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ABSTRACT: Samaria-doped ceria (SDC) thin ﬁlms are particularly important for energy
and electronic applications such as microsolid oxide fuel cells, electrolyzers, sensors, and
memristors. In this paper, we report a comparative study investigating ionic conductivity
and surface reactions for well-grown epitaxial SDC ﬁlms varying the samaria doping
concentration. With increasing doping above 20 mol % of samaria, an enhancement in the
defect association is observed by Raman spectroscopy. The role of such associated defects
on the ﬁlms̀ oxygen ion transport and exchange is investigated by electrochemical
impedance spectroscopy and electrochemical strain microscopy (ESM). The measurements reveal that the ionic transport has a sharp maximum in ionic conductivity and drops
in its activation energy down to 0.6 eV for 20 mol % doping. Increasing the doping
concentration further up to 40 mol %, it raises the activation energy substantially by a
factor of 2. We ascribe the sluggish transport kinetics to the “bulk” ionic-near ordering in
case of the heavily doped epitaxial ﬁlms. Analysis of the ESM ﬁrst-order reversal curve measurements indicates that these
associated defects may have a beneﬁcial role by lowering the activation of the oxygen exchange “surface” reaction for heavily
doped 40 mol % of samaria. In a model experiment, through a solid solution series of samaria doped ceria epitaxial ﬁlms, we
reveal that the occurrence of associated defects in the bulk aﬀects the surface charging state of the SDC ﬁlms to increase the
exchange rates. The implication of these ﬁndings is the design of coatings with tuned oxygen surface exchange by controlling the
bulk associated clusters for future electrocatalytic applications.
KEYWORDS: doped ceria, epitaxial thin ﬁlms, defect associations, Raman, electrochemical strain microscopy
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[V ·o·] in Kroger-Vink notation, where Re′Ce is the rare earth
dopant and V ·o· is the formed oxygen vacancy in the lattice.
This condition implies that the oxygen vacancy concentration is
linearly dependent on the doping level. Indeed, one more
vacancy is created every two rare-earth dopant defects
introduced into the normal lattice. However, at high doping
level, the lattice becomes instable and defect interactions take
place. Several types of associated defects can form, as for
example, dopant pairs, oxygen-vacancy pairs, dopant ions
associated with oxygen vacancies, and Ce3+-based defect pairs,
such as Ce3+−Ce3+, Ce3+− dopant ions, Ce3+−oxygen
vacancies.18−20 Although the increase in the number of
vacancies improves the ion conduction, the increase in
associated defects amount may have detrimental eﬀects. As a

INTRODUCTION
In the last two decades, pure and doped ceria-based materials
attracted a great deal of attention because of their wide range of
applications, such as catalysts,1−3 gas sensors,4,5 memristors,6
solar-to-fuel convertors,7,8 oxygen storage devices,9 and microsolid oxide fuel cells.10,11 As a potential catalyst candidate, pure
ceria (CeO2) can adsorb and convert on its surface diﬀerent
chemical species, including H2, H2O, COx, NOx, and SOx in
diﬀerent conditions.8,12−16 Additionally, it is shown that ceria’s
catalytic properties may even exceed the performances of some
precious metals.1 The relevance of ceria in catalysis relies on the
ability to store and release oxygen in its lattice. This occurs
through the generation and annihilation of oxygen vacancies
through the Ce4+ → Ce3+ valence change. A signiﬁcant increase
of the oxygen vacancy concentration in the lattice can be
achieved by introducing trivalent rare-earth dopants. Among
them, samarium is a notable example.17 The concentration of
vacancies is controlled by the neutrality condition, 2[Re′Ce] =
© 2016 American Chemical Society
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pointed out the importance of the Ce3+−oxygen vacancy
associations to provide eﬀective adsorption sites for gas
molecules.20,16 In conclusion, a comparative investigation of
the role of defect associations induced by the dopant
concentration, on both oxygen ion transport and in/
decorporation processes, is still missing for epitaxial ﬁlms
(excluding grain boundary eﬀects).
Through this study, the type of the dopant cation is ﬁxed to
samarium and its concentration is systematically changed for
SDC epitaxial ﬁlms. Thereby, the size mismatch between hosts
and dopant cations is ﬁxed. Samarium is chosen as a dopant
because SDC shows the highest conductivity among the
plethora of ceria solute solutions.22 Previously reported studies
on epitaxially grown SDC ﬁlms were focused at the doping
concentration value, where the maximum conductivity has been
observed, i.e., 20 mol % Sm.15,19 In this study, we extend the
doping concentration as high as 40 mol %. For this, 300 nm
epitaxial SDC thin ﬁlms are grown on NdGaO3 (110) (NGO)
substrates by Pulsed Laser Deposition (PLD). We investigate
the oxygen in/decorporation processes of epitaxially grown
samaria doped ceria thin ﬁlms with well-deﬁned crystal
structure orientation and morphology for various doping levels.
We describe the oxygen anionic-cationic bond vibrations
changes with respect to samaria doping and epitaxy of these
nanometrically ﬂat thin ﬁlm surfaces turning to Raman
microscopy. The changes in the oxygen-cationic bonding
environment are discussed in light of association energy
variations. Their implications on the transport and the oxygen
in/decorporation process are probed by electrochemical
impedance spectroscopy (EIS) and electrochemical strain
microscopy (ESM). Finally, we conclude on the optimized
doping concentration for epitaxially grown samaria-doped ceria
ﬁlms, to increase the surface oxygen exchange for applications
as potential catalytic surfaces, i.e., for gas sensing or oxygen
capacity-based transfer, or storage surfaces in microelectrochemical devices.

