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Strongly enhanced oxygen ion transport
through samarium-doped CeO, nanopillars
in nanocomposite films
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Enhancement of oxygen ion conductivity in oxides is important for low-temperature
(<500 °C) operation of solid oxide fuel cells, sensors and other ionotronic devices. While
huge ion conductivity has been demonstrated in planar heterostructure films, there has been
considerable debate over the origin of the conductivity enhancement, in part because of the
difficulties of probing buried ion transport channels. Here we create a practical geometry for
device miniaturization, consisting of highly crystalline micrometre-thick vertical nanocolumns
of Sm-doped CeO, embedded in supporting matrices of SrTiOs. The ionic conductivity is
higher by one order of magnitude than plain Sm-doped CeO, films. By using scanning probe
microscopy, we show that the fast ion-conducting channels are not exclusively restricted to
the interface but also are localized at the Sm-doped CeO, nanopillars. This work offers a
pathway to realize spatially localized fast ion transport in oxides of micrometre thickness.
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ast oxygen ion transport at reduced temperatures is

highly desired in many oxide-based electrochemical

devices, including solid oxide fuel cells (SOFCs)'~%, oxygen
separation membranes’, catalysts® and memristors’>~!2. The
current operation temperature of SOFCs is > 800 °C because of
limited oxygen ion conductivity in electrolytes and/or
electrodes'°. This results in high cell costs, long start-up and
shut-down cycles and unacceptably fast performance degradation
rates of SOFCs>°. High oxygen ion conductivity is also directly
linked to fast operation, high endurance and long retention
in various ‘onotronic (ionic + electronic)’ devices, including
memristors and ionically gated transistors'®14  Hence,
enhancement of oxygen ion conductivity in oxides is a critical
prerequisite for eventual near-room temperature operation of a
wide range of ionotronic devices as well as optimization of their
performance.

Tremendous efforts have been made to increase oxygen ion
conductivity in oxides by designing artificial oxide heterostruc-
tures>*°. A notable example is ultrathin Y,Os-stabilized ZrO,
(YSZ) sandwiched by SrTiO; (STO) layers, which were reported
to exhibit eight orders of magnitude higher than the oxygen ion
conductivity of bulk YSZ2. However, there has been much debate
over the origin of such huge ionic conductivity, especially the
nature of the charge carriers (that is, ionic or electronic) >-20,
Shortly after the original report, Guo!® proposed that electronic
p-type conductivity from the STO layer and the substrate might
dominate the reported conductivity. Garcfa-Barriocanal et al.'
refuted this on the basis of the enormous difference between the
ac and dc conductances. Cavallaro et all” grew the same
heterostructures exhibiting similar enhancement of the
conductance but interpreted the enhanced conductivity as
having an electronic origin. More recently, however, De Souza
and Ramaden?? analysed all of the reported data and showed that
the conduction (in even STO) is exclusively ionic at temperatures
below 540K. In addition, Pennycook et al. reported density
functional calculations and electron energy loss spectroscog
study, supporting that the nature of conduction is ionic!®!°,
These studies indicate that comprehensive and careful
investigations are needed to clarify the underlying mechanism
of ionic conductivity enhancement in oxide heterostructures and
to answer basic questions, such as whether the conduction is ionic
or electronic in nature and where the fast ion transport channels
are located (for example, within individual layers, at their
interfaces and/or even within the substrate).

In spite of the above issues, strain engineering and interface
effects in oxide heterostructures have attracted considerable
attention as a means to enhance oxygen ion conductivity. Recently,
vertically aligned heterostructure films (referred to as nanoscaffold
films here) have emerged as a very promising type of
nanostructured systems for tunin§ the strain states of materials
among other coupling effects? 2%, They have great advantages
compared with conventional lateral multilayer systems, such as
high density of integration for devices and high strain tunability up
to even micrometre thicknesses’! 28, From a practical point of
view, the vertical films are readily made by self-assembly, whereas
the lateral multilayers require precise heterostructure engineering
using sophisticated tools. Moreover, since the jon transport
channels are not buried under the films, nanoscaffold films allow
for direct probing of them with non-destructive tools, such as
scanning probe microscopy (SPM)?°~3!, without the need for
patterning, as illustrated in Supplementary Fig. 1. Such direct
visualization of ionic conduction channels at the nanoscale
combined with complementary structural and electrical
measurements can provide further insight into the underlying
mechanism of ion conductivity enhancement in oxide
heterostructure films.
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Here, oxygen ion transport in vertical heteroepitaxial micro-
metre-thick Sm-doped CeO, (SDC)-STO films is explored
using SPM. We apply electrochemical strain microscopy
(ESM)32-3% and first-order reversal curve current-voltage
(FORC-1V) methods®®37, allowing for local probing of ionic/
electronic transport and associated electrochemical reactions at
an ~10-nm scale in nanoscaffold SDC-STO films. Macroscopic
frequency- and temperature-dependent transport measurements,
transmission electron microscopy (TEM) and X-ray diffraction
measurements are also employed to give us a comprehensive
picture of the nature of strongly enhanced nanoscale ionic
conduction. The observed behaviours strongly indicate that the
fast ionic conduction is not exclusively an interface phenomenon
but rather resides in the whole volume of the high crystalline SDC
nanopillars.

Results

High crystalline and epitaxial SDC nanopillars. Figure 1a shows
a cross-sectional TEM image of the nanoscaffold SDC-STO film.
The dark SDC nanocolumns (of ~30-nm diameter) are uniformly
distributed in the bright STO matrix. The nanopillars extend
perpendicular to the Nb-doped STO (Nb:STO) substrate through
the entire film thickness. Figure 1b shows a high-resolution TEM
image of the vertical interfaces in cross-sectional view. The ver-
tically aligned SDC-STO interfaces are very sharp. The SDC
exhibits a fluorite structure (Fm3m in space group) in the [110]
direction, while the STO shows a perovskite structure (Pm3m) in
the [100] direction. An atomic-resolution high-angle annular dark
field (HAADF) image of the SDC-STO interface, obtained using
scanning TEM (STEM), is presented in Supplementary Fig. 2 (also
see Supplementary Note 1).

