reduction
enthalpy further confirms that space charge effects are
responsible for the high Ce® concentration in the 3 nm
coating.

The increased electronic conductivity of the 3CeO,/YSZ
nanocomposites can directly be related to the higher Ce®*
concentration, as observed by XPS (see Figure 3b). Because
the electrons can only move as small polarons between the
Ce® and Ce*, the conductivity prefactor depends on the
number of available hopping sites in the lattice:*”*

(T, p(0,)) = nedcet(1 = xpv)e’a’y, exp(— EA,elec]
kT kT
(19)
Here, nc, is the number of Ce lattice sites per unit volume,
xce the fraction of Ce®" ions, which is dependent on the
oxygen partial pressure of the surrounding atmosphere, e the
elementary charge, a the distance between the hopping sites,
i.e, the lattice constant, and 1, represents the attempt
frequency for the jump process. In addition, a high
nonstoichiometry increases the lattice constant a (chemical
strain effect), due to the larger ionic radius of Ce®" compared
to Ce*,'*° which further increases the conductivity prefactor.
This assumption is supported by the Raman data shown in
Figure 2b, where the red shift and broadening of the F,; mode
are related to tensile strain in the coating.

Olec

CONCLUSIONS

In this work, we have successfully synthesized polymer
templated, cubic mesoporous YSZ thin films with different
pore sizes. The free surface of the YSZ matrix was coated with
a CeO, layer of defined thickness using ALD to produce
mixed conducting nanocomposites. Structural characterization
confirmed the single phase nature and uniformity of the
nanocrystalline YSZ (framework) and CeO, (coating)
materials. Electrochemical impedance spectroscopy measure
ments were conducted on the samples at different temper
atures and oxygen partial pressures to examine the effect that
the coating thickness has on the transport properties. Our
study indicates that the thickness of the CeO, coating affects
the total conductivity because of changes in the Ce**/Ce*"
ratio and microstructure properties of the surface layer. For 3
nm coating, the total conductivity exhibits an additional
electronic contribution. In contrast, nanocomposite thin films
with a 7 nm coating only show oxygen ion conductivity over
the whole temperature and oxygen partial pressure ranges
investigated. The results emphasize that surface engineering of
mesoporous metal oxides via ALD holds great potential for the
development of nanocomposites, whose electrical properties
can be tailored by varying the coating thickness. Overall, this
approach offers promising possibilities for the synthesis of
mixed conductors with optimized transport properties for
electrochemical applications.

METHODS AND EXPERIMENTAL DETAILS

Materials. YCl;-6H,0, ZrCl,, glacial acetic acid, absolute ethanol,
2 methoxyethanol, and tetrahydrofuran were purchased in the highest
available purity from Sigma Aldrich and used as received. H[C
(CH,),CH,],C¢H,(OCH,CH,),0H (PIB, b PEO,) diblock copoly
mers with x = 53/y = 45, x = 107/y = 150, and x = 357/y = 454,
referred to as PIBg; b PEO,;, PIB,y; b PEO5, and PIB;s; b

PEO,,,' "0 respectively, served as structure directing agents
(SDAs).

Synthesis. Ordered mesoporous YSZ thin films were prepared by
the dip coating method on quartz glass substrates using an
evaporation induced self assembly (EISA) process.”™''""'> The dip
coating solutions consisted of 40 mg of SDA, 35.9 mg of YCl;-6H,0,
and 145 mg of ZrCl, dissolved in a mixed solvent of glacial acetic acid,
absolute ethanol (or tetrahydrofuran), and 2 methoxyethanol (see
summary in Table S2, Supporting Information, for more details). The
withdrawal rate was set to 5—15 mm/s. During the film formation
process, the relative humidity was controlled in the range between 15
and 25%. The as made samples were transferred to an oven for drying
at 120 °C for 1 h. Subsequently, they were heated to 300 °C at S °C/
min with 12 h dwell time to stabilize the mesostructure.
Crystallization and SDA removal were achieved by heating to 600
°C at 5 °C/min with 1 h dwell time.