matter of fact, the conductivity behavior with changing the
dopant concentration shows a maximum at 20 mol % for the
samaria-doped ceria (SDC), as reported for polycrystalline
samples as well.21,22
Defect interactions also play a crucial role in the eﬀective
ceria surface charge and the oxygen in/decorporation processes,
thus aﬀecting the performance of ceria in catalysis. A relevant
example is the role of the surface ceria reduction state and its
electron localization on the formation of dimer and trimer
geometries, as investigated by scanning tunneling microscopy
on ceria single crystals.20 Defect interaction eﬀects have been
also invoked to explain the higher reactivity of more negatively
charged surface compared to bulk in 20 mol % SDC ﬁlms, as
investigated by in operando X-ray photoelectron spectroscopy
(XPS) and electrochemical impedance spectroscopy measurements by Chueh et al.19 The higher reactivity of the surface was
attributed to a higher Ce3+ concentration at the surface toward
the bulk, which is surprisingly stable even under oxidizing
conditions. One hypothesis raised by the authors is that short
and long-range ordering may stabilize the surface Ce3+ for
epitaxially grown samaria-doped ceria ﬁlms, viz., defect
association energies would change. Despite these important
ﬁrst insights, further experimental evidence are mandatory to
shed light on the role played by (i) the dopant concentration
on the formation of “bulk” associated defects and (ii) their
impact on the “surface” oxygen exchange for epitaxial ceria
solute solutions.
Recently, we have shown by electrochemical strain
microscopy and hard XPS measurements the relevance of the
dopant concentration on the mechanisms regulating the
oxygen- and/or water-involved reactions in SDC ﬁlms
epitaxially grown on NdGaO3 substrates.23 The study revealed
that by increasing the samaria doping from 10 to 20 mol %, the
Ce3+ concentration decreased. As a result, the hydrogen
evolution reaction worsened in 20 mol % Sm-doped ceria.
However, a correlation between the samaria doping and the
defect association in stabilizing the Ce3+ concentration was not
explored. The in operando XPS study of Feng et al.15 showed
that, for undoped ceria, the oxygen incorporation process can
be viewed as a series of steps: (1) adsorption of gas molecules
onto the surface, (2) oxygen ion/electron transfer across the
interface, and (3) oxygen ion diﬀusion from the surface to the
bulk. Cormack and co-workers revealed that the doping level
inﬂuences the oxygen incorporation process through the
vacancy concentration change and/or the diﬀusion velocity. It
was explained in terms of potential defect associations formed
between oxygen vacancies and cations based on atomistic
computer simulations.24 First, the increase of the oxygen
vacancy concentration is expected to increase the number of
active sites for oxygen gas incorporation. Second, a fast
diﬀusion/transport process of oxygen ions can guarantee a
continuous supply of oxygen from the bulk to the surface,
which promotes surface reactivity. The eﬃciency of those
mechanisms is reduced by increasing the doping level above 20
mol %, when oxygen vacancies become associated with cations.
The eﬀect of such cation−vacancy associations, in pure and
doped ceria, were studied in terms of transport or surface
reactivity.20,25−27 Some studies suggested that the dopant
cation−oxygen vacancy associations modify the activation
energy of the thermally activated transport process. This
occurs through the change of defect association energies, on the
examples of Ce1−xMxCeO2 (M = Al, Cr, Ga, Fe, Sc, In, Y, Gd,
Ce, and La).25,26 In parallel, other studies on doped ceria

