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C
eria based materials possess an in-
teresting range of electrical transport
properties. Several different conduc-

tion mechanisms are proposed in literature:
electronic, protonic and oxygen ionic, de-
pending on the temperature and doping.
Namely, while pure CeO2 is considered a
bad conductor, its ionic conductivity can be
increased via doping by trivalent rare-earth
elements due to the creation of oxygen
vacancies. The maximum conductivity was
obtained in CeO2 doped with Sm or Gd, i.e.,
Ce1�xSmxO2 (SDC), which makes it an ideal
electrolyte for solid oxide fuel cell applica-
tions.1 One of the most controversial issues
about ceria-basedmaterials is its interaction
with water. It has been reported that water
can be incorporated into the pure ceria
lattice, giving rise to proton conduction.2

The adsorption mechanism, as well as the
wetting behavior, is driven by a complex
interplay of factors such as the surface
morphology and the thermodynamics and
kinetics associated with the adsorption.
A recent atomic force microscopy study of
a pure CeO2 film showed water incorpora-
tion associatedwith a significant irreversible
local volume deformation, demonstrating
a water mediated nanowriting at room
temperature.3 In case of doped ceria, proton
conduction was established in 10% Gd
doped CeO2 at temperatures below 300 �C
using an electrochemical impedance spec-
troscopy (EIS) technique.4 Among the possi-
ble contributions to the proton conduction
in both undoped and doped ceria, a recent
work elucidated the role of granularity and
porosity in the water mediated conduction
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ABSTRACT A systematic study by reversible and hysteretic electrochemical

strain microscopy (ESM) in samples of cerium oxide with different Sm content

and in several working conditions allows disclosing the microscopic mechanism

underlying the difference in electrical conduction mechanism and related

surface activity, such as water adsorption and dissociation with subsequent

proton liberation. We have measured the behavior of the reversible hysteresis

loops by changing temperature and humidity, both in standard ESM config-

uration and using the first-order reversal curve method. The measurements

have been performed in much smaller temperature ranges with respect to

alternative measuring techniques. Complementing our study with hard X-ray photoemission spectroscopy and irreversible scanning probe measurements,

we find that water incorporation is favored until the doping with Sm is too high to allow the presence of Ce3þ. The influence of doping on the surface

reactivity clearly emerges from all of our experimental results. We find that at lower Sm concentration, proton conduction is prevalent, featured by lower

activation energy and higher electrical conductivity. Defect concentrations determine the type of the prevalent charge carrier in a doping dependent

manner.
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mechanism.5 Published results are still controversial,
especially because the high temperature used during
the EIS measurements make it difficult to disentangle
the bulk conductivity from the reaction kinetics.6�8

Furthermore, stoichiometry and structure may change
at elevated temperatures. Thus, it is difficult to disen-
tangle these extrinsic factors from the doping-induced
mechanisms related to the nature of charge carrier. In
the present work, we perform measurements at lower
temperature (below 110 �C) with a scanning probe
microscopy technique called electrochemical strain
microscopy (ESM).9 The ESM approach is complemen-
tary tomost of the studies reported in literature, where
data are obtained by EIS experiments, which require
the system to be in a steady state for the measured
frequencies.10 Real electrochemical systems, however,
have various dynamic parameters, which cannot be
easily controlled. For example, transfer of ions and
energy can take place, especially upon variation of
the gas environment. In addition, in the case of our thin
films, the large in-plane geometry factor makes the
overall impedance very high at low temperature
(below 300 �C), so it is difficult to obtain reliable data
by EIS. On the contrary, ESM can be readily used at
lower temperatures to investigate the electrochemical
systems, where the ion transfer is crucial. The chemical
reaction is induced by application of a DC bias to the
tip. The local defects diffuse and migrate through the
material under the combined effect of the concentra-
tion gradient and electric field. The associated volume
variations result in electrochemical strain11 and the
consequent dynamic surface displacement is directly
detected.
Many ESM experiments show hysteretic and reversi-

