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Abstract: Solid oxide fuel cells (SOFCs) are promising candidates for use in alternative energy technologies.
A full understanding of the reaction mechanisms in these dynamic material systems is required to optimize device
performance and overcome present limitations. Here, we show that in situ transmission electron microscopy
(TEM) can be used to study redox reactions and ionic conductivity in SOFCs in a gas environment at elevated
temperature. We examine model ultrathin half and complete cells in two environmental TEMs using off-axis
electron holography and electron energy-loss spectroscopy. Our results from the model cells provide insight into
the essential phenomena that are important for the operation of commercial devices. Changes in the activities of
dopant cations in the solid electrolyte are detected during oxygen anion conduction, demonstrating the key role of
dopants in electrolyte architecture in SOFCs.
Key words: in situ TEM, electron holography, electron energy-loss spectroscopy, solid oxide fuel cells, gas–solid
reactions

I NTRODUCTION
Solid oxide fuel cells (SOFCs) are key technologies for providing alternatives to fossil fuels. They are environmentally
friendly and offer fuel ﬂexibility, large-scale power generation, and long-term durability (Singhal & Kendal, 2003;
O’Hayre et al., 2009). However, there are still barriers to their
commercialization and world-wide implementation, mainly
because of the need to use high operating temperatures,
which can cause problems with sealing structures, material
degradation, and operational cost (Sammes, 2006; Mench,
2008). Efforts to overcome these problems fall into two
categories: the use of new electrolyte, cathode and anode
materials with higher performance (to decrease the operating
temperature and achieve higher microstructural stability)
(Dusastre & Kilner, 1999; Steele, 1999; Shao & Haile, 2004;
Panteix et al., 2006), and the development of a full understanding of the operating mechanisms (e.g., using advanced
microscopic and spectroscopic techniques) to understand
the present systems fully and to assess possible modiﬁcations
(Jeangros et al., 2010; Tavabi et al., 2012). However, studies
of such complex systems in their working environment
using transmission electron microscoy (TEM), which would
ideally involve the examination of an electron-transparent
layered sample at high temperature in the presence of two
different gas environments on each side of the cell in a
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connected current circuit, are not straightforward. Therefore,
almost all previous TEM studies have involved the assessment of microstructural changes and interactions between
different materials in cells taken from unused or previously
operated devices (Liu & Jiao, 2005; Soldati et al., 2011).
As a result, there are still few direct TEM observations
of ionic conductivity and triple-phase boundary reactions
in SOFCs.
Recent advances in environmental transmission electron microscopy (ETEM) offer new opportunities for the
in situ study of such systems. For example, Jeangros et al.
(2010) reported a study of redox reactions on the anode side
of a commercial SOFC consisting of yttria-stabilized zirconia
(YSZ) and nickel oxide. However, a systematic approach that
can be used to provide a high spatial resolution real-time
understanding of ionic conductivity and redox reactions in
solid-state dynamic systems is still lacking.
The specialized TEM technique of off-axis electron
holography (Lichte & Lehmann, 2008; Midgley & DuninBorkowski, 2009) offers possibilities for improving the spatial resolution and interpretability of recorded images using
software aberration correction (Tanji et al., 1994), as well as
allowing images to be recorded with reduced delocalization
and interpreted with improved precision (Tonomura, 1999;
Hÿtch et al., 2008; Lichte et al., 2010; Sickmann et al., 2011).
The technique allows the phase shift of an electron wave that
has passed through a specimen to be measured (McCartney
et al., 2005). The phase shift is, in turn, directly proportional
to both the specimen thickness and the mean inner
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(electrostatic) potential in the specimen (Rau et al., 1999). It
can therefore be used to provide information about changes
in electrostatic potential associated with ionic migration and
gas–solid reactions in dynamic systems (Tavabi et al., 2012).
Off-axis electron holography requires the use of a highly
coherent electron wave provided by a ﬁeld emission gun
and an optimized electron-optical ray path. An important
challenge for the observation of gas–solid reactions using
electron holography is scattering of the electron beam by the
gas, which can reduce beam coherence. We have recently
shown that it is possible to perform in situ off-axis electron
holography in a gas atmosphere (Tavabi et al., 2011a). Here,
we apply in situ off-axis electron holography to study a
Gd-doped ceria (GDC) solid oxide electrolyte that has an
interface with a Pt electrode (in a half-cell). We show that
the technique can be used to provide information about
changes in electrostatic potential at each electrolyte–electrode
interface in a complete cell and perform complementary
experiments to identify the active species in the electrolyte.
We discuss the possible inﬂuence of the electron beam on the
measurements and conclude by discussing the possible role
of dopant cations in solid oxide electrolytes, with regard to
both O ion mobility and the oxygen evolution reaction
(OER) and oxygen reduction reaction (ORR).