■

EXPERIMENTAL SECTION

Thin Film Deposition. Pure ceria and SDC epitaxial thin ﬁlms
were grown by PLD on insulating NGO substrates with a thickness of
300 nm. Ceramic stoichiometric targets were prepared in our
laboratory starting from commercial 99.99% purity CeO2 and Sm2O3
powders by solid state reaction, then pressing at 200 MPa and
sintering at 1500 °C for 5 h. A KrF excimer laser (Coherent Lambda
Physik GmbH), with wavelength of 248 nm and pulse width of 25 ns,
was focused on the target material in a spot area of about 5 mm2. The
operating frequency was 10 Hz and the energy density 5 J/cm2. The
substrates were ultrasonically cleaned in deionized water, acetone and
methanol, and dried with pure nitrogen prior to insertion into the PLD
chamber. The deposition was performed at a temperature of about 600
°C, oxygen partial pressure 5 Pa and target-to-substrate distance 3.5
cm. With this set of parameters the deposition rate of about 0.22 Å per
laser shot was obtained. The samples were cooled from the deposition
temperature down to room temperature at 10 deg min−1.
Thin Electrode Processing. The thin ﬁlm electrodes were
processed by microfabrication. First, the design of electrode was
patterned through photolithography (negative photoresist ma-N
1420) by mask aligner (Karl Süss mask aligner MA6). Then 100 nm
Pt thin ﬁlm was deposited by e-beam evaporation (Evaporation Plassys
II, deposition rate 1.5 nm/s) because Pt with a high melting
temperature will not be inﬂuenced by the elevated temperature in the
electrochemical measurements. After lift-oﬀ process in acetone the
microelectrode was fabricated.
X-ray Diﬀraction Characterization. X-ray diﬀraction (XRD)
analysis was performed on SDC ﬁlms to determine the structural
14614
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Figure 1. (a) X-ray diﬀraction θ−2θ scan of 20 mol % samaria-doped CeO2 (SDC) ﬁlm on NdGaO3(110) (NGO) substrate. b) Enlightened (002)
reﬂection peak behavior of SDC ﬁlms with diﬀerent samaria doping from 0 (pure CeO2) to 40 mol %. The vertical thicks at the maximum peak
heights show the Bragg peak shift for the 0 mol % Sm (black), 10 mol % Sm (pink), 20 mol % Sm (blue), and 40 mol % Sm (green) doped ﬁlms. In
the inset the rocking curve of the (002) reﬂection for the 20 mol % Sm-doped ﬁlm is also reported. (c) Reciprocal space Qx−Qz map of the (204) of
20 mol % Sm-doped ﬁlm and the (332) of NGO asymmetric reﬂections. (d) Azimuthal scans around the same asymmetric reﬂections and same
sample as in panel c. In the inset, the epitaxial relationship sketch obtained from the asymmetric measurements showing the 45° rotation of the two
in-plane lattices of ﬁlm and substrate is shown. (e) AFM topography on a 800 × 800 nm2 square area of the 20 mol % Sm-doped ﬁlm.
quality, lattice parameters, to rule out the presence of impurity phases
and to determine the epitaxy correlation between the SDC ﬁlms and
the NGO substrate. A Rigaku D-max diﬀractometer was used in the θ2θ and rocking curve modes for the symmetric scans using Co Kα
radiation, accelerating voltage 30 kV, ﬁlament current 30 mA.
Reciprocal space maps and azimuthal scans around asymmetric
reﬂections were performed by a Philips X’Pert XRD analytic
diﬀractometer equipped with a four-circle cradle using Cu Kα source,
40 kV and 40 mA.
ESM Spectroscopy. The electrochemical activity of SDC ﬁlms was
investigated in ambient air conditions. The experiments were
performed in an ambient commercial atomic force microscope system
(Bruker Multimode 8) equipped with a LabVIEW/Matlab based band
excitation software for voltage and time spectroscopies. Voltage was
applied to a conductive Cr/Pt coated (Budget Sensors) AFM tip, and
the bottom electrode was kept grounded. Matlab codes were used for
data processing, analysis and ﬁtting.
EIS Analysis. EIS measurements were made with a Gamry FAS2
Femtostat system from 180 to 550 °C in the frequency range from 500
kHz to 0.1 Hz with an AC signal amplitude of 100 mV. The EIS results
were analyzed and ﬁtted to the spectra using Z-plot software based on
complex nonlinear least-squares ﬁtting method. Details of sample