Atomic Layer Deposition. CeO, was deposited onto the surface
of the mesoporous YSZ films at a temperature of 250 °C using a
commercial ALD system (PicoSun R200 Standard). For the
deposition, the cerium precursor, tetrakis(2,2,6,6 tetramethyl 3,5
heptanedionato)cerium(IV) (97%, abcr GmbH), referred to as
Ce(TMHD),, was heated to 195 °C and the corresponding valve
block connected to the reaction chamber kept at 230 °C. For a single
ALD cycle, a 2 s pulse Ce(TMHD), with 150 sccm nitrogen carrier
gas was followed by a 60 s nitrogen purging step. Next, ozone,
generated by an AC 2025 ozone generator 2000 from Teledyne API,
was pulsed for 2 s. The ALD cycle was completed by an additional
nitrogen purge pulse of 60 s. Under these conditions, the growth rate
of Ce0, is 0.3 A per cycle, as discussed in more detail elsewhere.*
The YSZ films were coated using 80 and 190 cycles, resulting in CeO,
thicknesses of around 3 and 7 nm, respectively.

Structural Characterization. The crystallinity was investigated
by grazing incidence X ray diffraction (GIXRD) on a PANalytical
X’Pert® MRD diffractometer using an incidence angle of @ = 0.25°
and a 26 scanning range of 20—70°. The scan speed was set to 0.6°
min~’, and the step size was 0.01°. Raman measurements were carried
out using an inVia Raman microscope from Renishaw in back
scattering geometry with an excitation wavelength of 1 = 633 nm.
Scanning electron microscopy (SEM) images were recorded on a
MERLIN from Carl Zeiss at 3 kV. Transmission electron microscopy
(TEM) was performed on a Themis Z (ThermoFisher Scientific)
double corrected transmission electron microscope operated at 300
kV. Pieces of the samples were placed on Quantifoil Cu grids with a
carbon film of thickness 2 nm. Scanning TEM (STEM) images were
recorded using a high angle annular dark field (HAADF) detector.
Elemental maps were acquired using a Super X EDS (EDAX)
detector. X ray photoelectron spectroscopy (XPS) measurements
were performed with a PHI 5000 VersaProbe II from Ulvac Phi using
Al-Ka radiation (4 = 1486.6 V). A spot of diameter 200 ym was
measured utilizing SO W, 0.5 kV, and 20 ms per step. A pass energy of
23.5 eV was applied for the survey spectra, while 117.4 eV was applied
for the detailed spectra of Ce 3d, Y 3d, and Zr 3d. The spectra were
calibrated by setting the C 1s peak at 284.8 eV. The software
CasaXPS V2.3.17 was used for peak analysis. In addition to the six
signals from CeO, (v, v", v'" and u, u”, u'”), four signals from Ce,O;
(vo, v and ug, u') were considered,''® the latter of which typically
arise because of the presence of Ce* at the interface.”**° In order to
achieve better results, a combination of two signals for fitting the
asymmetry (u and v) was used, in agreement with the findings of
Skala et al."™* Time of flight secondary ion mass spectrometry (ToF
SIMS) was performed using a ToF.SIMS S 10 instrument from
IONTOF GmbH (Muenster, Germany) equipped with at 25 keV Bi
cluster primary ion gun. Depth profiling was done using Cs* ions at 1
keV and 50 nA, generating a 100 X 100 ym? crater. A 50 X S0 ym? of
the crater was analyzed with a resolution of 256 X 256 pixel® using a
Bi(I) primary ion source, collecting only the negatively charged ions.
Data evaluation was done with the software SurfaceLab7.0 from
IONTOF GmbH.

Preparation of Microelectrodes. Interdigitated Pt micro
electrodes on the top surface of the films were produced by



photolithography. To this end, a positive photoresist was used (ma P
1215, micro resist technology GmbH). For metallization, Pt was
deposited by pulsed laser deposition (PLD) using a KrF excimer laser
with a wavelength of 4 = 248 nm. The interdigitated Pt electrodes had
a thickness of around 200 nm and were made of 20 fingers of 3 mm
length and 47 ym width. The distance between the fingers was 33 pm.
The Pt electrode configuration is schematically shown in Figure S5 of
the Supporting Information.

Electrochemical Characterization. The electrochemical proper
ties of the YSZ thin films were investigated by electrochemical
impedance spectroscopy (EIS) in the frequency range between 1 mHz
and 10 MHz using a Novocontrol Alpha A impedance bridge. The
voltage amplitude was 100 mV. The temperature was varied between
200 and 600 °C. The oxygen partial pressure was controlled in the
range of —5 < log(p(0,)/bar) < 0 using gas mixtures of argon and
oxygen. EIS data were evaluated by means of the software RelaxIS 3.*
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