ble properties without permanent volume deformation.
In these situations, ESM measurements allow quantita-
tive interpretation of hysteresis loop parameters in
terms of electrochemical reactivity, which can be easily
related to ion transport properties. This is the case for
10% Sm doped CeO2 (10% SDC) and 20% Sm doped
CeO2 (20% SDC) in different temperature and humidity
conditions. These two compositions are the most
studied of the Ce1�xSmxO2 systems due to the high
conductivity and relatively good stability in a reducing
atmosphere.12,13 On the other hand, pure CeO2 is irre-
versibly deformed at room temperature and lowhumid-
ity due to volume expansion,3 which prevents studying
pure CeO2 in the same temperature and humidity range
as 10% SDC and 20% SDC evenwith the ESM technique.
Our study is performed on epitaxial films grown on

highly insulating (110) NdGaO3 (NGO) substrates. Films
show a remarkable structural homogeneity, as shown
in the Supporting Information; therefore, the influence
of microstructural features, such as grain boundaries,
can be overlooked and both good reproducibility
and an unambiguous interpretation of our data is
established.14

We further explore the dynamic properties with
regard to the charge carrier transport by using the
first order reversal curve (FORC) mode15 and we
use unipolar voltage biased AFM to map irreversible
reactions based on topographic changes as a func-
tion of air humidity. Finally, we use hard X-ray
photoemission spectroscopy (HAXPES) to obtain spec-
troscopic data. The combination of surface electro-
chemical information by ESM with the voltage biased
AFM, the bulk composition information and the spec-
troscopy data, allows us to understand the surface
reaction related to the effect of Sm doping, which
gives a substantial contribution on the understanding
the origin of the different conducting properties
in SDC.

RESULTS

Low-Temperature and Humidity Dependent Reversible and
Hysteretic Electrochemical Study. ESM can probe the ionic
motion and electrochemical reactions on the nano-
scale depending on the working conditions and the
material properties.9 Namely, the bias applied to the tip
can inject or annihilate double positively charged oxy-
gen vacancies. As a competing mechanism, oxygen
vacancies can be filled with oxygen ions or hydroxyl
groups. The subsequent oxygen or proton ion move-
ment results in a localized strain under the tip, which can
be detected through dynamic surface displacement.16

The schematics of ourmeasurement setup is reported in
Figure 1d. The voltage divider model17 establishes the
relationship between the potential drops at the junction
and in the film. The low-temperature reversible electro-
chemical regime can beprobed easily by ESM technique
while being inaccessible to other methods. ESM results

Figure 1. ESM hysteresis loops measured at three different
values of relative humidity for 10% SDC (a) and for 20% SDC
(b). We show only a few hysteresis loops for clarity. The
logarithm of loop area as a function of the logarithm of
water partial pressure for 10% SDC is reported in (c). Loops
are recordedover a squaregrid of 10�10points (1� 1μm2)
for each sample, and the area is averaged over the sample
surface. Error bars are obtained as the standard deviation of
the full set of measurements. The schematic of measure-
ment electrode setup is reported in (d).
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obtained at room temperature (RT) and different
humidity levels are presented in Figure 1.

The relative humidity is here converted to partial
pressure of water vapor (see Supporting Information).

Since ESM signal presents an electromechanical
response, it can originate from several different me-
chanisms: piezoelectric, Vegard strain, charge injection,
surface electrochemistry, etc.18 Thus, in any particular
case, the measured ESM signal can be a combination of
all these responses, usually with a dominant contribu-
tion from one of them. Several observations stated
below suggest that we work in the electrochemical
regime, where the ESM hysteretic behavior arises from
the positive and negative nucleation biases (PNB and
NNB) required to activate the processes of injection or
annihilation of the vacancies and ions.17 PNB and NNB
are easily identified in the hysteresis loops as the
voltage corresponding to the inflection points, which
are related to tip�surface activation energies.9 For the
10% SDC sample, PNB and NNB, are independent of
relative humidity. Thus, in the humidity range investi-
gated, there is no evidence of a variation in the activa-
tion energies of the involved chemical processes. On
the other hand, the maximum ESM response shows
ameasurable variation versus the relative humidity (RH)
and the shapes of all the hysteresis curves do not show
any sign of saturation. These observations strongly
support the hypothesis that the whole set of measure-
ments of 10% SDC vs RH fall inside the ohmic transport
region.9,17 In this regime the transport of charged
defects, i.e., oxygen vacancies or protons, is linearly
related the electrical conductivity of the film. Conse-
quently, the hysteresis loop area being proportional to
the change in the ion concentration beneath the tip is,
in turn, proportional to film conductivity. We focused
on the loop area instead of the amplitude, because
the measurements can be made more accurate and
reliable. Indeed, the ESM amplitude of the strain signal
may suffer from drift associated errors that cannot be
removed by averaging techniques. The uniform sample
surface as shown in Supporting Information allows
good statistics and high reproducibility, so we can plot
the average of the ESM hysteresis loop area over the
scanned sample surface. For 10% SDC, the loop area
increases with increasing the humidity. This effect can
be more clearly seen in Figure 1c, where the logarithm
of loop area is plotted as a function of the water vapor
pressure. In fact, on the logarithmic scale, the loop
area linearly depends on water vapor. We can compare
our results to the conductivity data reported in
the literature:4 the sign of the slope is considered as
a fingerprint of the type of conduction mechanism.
Namely, the positive slope for 10% SDC indicates a
prevalently protonic conduction mechanism. The data
related to 20% SDC film show hysteresis loop with a
sizable variation of the PNB and NNB in the range of
humidity experimentally investigated, giving evidence