The SDC nanocolumns are (001)-oriented on the Nb:STO
substrate. The red line in Fig. 1c shows the X-ray diffraction
pattern in a 6 — 20 scan for an ~ 1-um-thick nanoscaffold SDC-
STO film. In the 20 range of 15°-125°, only SDC (00]) reflections
are observed at 20 =33° 69° and 117° without any additional
peaks indicative of no intermixing phases and solid solution
phases. To compare the crystallinity of the nanoscaffold film, we
grew a plain SDC film of the same thickness on a Nb:STO
substrate. Unlike the nanoscaffold film, in the SDC film (the blue
line in Fig. 1c), two minor peaks appeared at 28° and 47°,
corresponding to SDC (111) and SDC (022) reflections,
respectively. Hence, the thick SDC film does not grow epitaxially
on the Nb:STO substrate. Since the {110} planes of STO match
well to the {002} planes of the SDC, it is not surprising that pure
(00)-oriented SDC thick films are not easy to grow on (001)
STO?8. The full-width at half-maximum (FWHM) values for the
(002) peaks for the plain SDC and nanoscaffold films were 0.8°
and 0.5°, respectively. The smaller FWHM value in nanoscaffold
films indicates little strain relaxation and hence low distribution
of lattice parameters, indicating the higher crystallinity of the
nanopillar SDC films compared to plain SDC films.

It is well known that nanoscaffold films are a powerful
platform for preserving the strain state of a film with less
thickness limitation, leading to achievement of high crystal-
linity?2-2628, This is because the strain in the nanoscaffold films
relies on the vertical interphase coupling between the two
materials that grow in the film, not the lattice mismatch between
the film and substrate like in conventional lateral multilayer films.
The lattice constants of cubic SDC and STO are 5.433 A in JCPDS
#750158 and 3.905 A in JCPDS #730661, respectively. Thus, the
SDC layers or nanopillars are grown on the Nb:STO substrate
with a 45° in-plane rotation to minimize lattice mismatch, as
demonstrated using a X-ray diffraction ¢-scan (Supplementary
Fig. 3). Figure 1d shows reciprocal space maps about the (203)
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Figure 1| Crystal structure of the nanoscaffold SDC-STO film. (a) ‘Nano-comb'-like spontaneous phase ordering in cross-sectional view of the
nanoscaffold SDC-STO film, as revealed by cross-sectional TEM image. Scale bar, 100 nm. (b) High-resolution TEM image of vertical SDC-STO interfaces

in cross-sectional view. Scale bar, 10 nm. (¢) Out-of-plane epitaxial relationship

investigation in 0-26 scan using X-ray diffraction. (d) Reciprocal space maps

about the (203) STO substrate for a plain SDC film (left) and a SDC-STO nanoscaffold film (right).

STO substrate comparing the SDC film (left) and SDC-STO
nanoscaffold film (right). In the ~1-pm-thick SDC film, the
substrate-induced strain is fully relaxed, showing a broad (224)
SDC peak in the g, axis (~5.34-5.51 A), that is, a wide spread of
lattice parameters. The combination of the poor lattice match
with the substrate and the strain relaxation in the films leads to
the presence of the aforementioned polycrystalline phase with
little strain in the film. On the other hand, the nanoscaffold SDC-
STO film exhibits a very narrow (224) SDC peaks in the g, axis
(5.42 — 5.44 A), which is almost identical to the lattice constant of
cubic SDC phase in the bulk. The results are consistent with the
lower FWHM values of the (002) SDC peak measured for the
nanocomposite film from above. Together, these results indicate
that the SDC nanocolumn lattice is epitaxially controlled along
the vertical direction by the surrounding STO matrix, an effect
observed in other nanoscaffold film systems?2~2>28,

Ionic conductivity enhancement of nanoscaffold SDC-STO film.
To investigate the macroscopic oxygen ion transport of the
nanoscaffold films, we measured the frequency (f)-dependent ac
conductivity o, widely used for measuring ionic conductivity in
disordered solids>*. For the measurement, we deposited 150-nm-
thick Pt top electrodes that are ion-blocking®*!. Figure 2a shows
the double logarithmic plot of f-dependent real part of g,
(that is, 6,/) of the nanoscaffold SDC-STO film in the f-range of
40-4 x 10°Hz. The f-dependent ¢,/ in the ionic conductors
connected with ion-blocking electrodes exhibits the characteristic
electrical response, as shown in Fig. 2a. Typically, o,/ decreases
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with decreasing f at high frequency because o,/ is governed by the
short time ion dynamics (which is characterized by back-and-forth
motion over the limited ranges) in the bulk®®. At intermediate
frequencies, g,/ is not a strong function of f, as displayed in the
existence of plateau. It is well known that this distinct plateau is
due to long-range ion transport, ‘diffusive’ dynamics, providing the
dc conductivity of ions>*. The plateaus of ¢, shift up with an
increase in temperature, as represented by the solid circles in
Fig. 2a. At low frequency, g,/ decreases again with decreasing f
since oxygen ions are blocked by the Pt top electrodes and
accumulate there, leading to the formation of space-charge
layers and rapid voltage drop in such layers, the so-called
‘electrode polarization’ effect (Supplementary Fig. 4 and
Supplementary Note 2)3°. These characteristic f dependences of
0. suggest that the nature of conduction is mainly ionic in
nanoscaffold films. To prove the ionic nature of conduction in the
nanoscaffold SDC-STO films, we measured the conductivity of the
samples by means of a dc technique’. As can be seen in
Supplementary Fig. 5, the measured dc conductivity (open
circles) is approximately two orders of magnitude lower than the
values obtained from o,. measurements (solid circles) in the entire
temperature measurement range. This result shows that the
electronic contribution to the ac impedance measurements can
be considered to be negligible and, thus, that the measured ac
transport is dominated by oxygen ions, not by electrons or holes
(also see Supplementary Note 3).