setups including gas feedings and substrate heating were described
previously.28
Raman Microscopy. Raman microscopy was carried out using a
confocal WITec CRM200 Raman microscope instrument (WITec,
Germany) equipped with a 532 nm laser for excitation and a 2400g/
mm grating, resulting in a spectral resolution better than 0.7 cm−1. To
quantify the Raman spectra, we ﬁt all the spectra with Lorentzian peak
functions. The component peak numbers and the wavenumber
position as well as the full width at half-maximum were ﬁxed for all
samples.

■

RESULTS AND DISCUSSION
SDC thin ﬁlms with varying dopant concentrations, i.e.
SmxCe1−xO2−δ with x = 0, 0.1, 0.2, 0.4, were grown on NGO
substrates by PLD. The choice for the upper doping
concentration limit at x = 0.4, was made to keep the cubic
ﬂuorite structure and to avoid potential formation of the
superstructure as seen in higher doping levels.29
Figures 1a, b show the XRD θ−2θ scan curves in symmetric
conﬁguration for the SDC ﬁlms. The good structural quality is
demonstrated by the only presence of the (00l) reﬂections, with
14615
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a full width at half-maximum (fwhm) of the rocking curve
across the (002) reﬂection about 0.2° (see for instance rocking
curve of 20 mol % Sm doping ﬁlm, reported in inset of Figure
1b). Fwhm values are independent of the doping concentration
and are slightly narrower than those reported for previous
epitaxial ﬁlms with 20 mol % Sm doping.15,30
The epitaxy correlation between the SDC ﬁlms and the
NGO substrate is obtained by the reciprocal space maps and
azimuthal scans in asymmetric conﬁguration, performed across
the (332) of NGO and (204) of SDC reﬂections (as shown in
Figure 1c, d for the case of 20 mol % Sm doping). The in-plane
4-fold symmetry of SDC thin ﬁlms is demonstrated by the
azimuthal Φ-scan, measured at the same asymmetric reﬂections
and reported in the Figure 1d, and revealed a rotation of 45° of
SDC [100] direction with respect to the NGO [001] direction
(as sketched in the inset). XRD reciprocal space map
demonstrates the fully in-plane matching condition (within
an experimental error of 0.02 Å), between the lattice
parameters of SDC thin ﬁlms and the NGO substrate. These
results are a consequence of the very small lattice misﬁt
between the in-plane lattice parameter of SDC and the in-plane
diagonal of the NGO substrate, spanning from 0.8 ± 0.2% to
0.1 ± 0.2% for doping variation from pristine to 40 mol % of
samaria in ceria, respectively.
However, a progressive elongation of the c-axis parameter
from 5.41 to5.44 Å with the increasing of samaria concentration
is observed as indicated by the 2θ angle shift from 38.65 to
38.43 degrees in Figure 1b. Given that the ionic radius of Sm3+
(1.08 Å) is larger than that one of Ce4+ (0.97 Å), such an
elongation is compatible with a partial substitution of Sm3+ ions
at Ce4+ sites. This result is in a very good agreement with
theoretical calculations31 and previous experimental data on
bulk pellets.32,33 The linear correlation between the c-axis
parameter and the samaria concentration while keeping the
fully in-plane lattice matching between ﬁlm and substrate, as
well as the absence of diﬀraction peaks related to secondary
phases, are compatible with the gradual substitution of Sm
atoms at the Ce site without any collapsing of the crystal
structure even in the highest doping concentration of 40 mol %.
See the Supporting Information for further details.
The topography measurement of the SDC ﬁlm surface as
measured by atomic force microscopy (AFM) is reported in
Figure 1e, for the example of the 20 mol % doped ceria ﬁlm.
The samples are nanometrically ﬂat and comparable in their
AFM surface topographies for all doping levels, with a rootmean-square surface roughness of about 0.2−0.3 nm. On the
basis of XRD and AFM surface analysis, we can conclude that
the deposited ﬁlms are of epitaxial-nature with very smooth
surfaces, and therefore they can be treated as model systems
with surface/bulk properties only, excluding any grain boundary
eﬀects.
Raman spectra of the SDC ﬁlms excited with a 532 nm laser
wavelength measured in ambient are shown in Figure 2a. The
Raman spectroscopy allows us to look at the relative change in
the samaria doped ceria ionic bond vibrations as a function of
its doping concentration, see refs 4, 8, and 34−36 for details.
First, we turn to pure CeO2 ﬁlm for which one structural main
peak is measured in the 400−800 cm−1 range. The peak at 465
cm−1 is the F2g oxygen anionic−cationic stretching Raman band
related to the ceria cubic ﬂuorite structure.8 It is considered for
these structures as the symmetric breathing mode of oxygen
ions around each cation with its position depending on the
cation−anion bond strength.10,37 For pure and doped ceria, the