of a variation of the activation energies. This result can
be ascribed to activated processes acting in parallel, the
process with lower activation energy prevailing at high
relative humidity. In this case, the presence of multiple
activated processes does not allow establishing a sim-
ple proportionality relationship between the hysteresis
loop area and the electrical conductivity. We further
explore the temperature dependence of ESM response
to estimate the activation energy of the transport
process.19 10% SDC and 20% SDC samples were mea-
sured at various temperatures in air with 50% RH. The
ESM hysteresis loops reported in Figure 2 show an
increase of the loop area with increasing temperature
for both samples. The PNB and NNB values are inde-
pendent of temperature and the whole set of measure-
ments of 10% SDC and 20% SDC fall inside the ohmic
transport region. In this regime the hysteresis loop area
for both samples is proportional to the ion conductivity.
The increase of the ESM loop area is due to the thermal
activation effect on ionic and protonic mobility, de-
pending on prevalent charge carrier type. Therefore,
the Arrhenius plot can allow estimating the activation
energy for the transport process. The results reported in
Figure 2c,d showa linear behavior. An activation energy
of about 0.4 and 0.6 eV, for 10% SDC and 20% SDC
sample, respectively, is obtained in agreement with
macroscopic measurements reported in literature.4,12

Such values are usually associated with the different
conduction mechanisms, namely protonic and ionic
mechanisms in 10% SDC and 20% SDC, respectively.

Transport Mechanism Investigation by First Order Reversal
Curve Measurements. To get further insight into the
microscopic mechanisms inferred above, first order
reversal curve (FORC) measurements were performed
at two different humidity levels, namely, in dry air

Figure 2. ESM hysteresis loops obtained at three different
temperatures for 10% SDC (a) and 20% SDC (b). We show
only a few hysteresis loops for clarity. Arrhenius plot of the
loop area for 10% SDC (c) and 20% SDC (d). Loops are
recorded over a square grid of 10 � 10 points (1 � 1 μm2)
for each sample, and the area is averaged over the surface.
The temperature range in panel c is narrower because 10%
SDC starts to deform above the highest temperature shown
in the plot. Therefore, only three significative data points
could be reported in the figure.
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(approximately 1% RH) and wet air (50% RH) at RT.20,21

FORC is a powerful tool to study the on-site transport
process for a typical electrochemical reaction-diffusion
system. It consists in progressively increasing the peak
bias voltage Vp of the ESM measurements, thus allow-
ing systematic tracing of the evolution of loops.22

Considering that our thin films are mixed ionic and
electronic conductor,23 themeasurement is performed
with tip and ground electrode (see Figure 1d) sepa-
rated at a distance of several hundreds of microns. This
experimental setup will enable a very high dynamic
range in our measurements, over 120 V sweep, where
most of the voltage drop is located longitudinally
along the film. Differently from the configuration
suited for applications, where leads are not put side-
ways and the current ion direction is mainly perpendi-
cular to the surface,24,25 our setup is optimized to
investigate the nature of the ionic transport properties,
where both ions and electrons move longitudinally
parallel to the surface. Detailed numerical calculations
would be required to estimate the exact contributions
of the different transport mechanisms.24,25