We found that oxygen ion conductivity of nanoscaffold
SDC-STO films is higher than those of other plain SDC, STO
and YSZ films for all of the temperature range measured (Fig. 2b).
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Figure 2 | Transport properties of nanoscaffold SDC-STO films.

(a) Frequency dependence of the real part of ac conductivity o, measured
in the nanoscaffold SDC-STO film with variation of temperature. The ionic
conductivity ¢ is defined from the plateaus of ../, as indicated by solid
circles. The error bars in the solid circles represent the possible spread in
plateau positions. (b) Temperature dependence of ¢ for the nanoscaffold
SDC-STO film. For comparison, we include those for the plain SDC, YSZ
and STO films that we grew. The error bars of the ¢ values represent the
small variation of the plateaus of ¢,/. We also include the ¢ values for
GDC'3, Smo.075Ndp 075Ce0.8502 - s(SNDC)3, GDC-YSZ nanocomposites®’
and SDC-YSZ multilayers?? reported in the literature.

As noted before, the plateaus of ¢,/, represented by solid circles
in Fig. 2a, allow us to determine the values of oxygen dc ion
conductivity ¢ at each temperature’*. The ¢ value of the
nanoscaffold film reaches as high as 3x1072Q " 'em~! at
400 °C (the cross-sectional area for ¢ values was calculated based
on the SPM results that the ion-conducting channels are localized
in the whole area of SDC nanopillars, as discussed below). For
comparison, we grew individual SDC, YSZ and STO films (see
Methods) and measured their ¢ values by means of the same
procedure as the nanoscaffold film. As shown in the guidelines,
the temperature dependences of o follow the well-known
Arrhenius behaviour in all samgles. The estimated ¢ values of
SDC, YSZ and STO were ~10 2,10 *and 10" °Q~lcm ! at
400 °C, respectively. Namely, the oxygen ion conductivity in the
nanoscaffold film is much higher than that in other comparison
films by one to four orders of magnitude, indicative of
considerable enhancement of ionic conductivity in the
nanoscaffold films. In addition, our nanoscaffold SDC-STO
films have higher ionic conductivity than other CeO,-based
ionic conductors and heterostructures reported in the literature
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(solid lines in Fig. 2b), such as Gdg;CepoO, (GDC)13,
Sm0.075Nd0.075C60_8502,5 (ref. 3), SDC-YSZ multilayers42 and
GDC-YSZ nanocomposites?’. Note that the values of activation
energy for oxygen migration in the nanoscaffold SDC-STO film
and the plain SDC film are 0.65%0.02 and 0.70+0.04¢V,
respectively. Although the value of the SDC-STO film is slightly
smaller than that of the plain SDC film, they were not
distinguishably different within the error bars. This indicates
that the reduction of activation energy is not the origin of ionic
conductivity enhancement in our SDC-STO films.

Nanoscale mapping of electrochemical oxygen redox process.
To investigate the primary origin of oxygen ion conductivity
enhancement in the nanoscaffold SDC-STO films, the local bulk
ionic transport and associated interfacial oxygen reduction/evo-
lution reactions (ORR/OER) were probed directly at the nanos-
cale. We first performed FORC-ESM measurements at room
temperature, enabling nanoscale mapping of the electro-
chemically active regions®**3, Figure 3a shows a topographic
image (300 x 300 nm?) of a ~230-nm-thick nanoscaffold film
top surface. Bright circles (~30-nm diameter, independently
revealed with TEM work) and dark surrounding region indicate
SDC nanopillars and STO matrix, respectively. In the FORC-ESM
measurements, the amplitude of a triangular wave was linearly
increased until the maximum value of 10 V was reached (Fig. 3b).
The ESM responses were recorded over a grid of 30 x 30 points
(thus, the size of one point is 10 x 10 nm?). Further experimental
details are described in Methods. Figure 3¢ shows the spatial map
of contact resonance frequency f.,, which is one of the key pieces
of information obtained from the measurement. The f, value in
the STO matrix is relatively high and uniform, whereas that in
SDC nanocolumns is low and inhomogeneous. Since f., is very
sensitive to the changes in mechanical properties of the tip-
surface junction, the variation of f, within SDC nanocolumns is
attributed to chemical inhomogeneity of the SDC phase (Ce® T,
Ce** and Sm>*) because of the doping of them by Sm and
surface hydroxylation*%. In contrast, STO is expected not to have
significant cation inhomogeneity, resulting in nearly uniform f,
values in the STO region. Moreover, we found clear radial
direction-dependent f, values in the SDC nanocolumns (see
Supplementary Fig. 6); the pillar core has a smaller £, value than
its outskirts. Such a f, gradient along the radial direction implies
that the concentration of oxygen vacancies varies along that
direction.

We observed that SDC nanopillars have higher ORR/OER rates
than the STO matrix. Figure 3d shows typical ESM hysteresis
loops with the maximum voltage of 10V, averaged over one
particular SDC column (corresponding to the 4 points) and its
surrounding STO region (12 points), as indicated by the open box
in Fig. 3h. The ESM hysteresis loops come from the molar volume
change induced by tip-bias-activated interfacial ORR/OER
process and subsequent oxygen ion diffusion or electromigra-
tion>4. The hysteresis loop measured in the SDC nanocolumn has
a larger area and height than that in the STO region. The area and
height of the hysteresis loops are directly linked to the changes in
oxygen ion concentration during the voltage cycle based on the
empirical Vegard’s law>**°, Figure 3e-h shows the evolution of
spatial maps of the ESM hysteresis loop area with an increase in
the peak bias, that is, the maximum voltage of each triangular
pulse. The ESM response loop opened up as the bias voltage
increased. It is obvious that SDC columns show a much larger
hysteresis loop evolution than the STO region. Figure 3i plots the
ESM loop area as a function of the peak bias averaged over the 30
points of the SDC and STO regions. The slope of the curve
relative to the SDC region is noticeably higher, but that of the
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Figure 3 | Nanoscale mapping of electrochemical oxygen redox process at room temperature. (a) Topographic image of the nanoscaffold SDC-STO film
surface. The bright circular regions of ~30nm diameter are the SDC columns intersecting the film surface. The image size is 300 x 300 nm2. Scale bar,
60 nm. (b) The bias waveform used for ESM measurement. (¢) Spatial map of the ESM resonance frequency analysed using a simple harmonic oscillator
model fitting, measured at the dc bias of — 7 V. The open triangles in a,c show that the probing regions are identical. (d) ESM hysteresis loops with the
maximum voltage of 10 V, averaged over one particular SDC column and its surrounding STO region, represented by the open box in h. (e-h) Spatial maps
of ESM hysteresis loop area as a function of the peak bias. (i) ESM loop areas as a function of the peak bias averaged over the 30 points of the SDC and