Figure 2. (a) Raman spectra normalized to the maximum peak
intensity of samaria doped ceria ﬁlms with diﬀerent samaria doping.
The peak indicated with star (*) corresponds to the NGO substrate,
while the F2g and D bands are ascribed to the ﬁlm. (b) Plot of the
Raman shift of F2g and D bands as a function of the doping
concentration.

decrease (increase) of the wavenumber is associated with the
weakening (strengthening) of the bond.36 We measure that the
F2g band shifts systematically to lower wavenumbers, from 465
to 460 cm−1 when increasing the doping concentration up to 40
mol %, Figure 2b. This is consistent with the longer cation−
anion bond length and consequently weaker cation−anion
bond strength, in agreement with the larger lattice parameter
detected by XRD and also with earlier Raman literature on
doped ceria pellets by McBride37 and Rupp.38
Importantly, doping the epitaxial ﬁlms with samaria, also
results in the uprising of an additional Raman band around 550
cm−1 which is denoted as D. In accordance with literature
studies,34,37,39−41 we assign this D Raman band to the second
order phonon scattering on oxygen vacancies due to the
extrinsic doping with samaria. It is worth noting that although
the F 2g band shift is almost linear with the dopant
concentration, this is not the case for this particular Raman
active D band. Here, we observe only a small wavenumber
increase of +0.6 cm−1 increasing the doping concentration from
10 to 20 mol %, but a very steep wavenumber increase of more
than +9.0 cm−1 when increasing the doping concentration from
20 to 40 mol %. Such a peculiar D band shift is a direct proof of
local environment change around oxygen vacancies.
14616
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Figure 3. (a) Schematic of measurement electrode setup. (b) Nyquist plots of SDC ﬁlms at 400 °C in air with the equivalent circuit used to ﬁt the
data shown in the inset. (c) Conductivity Arrhenius plot of SDC ﬁlms involved in this study together with the linear ﬁt. (d) Samaria doping
dependence of the activation energy Ea and conductivity at 400 °C.

a microfabricated interdigitated Pt electrode geometry as shown
in the schematic of Figure 3a to measure the conductivity in air
for the temperature range of 180−550 °C. Figure 3b displays
the Nyquist plot for the samaria doped ceria ﬁlms with diﬀerent
doping levels exempliﬁed for 400 °C. The ceria ﬁlm impedance
shows a sole slightly asymmetric semicircle in the Nyquist plot,
which is related to the high resistance value of the oxide ﬁlms,
viz., the electrodes are not visible. On the contrary, impedance
results on doped ceria ﬁlms form a semicircle with a tail at
lower frequencies, which can be related to the blocking nature
of Pt electrodes in the absence of oxygen ion exchange reaction,
as demonstrated by measuring the impedance at diﬀerent DC
voltages (see the Supporting Information). The conductivity
reported in the Arrhenius type plot of Figure 3c is calculated by
using the resistance value obtained by ﬁtting the Nyquist plots
to the response of the equivalent circuit shown as an inset in
Figure 3b. We employ two RC parallel elements in series to
model electrode and ﬁlm contributions. From the ﬁt of the
Arrhenius plot we, in turn, obtain the activation energy (Ea),
reported in Figure 3d together with the conductivity at 400 °C,
for the case of ceria ﬁlms with diﬀerent samaria doping. Further
details on the EIS data analysis are reported in the Supporting
Information S4.
Analyzing the activation energy conductivity, Figure 3c,d, we
measure a clear maximum in transport for 20 mol % Sm doped
ﬁlm and an accordingly lowered activation energy of 0.6 eV for
the epitaxial ﬁlms. This is further in agreement with literature
for polycrystalline samaria doped ceria pellets.21,22 An enhanced
doping concentration up to 20 mol % improves the
conductivity, thanks to the higher content of induced oxygen
vacancies available for the oxygen ion conductivity. On the