M ATERIALS AND M ETHODS
Multi-layered half and complete SOFCs were prepared using
a pulsed laser deposition system equipped with a Nd:YAG
laser (266 nm wavelength) on p-type Si(100) single crystal
substrates. The substrate surfaces were polished and cleaned
before deposition. The ﬁrst Pt electrode was deposited at
room temperature at high vacuum (1 × 10− 6 Pa). After the
wafer was heated and stabilized at 450°C, the GDC electrolyte,
Gd0.2Ce0.8O2 − α, was deposited in an oxygen atmosphere at
0.4 Pa and annealed for 1 h in the same environment, resulting
in a polycrystalline ceramic layer with a thickness of 80–140 nm
in different batches of cells and a columnar grain structure. For
the complete cell, a second Pt electrode was deposited after the
wafer had been cooled gradually and the chamber evacuated to
its base pressure. X-ray diffraction (Supplementary Fig. 1) was
used to conﬁrm the presence of a GDC ﬂuorite structure, as
reported by other groups, who also conﬁrmed both the ionic
and the electronic conductivity properties of the material (Joo
et al., 2007; Rodrigo et al., 2010; Kim et al., 2011).
Supplementary Figure 1
Supplementary Figure 1 can be found online. Please visit
journals.cambridge.org/jid_MAM.
Cross-sectional TEM specimens of the cells (~50 nm in
thickness) were prepared by using a microsampling method in
a focused ion beam (FIB) Hitachi FB2100 workstation (Hitachi
Ltd., Hatoyama, Saitama, Japan), as shown in Supplementary
Figure 2. A W layer was deposited on each specimen to protect
the layered structure during the milling and thinning process.

This W layer was considered to be a catalytically inactive electrode in the half-cells. The specimens were mounted either on
conventional Mo FIB grids (EM Japan Co. Ltd., Tokyo, Japan)
for energy dispersive X-ray spectroscopy (EDS) mapping and
electron energy-loss spectroscopy (EELS) or on Ta ribbons,
which served as heating devices (Tavabi et al., 2011a) for in situ
electron holography, before ﬁnal thinning. The specimen
temperature on the Ta ribbon was calibrated using a homemade alumel–chromel thermocouple in a vacuum chamber,
as shown in Supplementary Figure 3. EDS elemental maps of
the half and complete cells were acquired using a JEM ARM
200F TEM (JEOL Ltd., Akishima, Tokyo, Japan), which was
operated at 200 kV in scanning transmission electron
microscopy mode. In situ EELS measurements were performed using a JEM 1000K RS ETEM (JEOL Ltd., Akishima,
Tokyo, Japan) operated at 800 kV.
Supplementary Figures 2 and 3
Supplementary Figures 2 and 3 can be found online.
Please visit journals.cambridge.org/jid_MAM.
In situ off-axis electron holography observations were
performed using a Hitachi HF-2000 cold-ﬁeld emission TEM
(Hitachi Ltd., Japan) equipped with an electrostatic biprism
close to a conjugate image plane of the microscope and a
home-built environmental system for the introduction of gas
into the objective lens pole-piece gap (Tavabi et al., 2011a). The
oxygen atmosphere was raised up to 5E-4 mbar at the specimen
area. A TEM specimen holder with four electrodes and a Ta
heating ribbon was used to study specimens at elevated
temperature in a gas environment (Moritomo et al., 2006).
Half and complete SOFCs that had been prepared using FIB
microsampling were mounted in this holder (Tavabi et al.,
2011a). Electron holographic phase images were reconstructed using custom scripts written in Digital Micrograph
software (Gatan Inc., Pleasanton, CA, USA). The electron
holographic interference fringe spacing was ~0.5 nm and the
radius of the mask used to select the sideband in the Fourier
transform of each hologram during reconstruction was
selected to ensure a spatial resolution of below 2 nm in the
phase images. Vacuum reference holograms were acquired
after recording specimen holograms in the same environment that was used for acquiring each object hologram.