STO regions.

STO region is smaller. Therefore, the ORR/OER process is more
active in the SDC nanocolumns. It is worth noting that the onset
voltages for the ORR/OER process were similar irrespective of
SDC and STO regions (Supplementary Fig. 7). This suggests that
thermodynamic potential for the activation of ORR/OER is nearly
the same in the probed SDC and STO regions. Thus, the
difference of electrochemical activity would be due to the amount
of oxygen ion concentration, not the reduction of activation
energy.

Nanoscale visualization of ion-conducting channels. To visua-
lize directly nanoscale oxygen ion-conducting channels in the
nanoscaffold films, we proceeded to perform FORC-IV mea-
surements (see Methods)3%37. Since the FORC-IV method detects
the electrical current flowing between the tip and the bottom
electrode (here Nb:STO), it provides direct information of ionic
and/or electronic conduction. We found that a high bias (>27V)
was required to detect noticeable currents at room temperature
(Supplementary Fig. 8). To reduce the magnitude of applied bias
and to enhance the signal-to-noise ratio, we performed the
measurements at a relatively high temperature of ~110°C.
Figure 4a shows a topographic image (250 x 125nm?) of the
nanoscaffold film top surface. Owing to asymmetric current
behaviour depending on the polarity of dc bias, that is, high (low)
current at negative (positive) bias (Supplementary Fig. 8), we
carried out the negative bias FORC-IV measurements to get high

signal-to-noise ratio. We used the bias waveform illustrated in
Fig. 4b. Note that the application of negative bias to the tip
activates ORR at the tip-surface junction. The average I-V
response averaged over a grid of 40 x 20 points (thus, the size of
one point is 6.25 x 6.25nm?) showed an initial non-hysteretic
curve that gradually transformed into a hysteretic one above
— 6V (Supplementary Fig. 9).

Contrary to the average behaviour, the local current exhibits
high spatial variability. Figure 4c shows the spatial map of current
response at tip bias of —8V. Highly conductive SDC columns
and nearly insulating STO regions are present (also see
Supplementary Fig. 10). It is worth noting that the current signal
became degraded during the measurement (the measurement
sequence was from top left to bottom right) presumably due to
the degradation of tip metal coating. However, it did not affect
the main result that only the SDC nanopillars are conductive. The
relative FORC-IV loop area enables us to estimate the electro-
chemical activity; a larger relative loop area indicates a higher
electrochemical activity’®3’. As shown in Fig. 4d, the SDC
columns show high electrochemical activity, consistent with the
previous FORC-ESM results. In particular, the core of SDC
column has a larger relative loop area compared with the
outskirts of column. This trend was also observed in the current
map. Considering the finding of a f., gradient along the radial
direction, which was observed in the FORC-ESM measurement,
the results indicated that the SDC column core has more mobile
oxygen vacancies. Figure 4e,f shows the individual I-V curves at
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Figure 4 | Spatially resolved mapping of ion-conducting channels. (a) Topographic image of the nanoscaffold SDC-STO film. The image size is

250 x 125 nmZ. Scale bar, 50 nm. (b) The bias waveform used for the FORC-IV measurement and time-dependent current response averaged over the
40 x 20 points. Spatial maps of (¢) current response and (d) relative FORC-IV loop area measured at — 8 V. The boxed regions in a,c show that the probing
regions are identical. Current versus tip bias curves at (e) the SDC nanopillars core and (f) the STO region.

the pixels corresponding to the core of SDC nanocolumn and
STO region, respectively. The core of the SDC column exhibits
high current and clear loop opening, whereas the STO region
shows nearly zero current. Therefore, it can be concluded that
oxygen anionic current is well localized to the SDC nanocolumns
in the nanoscaffold film. In addition, it can be confirmed again
that the electronic contribution of the STO component of the film
to the enhancement of ionic conductivity is negligible, since the
STO matrix does not exhibit any conduction (either ionic or
electronic).

Discussion

Spatially resolved mapping of oxygen ionic conduction at the
nanoscale reveals that only the SDC nanopillars have high
interfacial ORR/OER rates as well as significant bulk oxygen ion
conductivity. Especially, the highest ion conductivity is observed
at the column centre, rather than at the SDC-STO interface. This
contrasts with the common consensus that the interfaces in
planar oxide heterostructure films act as the fastest ion transport
pathways?. It should be noted that, in the vertical BiFeO;-
CoFe,0, nanocomposite systems30’31 and the SrTiOs;-Sm,0;
nanocomposite system?’ that we have studied earlier for
memristor effects, the enhanced conduction was observed at the
interface regions. However, the materials in those films were not
good oxygen ionic conductors. Instead, oxygen vacancies and
hence oxygen conduction arose from interface strain and
structural incompatibility. In this study, on the other hand, the
SDC phase is already a very good ionic conductor with a high
concentration of oxygen vacancies, and it can be expected that its
‘bulk’ behaviour dominates the conduction. In addition, the direct
visualization of ionic conduction rules out the electronic
contribution of the surrounding STO matrix to ionic
conductivity enhancement, which is another debatable issue in
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planar oxide heterostructure films. Therefore, the precise
determination of the location of the dominant jon-conducting
region is essential for the analysis of ionic conductivity.