In Figure 3, we present FORC ESM results obtained
in the presence of humidity for 10% SDC and 20% SDC.
In addition to the ESM signal measurement, also the
changes in resonance frequency, obtained in band
excitationmode, have beenmeasured.26 The evolution
of the resonance frequency is shown in Figure 3, panels
a and b for 10% SDC and 20% SDC, respectively. The
resonance frequency gives direct information about
the changes in mechanical properties of the tip�
surface junction, which can depend on friction, viscous
flow, and plastic deformation, eventually mediated by
the local wetting.27 In particular, the presence of water
menisci strongly affects the contact adhesion force
between the AFM tip and the sample surface.28 The
enhanced surface interaction force experienced
by the tip acts as in the presence of a larger elastic

modulus of thematerial, thus increasing the resonance
frequency.29 Namely, while the resonance frequency
is similar between the two samples when measured
in dry conditions (see Supporting Information), a
change occurs in wet conditions, depending on the
Sm concentration: in the case of 20% SDC the reso-
nance frequency increases from about 330 kHz in dry
atmosphere, up to about 340 kHz in wet atmosphere,
while, in the case of 10% SDC, it increases from about
350 kHz in dry, up to about 385 kHz in wet atmosphere.
In agreement, the quality factor decreases when the
resonance frequency increases. The higher value in
the presence of water for 10% SDC can be explained in
terms of greater hydrophilic properties.

In Figure 3c,d, we report the ESM signal hysteresis
loops in wet conditions. The loops progressively open
up with increasing bias voltage. The positive or nega-
tive nucleation biases do not vary with changing the
bias voltage. The same occurs for the hysteresis loops
measured in dry conditions, as reported in Supporting
Information.

At higher values of Vp, above the critical voltage
needed for the activation of the electrochemical reac-
tion process, the measurements of loop area is linearly
related to the excitation bias. The slope b is related to
the electrical conductivity of the film22 and represents
the ratio of the loop area and the peak bias voltage
variation, Δ(Loop_Area) and ΔVp:

b ¼ Δ(Loop Area)
ΔVp

(1)

Above the critical voltage needed for the activation
of the electrochemical reaction process, the ESM signal
can be fitted well. This region corresponds to the
ohmic transport region where the hysteresis loop area
is proportional to the change in the film conductivity.
Figure 4 shows the plot of the loop area corresponding
to the linear regions versus the maximum excitation
bias Vp for both of the samples in dry and wet air.
The linear fit gives the slope of the fitting lines
(b parameter). Because of the assumption that our data
fall inside the ohmic transport region, the slope b is
proportional to the electrical conductivity of the film.
With this assumption, Figure 4 shows very interesting
features, whichwere hidden in the case ofmeasurements

Figure 3. FORC-type ESM measurements in wet conditions
on 10% SDC film in panels a and c and 20% SDC in panels b
and d. 2D plot of the amplitude spectra of the cantilever
resonance response in 10% SDC (a) and 20% SDC (b) as a
function of the DC bias spectrum reported in the same
graph (white line). Average loops over a square grid of 10�
10 points (1 μm � 1 μm) measured in 10% SDC (c) and in
20%SDC (d). Note that the frequency ranges in plots a and b
are different but with the same interval width.

Figure 4. Loop-area vs peak bias voltage Vp for both 10%
SDC and 20% SDC samples and both in dry and wet
conditions. The FORC-type ESMdata and thefits correspond
exclusively to the linear regions.
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of single hysteresis loops (see Figure 1). Now we can
compare data independently from the different chemi-
cal activated processes. Figure 4 shows a higher slope
for 10% SDC data as compared to 20% SDC, which is in
agreement with larger mobility of protons with respect
to oxygen ions.30 The higher mobility can be also
explained by the larger voltage drop inside the sample
due to the presence of water menisci. We cannot
discriminate between the two effects, but the conclu-
sions are not altered because a larger slope is observed
in 10% SDC than in 20% SDC sample. Moreover, the
slope of the data of the 10% SDC sample is higher in
the wet conditions with respect to the dry conditions,
in agreement with the data shown in Figure 1c and
consistent with a change in the carrier concentration.
On the other hand, the slope of the data of the 20%SDC
sample does not show any change versus relative
humidity. This behavior will be discussed later.