RESULTS

AND

DISCUSSION

Ultrathin SOFC Architecture
Figures 1a and 1b show EDS elemental maps of the complete
and half-cells, respectively. FIB-deposited W was used as
an inactive electrode to investigate the half-cell (Sammes,
2006; O’Hayre et al., 2009). Although the Si substrate surface
was polished and cleaned before deposition, the Si–Pt
interface is observed to be slightly rough, perhaps as a consequence of electrolyte deposition at elevated temperature.
Elemental maps did not indicate the presence of Si at the
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Figure 1. Energy dispersive X-ray spectroscopy elemental maps of
ultrathin solid oxide fuel cells. a: Complete cell with Pt electrodes and
a 75-nm thick Gd-doped ceria (GDC) electrolyte layer on a Si(100)
substrate. b: Half-cell with active Pt and inactive W electrodes and a
90-nm thick GDC electrolyte layer on a Si(100) substrate. Interdiffusion or roughness of the interfaces between the layers is <15 nm.

electrode–electrolyte interfaces, which could deteriorate cell
performance (Hertz et al., 2009; Horita et al., 2009). No
segregation of either the Gd dopant or the Ce host cations
was detected in the GDC microstructure. Point chemical
analyses (not shown) were consistent with the nominal target composition. Electrode–electrolyte interdiffusion (and/
or roughness) was found to be below 15 nm when averaged
over a distance of 300 nm, which is considerably lower than
that reported previously for similar systems with layers on
the micron or sub-millimeter scale. Interdiffusion between
the layers is important because it can have a signiﬁcant effect
on interface performance, depending on the cell architecture
(Izuki et al., 2000; Tsogaa et al., 2011). To the best of our
knowledge, there has been no previous report of such ﬁnelayered structures with high spatial and compositional
resolution in the ﬁeld of SOFCs. Our characterization of the
microstructure suggests that the present samples are ideal for
in situ studies of fuel cell operation in the TEM.
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Figure 2. Representative off-axis electron holography results from an
ultrathin half solid oxide fuel cell. a: Electron hologram of the Pt–
GDC–W cell, with the holographic interference fringes set perpendicular to the electrolyte–electrode interfaces. b: Reconstructed phase
image obtained from the area in the red-dashed rectangle in the hologram in (a). c: Phase proﬁle extracted from the area marked by the
white rectangle in (b). A constant has been added to the phase proﬁle
so that the phase values at the positions of the interfaces are close to
0. The vertical axis is in radians. GDC, Gd-doped ceria.