According to the theoretical and experimental studies on
nanoparticles, bulk ceramics and single crystals of doped CeO2
samples, the shift of the D band at higher wavenumber can be
interpreted as changed lattice dynamics due to the increased
formation of associated defects, see refs 34 and 39 for details.
Taniguchi et al.34 reported a variation of this second-order
phonon scatter D band in a peak intensity increase with doping
concentration due to an enhanced defect contribution in
gadolinia doped ceria pellets. A slight D band shift was
observed, therefore suggesting the formation of a more stable
′ :V ·o·)× and charged dimer (2ReCe
′ :V ·o·)•
neutral trimer (2ReCe
complexes in ceria structures. Here, we newly highlight the
following defect structural implications based on the measurements on samaria-doped ceria epitaxial ﬁlms.
First, the occurrence of this associated defect band (secondorder phonon scatter band) is most pronounced for heavy
doping (i.e., above 20 mol %) with a strong wavenumber shift
of +9.0 cm−1. This is a remarkable footprint to measure
associated defects via Raman spectroscopy, which we will use to
discuss later for oxygen ionic transport measurements in such
ﬂuorite structure based oxides.
Second, we report this Raman signature for the case of
samaria doping in ceria and can fully ascribe it to the changes in
the bulk of the material as no grain boundaries are present in
the epitaxial ﬁlms. Additionally, the observation of Raman
vibration modes only associated with the oxygen−cerium−
samarium interaction further supports the scenario of
continuous Sm substitution at Ce site without any sign of
secondary phase segregation.
We now subject the epitaxial samaria-doped ceria ﬁlms to
EIS to study the inﬂuence of doping on ionic transport. We use
14617
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Figure 4. (a) ESM hysteresis loops for the samaria doped CeO2 ﬁlms averaged over 1 × 1 μm2 surface with a 10 × 10 square grid. Loops are all
shifted to 0 V for clarity. (b) Areas of the hysteresis ESM loops of panel a as a function of samaria doping. A schematic of the measurement electrode
setup is shown in inset. (c) First-order reversal curve (FORC) loop area vs maximum bias voltage (Vmax). (d) Slope (sphere symbols) and critical
voltage Vc (diamond symbols) behavior as a function of the Sm doping concentration obtained by the ﬁt of data reported in panel c.

driven characteristic. Second, through measuring the oxygen
anionic sublattice vibration in the Raman second order
vibrations (D Raman shift to higher wavenumber (Figure
2b)), we irrevocably conﬁrm for higher doping concentrations
that “oxygen vacancy-samarium dopant clusters” are formed in
the epitaxial ﬁlms, resulting in the increased activation energy of
conductivity.
As a next step, we aim at investigating the role of associated
defect formation on the oxygen in/decorporation process. The
surface kinetics investigation with EIS usually requires the
microfabrication of sub 100 nm free-standing membranes. This
poses a signiﬁcant challenge during the preparation process.44
We apply here a direct nanoscale electrochemical characterization technique, ESM, to probe the surface kinetics of our
samples.
ESM measures the surface displacement after application of a
short (ms) DC voltage pulse to the tip. In general, for a
material with ﬁnite ionic conductivity, the associated volume
variations are related to the electrochemical processes at the
tip−surface junction and ∼20 nm beneath the tip in the
oxide.45 When the tip DC voltage is high enough to overcome
both the surface electrochemical reaction overpotential and the
potential drop in the material due to the ﬁnite conductivity,
oxygen vacancies are generated or annihilated by the following
oxygen evolution and oxygen reduction reaction (OER/ORR)