Irreversible Volume Deformation. To establish the reac-
tivity of SDC, the effect of humidity was also investi-
gated by biasing the samples with a unipolar voltage
waveform through the AFM conducting tip. The sam-
ple surface was mapped with þ35 V DC bias applied
to the tip at a scanning rate of 0.2 s/line. By increasing
RH of the air gas blowing through the measurement
chamber at room temperature, a very small volume
expansion of less than a nanometer was initially ob-
served for the 10% SDC film, but no measurable
expansion was observed for the 20% SDC. Such an
expansion was suddenly observed for the 10% SDC
sample as soon as the measuring temperature was
increased above 80 �C as shown in Figure 5b. A similar
irreversible expansion was reported for pure CeO2

already starting from room temperature3 as shown
in Figure 5a. As it can be observed in Figure 5c, the
volume deformation for 10% SDC increases when RH is
varied in the range 10�50% . This finding can be con-
sidered as a direct proof of the presence of OH groups,
originating from the water droplet at the tip�surface
junction, which OH groups fill the oxygen vacancies
irreversibly. This behavior is similar to the water-
mediated nanowriting electrochemical mechanism
observed on pure CeO2.

3 However, whereas for pure
CeO2 film, the expansion was observed even at room
temperature (Figure 5a), a higher temperature is re-
quired for the 10% SDC film to activate the water
adsorption and proton formation, indicating that
10% of doping with Sm in SDC starts to inhibit the
efficiency of such a process. Indeed, the water adsorp-
tion and proton formation is completely inhibited by
further increasing of dopant concentration to 20% at
the same temperature.

Hard X-ray Photoelectron Spectroscopy Study. Finally, to
complement our study, we measured bulk spectro-
scopic properties by HAXPES to correlate these data
with the surface sensitive information reported in pre-
vious sections. In fact, as a result to the high incident

energy of 6.054 keV, HAXPES measurements are quite
bulk-sensitive (the probing depth was about 20 nm)
and the surface contaminant contribution to the spec-
tra is less relevant than in case of soft X-rays. O 1s core
level spectra for 10% SDC and 20% SDC are shown in
Figure 6. Two main differences must be noticed be-
tween the two samples. The highest peak of the spectra
is shifted to lower binding energy in the 10% SDC
(Figure 6a) with respect to the 20% SDC (Figure 6b),
from529.8 to 529.5 eV.More interestingly, an additional
peak is present at about 532.5 in the 10% SDC film,
which can be attributed to the hydroxyl OH groups
formed because of the water trapped during the

Figure 5. (a) AFM deflection images of the CeO2 surface
before (left) and after (right) mapping with þ15 V DC bias.
The measurements were performed at room temperature
and 50% relative humidity RH.Maximumheight of deforma-
tion is about 20 nm. (b) AFM deflection images at different
RH for the 10% SDC sample. The bias applied to the tip is
þ35V. (c) Plot of theaveragevolumeexpansionas a function
of RH. The measurements were performed at T = 80 �C.

Figure 6. O 1s core level HAXPES spectra for 10% SDC in
(a) and 20% SDC in (b). Experimental data (open circles) are
compared with the fit results (solid black line), obtained as
the envelope of the fit curve components reported in the
panels as filled areas [cyan (OH), magenta (Ce4þ), and green
(Ce3þ and Sm3þ)] under the curves.
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previous ESM measurements performed in wet condi-
tions.31 No relevant OH content can be detected in the
20% SDC film. Data were fitted by keeping the number
of components at minimum and fixing their binding
energy at the same value for both samples. We can
identify two main components of the leading peak,
associated with the structural oxygen ions in two differ-
ent SDC lattice sites. The component at lower binding
energy can be associated with the structural oxygen
bonded toCe4þ, while the component athigherbinding
energy with the structural oxygen bonded to Ce3þ or
Sm3þ. Assuming the nominal concentration for Sm3þ,
we conclude that the Ce3þ content is lower in 20% SDC
than in 10% SDC (see Supporting Information).

DISCUSSION AND CONCLUSIONS

It is generally accepted that pure CeO2 can be easily
reduced to nonstoichiometric CeO2�x.