Although the interfaces are not the fastest ion-conducting
channels in our nanoscaffold films, the interfacial coupling by the
surrounding STO matrix plays a critical role in the enhancement
of oxygen ion conductivity. The primary origin of oxygen ion
conductivity enhancement in nanoscaffold SDC-STO films is the
high crystallinity of SDC nanopillars through the whole
micrometre-thick film, which is controlled by the interphase
epitaxial coupling to the STO matrix. We recall that for the
nanoscaffold films, there is a narrower (002) SDC X-ray peak and
much narrower RSM peak width of (224) peak along g, (Fig. 1d).
Hence, the interplanar spacing along the length of the nanorods is
very uniform in the nanoscaffold film. In conventional lateral
plain films, the substrate-induced elastic strain is typically limited
to only tens of nanometre, which is around the dimensions of the
SDC nanocolumns here. Such strain relaxation reduces crystal-
linity of the films and generates a variety of nanoscale
imperfections, such as structural misfit or edge dislocations*®
and grain boundaries®*>473! (Supplementary Fig. 11), which
can perturb the ionic conduction path. Recently, Sun et al.®
showed that edge dislocations slow down oxygen ion diffusion in
doped CeO, by segregation of charge defects. In addition, it has
been reported that the grain boundaries in CeO, have lower ionic
conductivity than the bulk both experimentally*?47->% and
theoretically®!. On the other hand, crystal perfection of SDC
nanopillars achieved by the interfacial coupling to the STO matrix
can form ‘oxygen migration highways’ along the c-axis direction
by suppressing such inhomogeneities.

Finally, since the diameters of the SDC nanopillars are only
~ 30 nm, we should consider the effect of space-charge regions at
the SDC-STO interfaces and the possibility that they could
overlap and therefore influence the oxygen ion conductivity.
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When two different phases meet, a highly ionic conductive path
can be created along the interfaces as a result of ion redistribution
in a space-charge region®~>*, Especially, as demonstrated in the
lateral CaF,/BaF, heterostructure films?3, if the spacing between
different layers is reduced further, the space-charge regions at the
interfaces overlap, enabling further increase in ion conductivity
because of mesoscopic size effects. However, as directly probed in
the SPM measurements, in our nanoscaffold films the fastest ion
transport channels are located at the centres of SDC nanopillars,
away from the interfaces. In addition, it is expected that the
widths of the space-charge regions formed at the interface are
very narrow (below 1 nm) in the heavily doped ionic conductors
such as YSZ and SDC>. Thus, it would be not possible for the
space-charge regions to overlap inside the SDC nanopillars and
have the maximum ion conductivity at the centres of pillars. It is
worth noting that, as pointed out in ref. 55, the additional
accumulation of charge carriers at the space-charge regions in the
heterostructures made of heavily doped oxides cannot
significantly affect the total conductivity compared with large
bulk defect concentrations because the width of the space-charge
regions will be too small.

In conclusion, we have explored the oxygen ion transport in
micrometre-thick vertical nanocomposite SDC-STO films. The
macroscopic ionic conductivity in nanoscaffold films was higher
than those in plain SDC, YSZ and STO thick films by up to four
orders of magnitude. We have investigated interfacial ORR/OER
process as well as bulk oxygen ion transport using SPM
techniques because of the unique nanoscaffold geometry studied
here where conduction channels can readily be probed, which is
not the case for buried interfaces in standard planar films.
Spatially resolved mapping of oxygen ion transport at the
nanoscale revealed that only the SDC nanopillars have high
oxygen ion conductivity, while the surrounding STO matrix
showed negligible conduction. On the basis of these SPM results
combined with complementary macroscopic measurement
results, the high crystallinity of SDC nanopillars comparable to
a single SDC phase is the primary origin of oxygen ion
conductivity enhancement in nanoscaffold films. Note that such
high crystalline quality of epitaxially grown SDC nanopillars
without crystalline imperfections was achieved by interfacial
strain coupling of the SDC to the surrounding STO matrix
through the whole micrometre-thick film.

This work highlights that the crystalline quality of bulk ionic
conductors is very important for ionic conductivity enhancement
in oxide heterostructures, a fact that is often overlooked. In
particular, the conduction in nearly single-crystalline bulk phase
materials can be more dominant in oxide heterostructures
composed of heavily doped ionic conductors. In addition, direct
spatially resolved mapping of oxygen ion conduction at the
nanoscale is needed to verify the underlying mechanism of ionic
conductivity enhancement. The vertical nanocomposite struc-
tures studied here provide unique structures that allow for easy
probing of interface and bulk regions. They also represent a
simple, self-assembled system for realizing micrometre-thick fast
ionic conduction channels and are widely applicable for clean
energy, multifunctional ionotronic and novel information devices.

Methods

Film growth. The SDC-STO nanoscaffold films were grown to 0.5% Nb:STO (001)
single crystal by a simple one-step process of pulsed laser deposition. We ablated a
polycrystalline target containing SDC (20% wt. SDC) and STO (50:50 molar ratio)
by a KrF excimer laser (248-nm wavelength) with a laser fluence of 1.5Jcm~ 2
During the deposition, we heated the substrate at 825 °C and flowed 200 mbar
oxygen. The samples were post annealed at 700 °C for 1 h under 900 bar oxygen to
assure proper oxygen stoichiometry and to minimize the superfluous oxygen
vacancies inside films. We selected 0.5% Nb:STO (001) single crystal as the
substrate since it has been considered as a SOFC anode material because of redox

stability and electrochemical properties?®>®. The Nb:STO single crystal also acts as
a bottom electrode for ESM and FORC-IV measurements. We also fabricated
single SDC, STO and YSZ films under the same deposition procedure using SDC,
STO and YSZ (8% wt. YSZ) polycrystalline targets, respectively. We deposited Pt
top electrodes by dc magnetron sputtering for transport measurements.