contrary, further increasing the doping to higher concentrations, the cation-vacancy associated defects start to modify
the oxygen ion migration enthalpy, thus aﬀecting the activation
energy (Ea) and, thus, the ion conductivity, as measured by
EIS.25
Interestingly, we measure in the case of the 20 mol % doping
a 1 order of magnitude increased conductivity for the epitaxial
ﬁlms (at the order of 1 × 10−2 S/m) when compared to
polycrystalline bulk pellets (around 1 × 10−3 S/m).21 We
ascribe the eﬀect to the higher conduction of bulk in epitaxial
case, whereas conventionally processed macrocrystalline pellets
may have a blocking grain boundary.42
For higher doping concentrations beyond 20 mol %, we
measure again an increase in the activation energy, Figure 3d,
and drop in the total conductivity for the epitaxially grown
samaria doped ﬁlms. It can be observed that Ea sharply
increases up to 1.03 eV for 40 mol % of Sm doping. The
obtained Ea values are lower than those reported for
polycrystalline samples for the same doping concentrations,21,22
but quite similar to the reported bulk grain Ea obtained for the
polycrystalline samples.43 According to literature, the increase
in Ea for doping concentrations higher than 20 mol % Sm can
be attributed to the increase of the association energy between
oxygen vacancies and dopant cations forming clusters, see for
details refs 21 and 25.
On the basis of the electrochemical impedance measurements in combination with the Raman spectroscopic results, we
conclude the following:
First, the epitaxial thin ﬁlms reveal a clear minimum in
activation energy for doping until 20 mol %. This is a bulk

O×o ⇌ V ··o +

1
O2 + 2e−
2

(1)

Oxygen vacancies subsequently diﬀuse along the concentration
gradient and/or drift along in the electric ﬁeld. The variation in
14618
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facilitates the ORR/OER processes in ceria by exposing
exclusively Ce3+ ions to oxygen gas phase.20 We propose here
that in heavily doped and epitaxial SDC ﬁlms the lower
potential required for the surface reaction process is a
consequence of the eﬀective charge of the associated defects
present in the bulk. Such an eﬀective charge becomes lower
than that of the free oxygen vacancy, thus reducing the eﬀective
oxidation state of the oxygen vacancy and increasing its
electronegativity. As a matter of fact, the complex defect
association favors the electron transfer between the tip and ﬁlm
surface in our ESM experimental conﬁguration and reduces the
energy needed for activating the OER/ORR reactions at the
tip−surface junction for the 40 mol % Sm-doped ﬁlm.
We conclude that the presence of associated defects in the 40
mol % Sm, as measured by Raman probing at the given
wavelength mostly for the bulk of the ﬁlm, facilitates the surface
charging being beneﬁcial for surface oxygen reaction kinetics of
the epitaxial ﬁlms.