32 The conse-
quent formation of Ce3þ mainly compensates for the
formation of positively charged oxygen vacancies. The
process of CeO2 reduction in the Kroger-Vink notation
can be written as

2CeCe
x þOO

x f 2CeCe
0 þ VO

•• þ 1
2
O2 (2)

where CeCe
x and OO

x are the Ce4þ and the O2� in the
normal lattice, CeCe0 is the Ce

3þ having one less positive
charge compared to the Ce4þ, VO

•• is the double
positively charged oxygen vacancy, and O2 is the mo-
lecular oxygen. In SDC, oxygen vacancies are introduced
by doping with trivalent metal oxide, using Sm2O3:

Sm2O3 sf
CeO2

2SmCe
0 þ VO

•• þ 3OO
x (3)

where Sm3þis hosted in the Ce4þ lattice site with one
less positive charge, i.e., SmCe

0 in Kroger-Vink notation.
Oxygen vacancies are then formed to compensate for the
charge imbalance. Moreover, reaction 2 can also take
place in SDC, where the concomitant Sm doping by
reaction 3 will naturally affect the equilibrium of the first
reaction. In fact, the amount of Ce3þ will obviously be
decreased due to the Sm3þ substitution in its lattice site.
A lower Ce3þ content with increasing the Sm3þ substitu-
tion is actually observed in HAXPES measurements
from O 1s and Ce 3d core level spectra, as reported in
Supporting Information: Ce3þ concentration is almost
reduced by a half when the Sm concentration is doubled.
It is known that the surface of CeO2 oxide is cataly-

tically active and a variety of molecules, including
water, can be trapped there.33 Very recently the elec-
trochemical reactions of these mixed conductors have
been investigated at the surface-gas interface during
hydrogen oxidation and water splitting.34

Ce3þ andoxygenvacancies arebelieved tobe theactive
sites in the following hydrogen evolution reaction:35,32

H2OþCeCe
0 þ VO

•• f OH• þ CeCe
x þ 1

2
H2 (4)

In our experimental setup, the reactions are electro-
chemically driven in wet gas phase. In the above
reaction the water splitting is located at the cathode
electrode and the cerium oxidation reaction at the
anode electrode. In the chosen measuring system,
the electrodes (shown in Figure 1d) are on the same
side of the film and are exposed to the same identical
gas phase conditions. In these experimental condition
reversing the electrodes does not reverse the oxidation�
reduction reaction, because of the presence of water
on both electrodes. Cerium will be oxidized until
a sufficient concentration of Ce3þ is available; thus
reaction 4 will proceed irreversibly filling the oxygen
vacancies with OH•. A lower amount of Ce3þ, i.e., CeCe0

in Kroger-Vinknotation,will reduce the rate of the above
reaction, thus with the increase of Sm doping con-
centration the following oxygen evolution/reduction
reactions will become the dominant mechanism:

OO
xSVO

•• þ 2eþ 1
2
O2 (5)

The whole set of experimental results can be ex-
plained in the light of these two prevalent reactions.
The different behavior of 10% SDC and 20% SDC
originates from the Sm doping concentrations, which
affect the Ce3þ content. In the case of 10% SDC, water
dissociation proceeds due to the presence of the active
Ce3þ yielding hydroxyl groups, which fill some of the
oxygen vacancies. This is supported by HAXPES mea-
surements at the O 1s core level of Figure 6, showing
the presence of hydroxyls group in 10% SDC film and
not in 20% SDC. Hydroxyl groups can be localized or
give rise to proton conduction by hopping on oxygen
sites, as schematically shown in Figure 7a. In contrast,
doping with Sm above 10% enhances the stability of
Ce4þ and the main chemical process is the oxygen
evolution/reduction reaction of eq 5. The concomitant
local distortion, induced near the oxygen vacancy
by the bigger size of Sm ion and longer bond
length, favors the oxygen mobility, since the so-called
mechanochemical coupling largely affect the energy
barrier for oxygen migration.36,37 For 20% SDC, ion

Figure 7. Schematic representation of the conduction
mechanism for 10% SDC (a) and 20% SDC (b).