Characterization. The microstructural characterization has been conducted using
TEM (FEI Tecnai G2 F20) as well as aberration-corrected STEM (FEI Titan G2
80-200), both operated at 200kV. STEM HAADF images were taken using an
annular detector with a collection range of 60-160 mrad. Cross-sectional samples
for TEM characterization were prepared by a standard grinding and thinning and a
final ion-milling (Gatan PIPS 691 precision ion polishing system). The X-ray
diffraction was carried out with a Panalytical Empyrean high-resolution X-ray
diffractometer using Cu-Ko radiation (4 =1.5405 A). To measure transport
characteristics with temperature variation from 20 to 550 °C, we used a probe
station equipped with a hot plate. The ac and dc measurements were performed by
an HP 4294A Precision Impedance Analyser and Keithley 2,440 sourcemeter,
respectively. For all transport measurements, we grounded the Nb:STO substrate
and applied the voltage to the Pt electrodes.

SPM measurements. ESM and FORC-IV measurements were performed using a
commercial atomic force microscope (Cypher, Asylum Research) interfaced with
National Instrument cards controlled by the Labview and Matlab software. The
signal was applied to the cantilever with a conductive Pt/Cr coating (Budget
Sensors, Multi75E-G). Image and data processing were performed using WSxM
(ref. 57) and custom-written Matlab codes, respectively. In ESM, the conductive tip
confines an electric field in a nanoscale volume of material, activating the local
ORR/OER processes and subsequent oxygen ion (or vacancies) transport. Then, the
tip detects the associated change in molar volume, that is, electrochemical strain at
a few picometre levels>*. To enhance the signal-to-noise ratio and mitigate the
topographic crosstalk, we used the band-excitation ESM method®®. Briefly, an
electric bias with a band of frequencies around the contact resonance of the
cantilever was applied, and the response was measured and Fourier-transformed
simultaneously to yield the total ESM response. It was then analysed using a simple
harmonic oscillator model fitting to extract signals for amplitude, phase, resonance
frequency and quality factor. The FORC-IV measurement is based on the local
current measurement and employs a bias waveform consisting of a sequence of
triangular pulses with increasing amplitude3®37. The current through the sample
was measured using a commercial current amplifier (Femto, DLPCA-200). For
high-temperature measurements, we used environmental scanner (Asylum
Research).

References

1. Skinner, S. J. & Kilner, J. A. Oxygen ion conductors. Mater. Today 6, 30-37
(2003).

2. Garcia-Barriocanal, J. et al. Colossal ionic conductivity at interfaces of epitaxial
Zr0,:Y,05/SrTiO3 heterostructures. Science 321, 676-680 (2008).

3. Wachsman, E. D. & Lee, K. T. Lowering the temperature of solid oxide fuel
cells. Science 334, 935-939 (2011).

4. Yildiz, B. ‘Stretching’ the energy landscape of oxides—effects on electrocatalysis
and diffusion. MRS Bull. 39, 147-156 (2014).

5. Wachsman, E,, Ishihara, T. & Kilner, J. Low-temperature solid-oxide fuel cells.
MRS Bull. 39, 773-779 (2014).

6. Leon, C., Santamaria, J. & Boukamp, B. A. Oxide interfaces with enhanced ion
conductivity. MRS Bull. 38, 1056-1063 (2013).

7. Dyer, P. N, Richards, R. E., Russek, S. L. & Taylor, D. M. Ion transport
membrane technology for oxygen separation and syngas production. Solid State
Tonics 134, 21-33 (2000).

8. Jeen, H. et al. Reversible redox reactions in an epitaxially stabilized SrCoO,
oxygen sponge. Nat. Mater. 12, 1057-1063 (2013).

9. Strukov, D. B., Snider, G. S., Stewart, D. R. & Williams, R. S. The missing
memristor found. Nature 453, 80-83 (2008).

10. Waser, R, Dittmann, R., Staikov, G. & Szot, K. Redox-based resistive switching
memories—nanoionic mechanisms, prospects, and challenges. Adv. Mater. 21,
2632-2663 (2009).

11. Menzel, S. et al. Origin of the ultra-nonlinear switching kinetics in oxide-based
resistive switches. Adv. Funct. Mater. 21, 4487-4492 (2011).

12. Yang, J. J., Strukov, D. B. & Stewart, D. R. Memristive devices for computing.
Nat. Nanotechnol. 8, 13-24 (2013).

13. Kalinin, S. V. & Spaldin, N. A. Functional ion defects in transition metal oxides.
Science 341, 858-859 (2013).

14. Bauer, U., Emori, S. & Beach, G. S. D. Voltage-controlled domain wall traps in
ferromagnetic nanowires. Nat. Nanotechnol. 8, 411-416 (2013).

15. Guo, X. Comment on ‘Colossal ionic conductivity at interfaces of epitaxial
Zr0,:Y,05/SrTiO; heterostructures’. Science 324, 465 (2009).

16. Garcia-Barriocanal, J. et al. Response to comment on ‘Colossal ionic
conductivity at interfaces of epitaxial ZrO,:Y,05/SrTiO; heterostructures’.
Science 324, 465 (2009).

| 6:8588 | DOI: 10.1038/ncomms9588 | www.nature.com/naturecommunications 7

© 2015 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

17.

1

el

1

Nel

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

—

32.

33.

34.

35.

36.

3

~

38.

39.

40.

4

—

4

[S5]

43.

44.

45.

46.

4

N

Cavallaro, A. et al. Electronic nature of the enhanced conductivity in YSZ-STO
multilayers deposited by PLD. Solid State Ionics 181, 592-601 (2010).

. Pennycook, T. J. et al. Origin of colossal ionic conductivity in oxide multilayers:

interface induced sublattice disorder. Phys. Rev. Lett. 104, 115901 (2010).