the local oxygen vacancy concentration results in a localized
strain under the tip, which can be detected through the surface
displacement during the DC bias oﬀ stage.45,46
ESM measurements with the applied voltage of up to 10 V
are reported in Figure 4a, b. In Figure 4a, we observe the
formation of well-deﬁned ESM hysteresis loops related to the
needed ﬁnite voltages to activate the forward and reversed
redox-processes in the samaria doped ceria ﬁlms according to
eq 1.46 The schematic of our measurement setup is shown in
the inset of Figure 4b. More detailed experimental procedures
are described in Supporting Information S2. As can be noted in
Figure 4a, the ESM loop shape is similar to a clear signature of
activation process onsets when the doping concentration
changes. In parallel, the loop area increases when increasing
the doping concentration up to 20 mol % and then starts
slightly decreasing (Figure 4b).
Because no grain boundary is expected in the ﬁlms, we can
rule out the eﬀects of macroscopic structural defects47,48 and,
thus, we can consider that only the surface reaction and oxygen
vacancy motion in the oxide ﬁlm̀ s bulk contribute to these
observations. To discriminate between the two eﬀects we use
ﬁrst-order reversal curve (FORC) measurements, a technique
detailed in ref 49. Practically, we performed sets of ESM
hysteresis measurements at diﬀerent maximum applied
voltages. Assuming that the on-site ion transport process is
negligibly aﬀected by the applied DC bias variation in our
investigated voltage range, the observed variations in the ESM
signal can reasonable be related to the OER/ORR reactions;
this is in accordance to earlier observations in ionic oxide
systems probed by FORC.50 The loop area as a function of the
maximum DC bias (Vmax) is shown in Figure 4c. We ﬁt the
ESM loop area (LA) dependence on Vmax with a simple linear
function: Δc ∝ LA = A + BVmax, where Δc is the ion
concentration variation, the intercept with the x-axis Vc = −A/B
is the needed critical voltage for activating the electrochemical
surface reaction, and the slope B is related to the ion
conductivity inside the sample, see ref 50 for details. Namely,
the critical voltage Vc can be considered a key feature for the
electrochemical surface reaction, while the slope B gives
information on the transport mechanisms. Figure 4d shows
that the slope is strongly inﬂuenced by the doping level with a
maximum at 20 mol %. Because the slope of the FORC data is
related to the ion conductivity, this behavior agrees well with
the conductivity behavior measured by EIS, even though the
FORC measurements are performed at room temperature.
Importantly, the critical voltages are around 7 V
independently on the doping concentration for up to 20 mol
% of Sm-doping in the epitaxial ﬁlms (Figure 4d). However, the
40 mol % Sm-doped ﬁlm reveals a lower critical voltage being
<5 V and diﬀers herewith. This leads to the interpretation that a
lower potential is needed to eﬀectively activate the OER/ORR
reaction at the surface of the heavily doped epitaxial samaria
doped ceria ﬁlm. FORC results suggest that the 40 mol % Smdoped ﬁlm donates and accepts electrons in the oxygen in/
decorporation reactions more easily at its surface when
compared to the ﬁlms with lower doping content. Chueh et
al. explained, on the example of 20 mol % SDC thin ﬁlms and
XPS studies, that high reactivity of entropy-stabilized surfaces
can be related to the short-range defect interactions and/or
long-range ordering enhanced by the large Ce3+ and dopant
concentrations.19 Esch et al. showed that during the surface
reaction, electrons left behind by released oxygen localize on
cerium ions and favor the formation of associated defects which

■

CONCLUSION
In summary, the use of epitaxial thin ﬁlms with diﬀerent doping
concentration enables new insights into the role of defects in
the intrinsic properties of samaria doped ceria materials by
eliminating the grain boundary contributions. Raman spectroscopy identiﬁes the increased defect association eﬀects, with
increasing of the Sm doping level up to 40 mol % as accessed
through analysis of the second order phonon scatter modes.
This very Raman mode is a signature for changes in the oxygen
sublattice of the bulk oxide ﬁlm material. Importantly, by using
complementary techniques, such as electrochemical strain
microscopy and impedance spectroscopy, we show for these
heavily doped ﬁlms the detrimental eﬀects of associated defects
on the ion conduction properties and probe surface reactions in
the oxygen in/decorporation. As a new insight, we report the
observation that even though the bulk of the 40 mol % Smdoped ceria is characterized by a high formation of associated
defects (low oxygen ionic mobility), its surface reveals a higher
oxygen exchange activity. This is conﬁrmed by the almost 30%
lowered critical voltage for the reaction onset of the heavily
doped ﬁlms, as measured via FORC technique in the
electrochemical strain microscopy. Interestingly, our investigation conﬁrms an earlier hypothesis by Chueh et al.,
predicting the stabilization of doped ceria ﬁlms at their surfaces
by defect interactions in bulk.19
Our results show that the intrinsic properties of ceria can be
selectively modiﬁed by the doping concentration to tune the
required functional properties, such as ionic conductivity and
oxygen surface reaction rates, on the example of epitaxially
grown model solid solutions based on samaria doped ceria
ﬁlms. In particular, the lower electric ﬁeld necessary for
activation of the surface reactions, together with the hightemperature conductivity, propose heavy dopings for the design
of ceria based systems for high-temperature electrocatalyst
applications for the use in solid oxide fuel cells based on thin
ﬁlms,10,11 solar energy devices,7,8 or resistive switching
oxides51,52 operating under high electric ﬁelds.
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