Off-Axis Electron Holography
Figure 2 shows representative off-axis electron holography
results obtained from a half SOFC in high vacuum (before
introducing gas into the microscope). Figure 2a shows
electron-holographic interference fringes oriented almost perpendicular to the interfaces in the specimen, which contains a
90 nm GDC electrolyte layer, an active Pt electrode, and an
inactive W electrode. Figure 2b shows a corresponding phase
image reconstructed from the central area of the electron hologram, as shown by the red-dashed rectangle in Figure 2a. The sign
convention used in Figure 2 corresponds to the phase in vacuum
being higher than that in the specimen (Tavabi et al., 2011a).
A similar approach was used to acquire phase images from both
the half and the complete cells in different environments.
Figure 2c shows a phase proﬁle extracted from the
region marked by a white rectangle in Figure 2b and averaged along its shorter side (over a distance of 5 nm). For
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convenience, the phase shift at the interface between the
materials was set to 0 (by adding a constant phase offset to
Fig. 2c) to simplify studies of the evolution of the material
properties during dynamic operation of the cell. The interfaces
between the electrolyte, the active Pt electrode, and the inactive
W electrode result in two relatively sharp steps in the phase
proﬁle. Although the phase shift of a homogeneous object should
be steady and ﬂat for a constant specimen thickness (Tonomura,
1999), there are ﬂuctuations in the phase proﬁle in the electrolyte layer, as well as a slight phase gradient between the active Pt
and inactive W electrodes. The minor variations in the phase
proﬁle are likely to be associated with slight specimen thickness
variations, dynamical contributions to the phase shift in the
polycrystalline material (which contains grain boundaries and
defects) (Gajdardziska-Josifovska et al., 1993; Dunin-Borkowski
et al., 2010; Lubk et al., 2010), and statistical noise. These minor
ﬂuctuations in phase are negligible when compared with the
observed changes in the GDC layer during the in situ experiments discussed below. (Fig. 2c shows that these variations are
in the range of a few hundred milliradians, whereas changes as
large as 1–2 rad were observed during the in situ experiments.)
The slight phase gradient in the electrolyte layer may be
associated with the fact that the ceria-based oxide can be
reduced by electron beam illumination (Tavabi et al., 2013).
This reaction can start to progress at room temperature in the
presence of the electron beam. Here, it was found that the slope
of the potential gradient increased with observation time under
constant electron beam illumination (Supplementary Fig. 4).
This effect, which has not been reported in other electrolyte
materials such as YSZ (Tavabi et al., 2011a, 2012), will be discussed in more detail below. In order to minimize the inﬂuence
of the electron beam on the results, all of the cells examined in
this study were exposed to similar illumination conditions for
~30 min before in situ electron holography observations. The
peaks at each interface, which are marked by red arrows in
Figure 2c, may be associated with local variations in band
structure. Similar features have been observed at other polycrystalline oxide–metal interfaces (Tavabi et al., 2011b), but are
not yet fully understood. Interestingly, in the complete cell with
two active electrodes, the step in phase at each interface between
the electrode and electrolyte was observed to decrease with time
during observation at room temperature, while the overall
phase proﬁle remained almost ﬂat between the electrodes.
Supplementary Figure 4
Supplementary Figure 4 can be found online. Please visit
journals.cambridge.org/jid_MAM.

Redox Reactions
In order to study the systems close to their operating conditions, both the half and the complete cell were initially
heated slowly to 400°C in the high vacuum environment of
the TEM using the same electron beam conditions as for the
ﬁrst 30 min of illumination. They were then exposed to a ﬂux
of oxygen in the TEM. When the complete cell was heated in

Figure 3. Phase proﬁles measured from the electrolyte in a complete solid oxide fuel cell in different environments. The proﬁles were
extracted from regions of phase images similar to the area indicated
by the red box in Figure 2b. a: Reference proﬁle acquired at room
temperature in vacuum. b: Phase proﬁle recorded from the same
area at 400°C in vacuum. c: Proﬁle recorded from the same area at
400°C in an oxygen ﬂux. GDC, Gd-doped ceria.

vacuum (before introducing oxygen), the potential difference
between the electrolyte and the Pt electrodes decreased
(Supplementary Fig. 5). The phase shift in the electrolyte
then returned to its initial (room temperature) value after
exposure to oxygen. Figure 3 summarizes the behavior of the
electrolyte in a complete cell during a redox cycle. The line
proﬁles were extracted from phase images similar to that
shown in Figure 2a in the direction from the vacuum region
toward the interior of the GDC layer, averaged along its full
width (as indicated by the red rectangle in Fig. 2b). Changes
in phase shift during the redox cycle are readily visible,
despite the sloping nature of the phase proﬁle resulting from
the geometrical shape of the cross-sectional FIB-prepared
specimen. We assume below that the observed phase changes
do not result from electron-beam-induced charging of the
electrolyte, which would be visible outside the specimen
close to the electrolyte–Pt interfaces and would also result in
changes to the shape of the phase proﬁle (Dunin-Borkowski
et al., 2005).
Supplementary Figure 5
Supplementary Figure 5 can be found online. Please visit
journals.cambridge.org/jid_MAM.
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Figure 4. In situ electron energy-loss spectroscopy results obtained from the interface between the Gd-doped
ceria (GDC) electrolyte and the Pt electrode in a complete cell at room temperature (blue), at 200°C (orange),
and at 400°C (red). The spectra obtained at different temperatures were aligned using the Ce-M edge onset.
a: Representative background-subtracted spectra acquired from GDC showing the Ce-M and Gd-M edges.
b: Magniﬁed region of the spectra showing the Ce-M edge. The white line ratios suggest the presence of tetravalent Ce4
+
. c: Magniﬁed region of the spectra showing the Gd-M edge. The peaks show a shift in energy at 400°C, which is
attributed to partial oxidation of Gd2O3 at 400°C to Gd2O(3 + x) (0 < x < 1) as a result of the oxygen evolution reaction
at this temperature.