. Pennycook, T. J. et al. Seeing oxygen disorder in YSZ/SrTiO; colossal ionic

conductor heterostructures using EELS. Eur. Phys. ]. Appl. Phys. 54, 33507 (2011).
De Souza, R. A. & Ramadan, A. H. H. Ionic conduction in the
SrTiO;|YSZ|SrTiO; heterostructure. Phys. Chem. Chem. Phys. 15, 4505-4509
(2013).

Yoon, J. et al. Vertically aligned nanocomposite thin films as a cathode/
electrolyte interface layer for thin-film solid oxide fuel cells. Adv. Funct. Mater.
19, 3868-3873 (2009).

MacManus-Driscoll, J. L. ef al. Strain control and spontaneous phase ordering
in vertical nanocomposite heteroepitaxial thin films. Nat. Mater. 7, 314-320
(2008).

MacManus-Driscoll, J. L. Self-assembled heteroepitaxial oxide nanocomposite
thin film structures: designing interface-induced functionality in electronic
materials. Adv. Funct. Mater. 20, 2035-2045 (2010).

Harrington, S. A. et al. Thick lead-free ferroelectric films with high Curie
temperatures through nanocomposite-induced strain. Nat. Nanotechnol. 6,
491-495 (2011).

Lee, O. et al. Extremely high tunability and low loss in nanoscaffold
ferroelectric films. Nano Lett. 12, 4311-4317 (2012).

Chen, A, Bi, Z,, Jia, Q, MacManus-Driscoll, J. L. & Wang, H. Microstructure,
vertical strain control and tunable functionalities in self-assembled, vertically
aligned nanocomposite thin films. Acta Mater. 61, 2783-2792 (2013).

Su, Q. et al. Vertically aligned nanocomposite electrolytes with superior out-of-
plane ionic conductivity for solid oxide fuel cells. J. Power Sources 242, 455-463
(2013).

Lee, S. et al. Strain tuning and strong enhancement of ionic conductivity in
SrZrO;-RE,O;3 (RE =Sm, Eu, Gd, Dy, and Er) nanocomposite films. Adv.
Funct. Mater. 25, 4328-4333 (2015).

Lee, S. et al. Novel electroforming-free nanoscaffold memristor with very high
uniformity, tunability, and density. Adv. Mater. 26, 6284-6289 (2014).

Hsieh, Y.-H. et al. Local conduction at the BiFeOs-CoFe,0, tubular oxide
interface. Adv. Mater. 24, 4564-4568 (2012).

. Hsieh, Y.-H. et al. Electrical modulation of the local conduction at oxide

tubular interfaces. ACS Nano 7, 8627-8633 (2013).

Balke, N. et al. Nanoscale mapping of ion diffusion in a lithium-ion battery
cathode. Nat. Nanotechnol. 5, 749-754 (2010).

Balke, N. et al. Real space mapping of Li-ion transport in amorphous Si anodes
with nanometer resolution. Nano Lett. 10, 3420-3425 (2010).

Kumar, A., Ciucci, F., Morozovska, A. N., Kalinin, S. V. & Jesse, S. Measuring
oxygen reduction/evolution reactions on the nanoscale. Nat. Chem. 3, 707-713
(2011).

Yang, S. M. et al. Second harmonic detection in the electrochemical strain
microscopy of Ag-ion conducting glass. Appl. Phys. Lett. 105, 193106 (2014).
Yang, S. M. et al. Humidity effect on nanoscale electrochemistry in solid silver
ion conductors and the dual nature of its locality. Nano Lett. 15, 1062-1069
(2015).

. Strelcov, E. et al. Probing local ionic dynamics in functional oxides at the

nanoscale. Nano Lett. 13, 3455-3462 (2013).

Kim, Y. J. et al. Growth and structure of epitaxial CeO, by oxygen-plasma-
assisted molecular beam epitaxy. J. Vac. Sci. Technol. A 17, 926-935 (1999).
Dyre, J. C., Maass, P., Roling, B. & Sidebottom, D. L. Fundamental questions
relating to ion conduction in disordered solids. Rep. Prog. Phys. 72, 046501
(2009).

Guo, X. & Maier, J. Ionically conducting two-dimensional heterostructures.
Adv. Mater. 21, 2619-2631 (2009).

. Gellings, P. J. & Bouwmeester, H. J. Handbook of Solid State Electrochemistry

(CRC Press, 2010).

. Pergolesi, D. et al. Tensile lattice distortion does not affect oxygen transport in

yttria-stabilized zirconia-CeO, heterointerfaces. ACS Nano 6, 10524-10534
(2012).

Doria, S. et al. Nanoscale mapping of oxygen vacancy kinetics in nanocrystalline
Samarium doped ceria thin films. Appl. Phys. Lett. 103, 171605 (2013).

Yang, N. et al. Effect of doping on surface reactivity and conduction mechanism
in samarium-doped ceria thin films. ACS Nano 8, 12494-12501 (2014).
Morozovska, A. N., Eliseev, E. A. & Kalinin, S. V. Electromechanical probing of
ionic currents in energy storage materials. Appl. Phys. Lett. 96, 222906 (2010).
Sun, L., Marrocchelli, D. & Yildiz, B. Edge dislocation slows down oxide ion
diffusion in doped CeO, by segregation of charged defects. Nat. Commun. 6
(2015).

. Pergolesi, D. et al. High proton conduction in grain-boundary-free yttrium-

doped barium zirconate films grown by pulsed laser deposition. Nat. Mater. 9,
846-852 (2010).

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Gerstl, M., Friedbacher, G., Kubel, F., Hutter, H. & Fleig, J. The relevance of
interfaces for oxide ion transport in yttria stabilized zirconia (YSZ) thin films.
Phys. Chem. Chem. Phys. 15, 1097-1107 (2013).

Sanna, S. et al. Enhancement of ionic conductivity in Sm-doped ceria/yttria-
stabilized zirconia heteroepitaxial structures. Small 6, 1863-1867 (2010).