A
RTIC

LE



YANG ET AL. VOL. 8 ’ NO. 12 ’ 12494–12501 ’ 2014

www.acsnano.org

12500

conduction process is prevalent, as schematically
shown in Figure 7b.
In the ESMmeasurements, the surface displacement

is driven by the generation/annihilation of electroac-
tive species (oxygen vacancies, protons, hydroxyls) at
the tip�surface junction with subsequent diffusion or
migration driven transport through the film. In the
humidified air condition, when an external electric field
is applied to the film surface, both water splitting and
oxygen reduction reaction can occur. The presence of
oxygen vacancies allows both OH or oxygen atoms to
enter (reactions 4 or 5), but the valence of Ce needs
to change accordingly to preserve the neutrality of the
system. As a matter of fact, oxygen vacancies can be
filled by OH or oxygen depending on the vacancy
concentration, the Sm and Ce content, and Ce valence
(Ce3þ/Ce4þ). With an increasing ambient humidity,
increasingly more OH groups are formed according
to reaction 4. Therefore, ESM measurements with
different humidity allow to elucidate if the prevalent
chemical reaction is mediated by OH or oxygen ions.
The mobile charge carriers will diffuse under the con-
centration gradient.14 Since the ESM hysteresis loop is
proportional to the change in the ion concentration
and, in turn, to the film conductivity,9 an increase of the
loop area is expected with increasing the water partial

pressure, when the prevalent charge carrier type is of
proton nature.
The ESM measurements reported in Figures 1 and 4

show that the conductivity increases with the water
partial pressure in the case of 10% SDC, while the
transport properties are not affected by water in the
case of 20% SDC. We can deduce that the prevalent
charge carrier type is the proton in 10% SDC, while it
is the oxygen ion in 20% SDC. The main conduction
mechanisms observed for the two samples in the
temperature and humidity range we examined, by
protons in 10% SDC (lower Sm doping) and by oxygen
ions in 20% SDC (higher Sm doping), are consistent
with the reactions of eqs 4 and 5. The observation of
the volume expansion shown in Figure 5 for 10% SDC,
which is strongly dependent on the relative humidity,
is consistent with the irreversible nature of reaction 4.
In conclusion, our investigation demonstrates the role
of Sm doping in the surface reactions and the type of
charge carrier prevalent in the conduction. The doping
strongly influences the channel reactions; the trivalent
doping element concentration must be considered
as an important factor for the design of ceria-based
systems and of doped solid oxides in general, a factor
that can help improve applications in energy storage
devices.

METHODS
Thin Film Deposition. Ce0.9Sm0.1O2 (10%SDC) andCe0.8Sm0.2O2

(20% SDC) epitaxial thin films were grown by Pulsed Laser
Deposition technique on an insulating (110) NdGaO3 substrate
having a thickness of 300 nm. The KrF excimer pulsed laser
source (λ = 248 nm) was operated at 10 Hz, with an energy
density of 5 J/cm2; the substrate temperature was about 600 �C;
the oxygen partial pressure was 5 Pa and target-to-substrate
distance was 3.5 cm. With this set of parameters, a deposition
rate of about 0.22 Å per laser shot was obtained.

XRD Characterizations. XRD analysis was performed on SDC
films to determine the lattice parameters and to rule out the
presence of impurity phases. A Rigaku D-max diffractometer
was used in the θ � 2θ mode and rocking curves using Cu KR
radiation, accelerating voltage of 30 kV, filament current of
30 mA, 2 deg/min (scan rate for the θ � 2θ scan), 0.5 deg/min
(scan rate for the θ-scan).

ESM Spectroscopy. The electrochemical activity of SDC films
was investigated as a function of relative air humidity in the
range between 1% to about 80% . The experiments under
controlled humidity were performed on an ambient commer-
cial atomic force microscope system (Bruker Multimode 8)
equipped with a LabVIEW/Matlab based band excitation soft-
ware for voltage and time spectroscopies.38 An environmental
cell (measurement chamber) connected to an air tank through a
humidifier (General Electric) was used for humidity measure-
ment. The sample temperature was changed by a heating stage
(Bruker) andwas stabilized by waiting for at least 15min at each
temperature set point.39

HAXPES. The HAXPES measurements were performed at the
beamline I09 at the Diamond Light Source, U.K. using a photon
energy of 6.054 keV. A channel-cut Si (004) crystal was em-
ployed after the primary double crystal monochromator to
achieve an energy resolution of <250 meV, while maintaining
a high photon flux. Photoelectron spectraweremeasuredwith a
EW4000 photoelectron analyzer (VG Scienta, Uppsala, Sweden)

mounted in the polarization direction of the photon beam.
Count rates were maximized by tuning the incident angle
to about 1�. Photoemission measurements were performed at
400 K, the binding energy scale was calibrated to the Fermi
edge cutoff of an Au reference sample.
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