Kim, S. ef al. Strong immobilization of charge carriers near the surface of a solid
oxide electrolyte. J. Mater. Chem. 20, 3855-3858 (2010).

Gobel, M. C., Gregori, G. & Maier, J. Numerical calculations of space charge
layer effects in nanocrystalline ceria. Part I: comparison with the analytical
models and derivation of improved analytical solutions. Phys. Chem. Chem.
Phys. 16, 10214-10231 (2014).

Maier, J. Nanoionics: ion transport and electrochemical storage in confined
systems. Nat. Mater. 4, 805-815 (2005).

Sata, N., Eberman, K., Eberl, K. & Maier, J. Mesoscopic fast ion conduction in
nanometre-scale planar heterostructures. Nature 408, 946-949 (2000).

Maier, J. Ionic conduction in space charge regions. Prog. Solid State Chem. 23,
171-263 (1995).

Fabbri, E., Pergolesi, D. & Traversa, E. Ionic conductivity in oxide
heterostructures: the role of interfaces. Sci. Technol. Adv. Mater. 11, 054503
(2010).

Blennow, P., Hansen, K. K., Wallenberg, L. R. & Mogensen, M. Electrochemical
characterization and redox behavior of Nb-doped SrTiOs3. Solid State Ionics
180, 63-70 (2009).

Horcas, 1. et al. WSXM: A software for scanning probe microscopy and a tool
for nanotechnology. Rev. Sci. Instrum. 78, 013705 (2007).

Jesse, S. & Kalinin, S. V. Band excitation in scanning probe microscopy: sines of
change. J. Phys. D: Appl. Phys. 44, 464006 (2011).

Acknowledgements

S.M.Y. acknowledges M.B. Okatan and E. Strelcov (ORNL) for their helps. SPM work
was conducted at the Center for Nanophase Material Sciences, which is a DOE Office of
Science User Facility. Support (S.M.Y. and S.V.K.) was provided by a DOE Presidential
Early Career Award for Scientists and Engineers. This work (S.M.Y. and T.W.N.) was
also partially supported by IBS-R009-D1. The work at the University of Cambridge
(S.L. and J.L.M.-D.) was supported by the European Research Council (ERC; Advanced
Investigator grant ERC-2009-AdG-247276-NOVOX), the UK Engineering and Physical
Sciences Research Council (EPSRC) and the US National Science Foundation (grant no.
NSF-1007969). The TEM work at the Texas A&M University was supported by the US
National Science Foundation (Grant no. DMR-1401266). Sandia National Laboratories is
a multiprogramme laboratory managed and operated by the Sandia Corporation, a
wholly owned subsidiary of Lockheed Martin Corporation, for the US Department of
Energy’s National Nuclear Security Administration under contract DE-AC04-
94AL85000. The work at Los Alamos was partially supported by the NNSA’s Laboratory
Directed Research and Development Program and was performed, in part, at the Center
for Integrated Nanotechnologies, an Office of Science User Facility operated for the US
Department of Energy (DOE) Office of Science.

Author contributions

S.M.Y. and S.L. contributed equally to this work; J.L.M.-D. conceived the project and
directed the research; S.L. grew samples and performed X-ray diffraction and transport
measurements; S.M.Y. designed and performed the SPM experiments and analysed the
data with S.V.K; J.J., W.Z. and H.W. carried out TEM measurements; P.L. performed
STEM experiments; S.M.Y., S.L., S.V.K. and J.L.M.-D. wrote the paper; All authors
discussed the results fully and commented on the manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Yang, S. M. et al. Strongly enhanced oxygen ion transport
through samarium-doped CeO, nanopillars in nanocomposite films. Nat. Commun.
6:8588 doi: 10.1038/ncomms9588 (2015).

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise
in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material.
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 6:8588 | DOI: 10.1038/ncomms9588 | www.nature.com/naturecommunications

© 2015 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	High crystalline and epitaxial SDC nanopillars
	Ionic conductivity enhancement of nanoscaffold SDC-STO film

	Figure™1Crystal structure of the nanoscaffold SDC-STO film.(a) ’Nano-combCloseCurlyQuote-like spontaneous phase ordering in cross-sectional view of the nanoscaffold SDC-STO film, as revealed by cross-sectional TEM image. Scale bar, 100thinspnm. (b) High-r
	Nanoscale mapping of electrochemical oxygen redox process

	Figure™2Transport properties of nanoscaffold SDC-STO films.(a) Frequency dependence of the real part of ac conductivity sgracprime measured in the nanoscaffold SDC-STO film with variation of temperature. The ionic conductivity sgr is defined from the plat
	Nanoscale visualization of ion-conducting channels

	Figure™3Nanoscale mapping of electrochemical oxygen redox process at room temperature.(a) Topographic image of the nanoscaffold SDC-STO film surface. The bright circular regions of sim30thinspnm diameter are the SDC columns intersecting the film surface. 
	Discussion
	Figure™4Spatially resolved mapping of ion-conducting channels.(a) Topographic image of the nanoscaffold SDC-STO film. The image size is 250times125thinspnm2. Scale bar, 50thinspnm. (b) The bias waveform used for the FORC-IV measurement and time-dependent 
	Methods
	Film growth
	Characterization
	SPM measurements

	SkinnerS. J.KilnerJ. A.Oxygen ion conductorsMater. Today630372003Garcia-BarriocanalJ.Colossal ionic conductivity at interfaces of epitaxial ZrO2:Y2O3solSrTiO3 heterostructuresScience3216766802008WachsmanE. D.LeeK. T.Lowering the temperature of solid oxide
	S.M.Y. acknowledges M.B. Okatan and E. Strelcov (ORNL) for their helps. SPM work was conducted at the Center for Nanophase Material Sciences, which is a DOE Office of Science User Facility. Support (S.M.Y. and S.V.K.) was provided by a DOE Presidential Ea
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