The observed difference in the phase shift of the electrolyte in Figure 3 suggests that its mean inner potential
increases between room temperature and 400°C. [The magnitude of the phase shift in the electrolyte relative to that in
vacuum increases during heating. For example, the phase
shift of the thickest part of the electrolyte (on the left side of
the phase proﬁle) is 8.5 rad at room temperature and 9.8 rad
at 400°C.] The reducing properties of ceria and ceria-based
oxides are well known (Rui et al., 2007; Sharma, 2008;
Vayssilov et al., 2011). An increase in the number of O
vacancies in the electrolyte is expected at elevated temperature as a result of O transfer to the active Pt electrodes (OER),
leading to an increase in the oxidation state of the cations. As
Pt has negligible oxygen solubility (Mitterdorfer & Gauckler,
1999), any O ions that are transferred to it are expected to be

released at the oxide–Pt interfaces in the gaseous state, with
the electrostatic potentials of the Pt electrodes remaining
constant in the TEM because they are grounded. It is therefore particularly surprising that the mean inner potentials of
pure CeO2 and Ce2O3 are calculated to be 25.7 and 24.6 V,
respectively, using the neutral atom scattering factors of Rez
et al. (1994), suggesting that reduction of the electrolyte
should be associated with a decrease in mean inner potential.
In contrast, an increase in mean inner potential as a function
of electron beam illumination and at elevated temperature is
inferred from the experimental measurements shown in
Figures 2 and 3. The recovery of the potential distribution in
the electrolyte that occurs when the specimen is exposed to
an oxygen ﬂux (Fig. 3c) is interesting for the same reason, as
an ORR is expected at the GDC–Pt interfaces, resulting in an
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Figure 5. In situ off-axis electron holography of a W–GDC–Pt
half-cell containing an electrolyte layer of width 140 nm, suggesting O ion conduction in the electrolyte from W through the Pt
electrode. The proﬁles were extracted from phase images using an
area similar to that indicated by the white box in Figure 2b.
a: Reference phase proﬁle measured from the half-cell at room
temperature in vacuum, 30 min after exposure of the specimen
to the electron beam. b, c: Phase proﬁles from the same area
recorded in vacuum at 200 and 400°C, respectively. GDC,
Gd-doped ceria.

increase in oxygen content in the electrolyte and a decrease
in the oxidation state of the cations. Taken together, the
results appear to suggest that the electrolyte in this system is
reduced when oxygen is introduced into its microstructure,
in contrast to the general understanding of redox reactions in
oxide materials in other systems, such as zirconia-based
electrolytes (Tavabi et al., 2012).
A complementary analytical technique is therefore
required to identify the cations that undergo a change in
oxidation state during the reaction. In order to obtain
information about the mechanism of the observed reaction,
in situ EELS measurements were carried out on both the half
and the complete cells. Cross-sectional specimens of the cells
were heated from room temperature to 400°C and spectra
were acquired close to the interfaces at the positions indicated by white circles in Figures 1a and 1b. Figure 4a shows
in situ EELS measurements obtained from the upper GDC–
Pt interface in a complete cell in high vacuum conditions.
Magniﬁed regions of the spectra, showing the energy-loss
near-edge structure for Ce and Gd, are shown in Figures 4b
and 4c, respectively. The spectrum from the electrolyte has
the expected structure for the Gd2O3 + CeO2 structure at
room temperature. Unexpectedly, there is no signiﬁcant
change when the specimen temperature is increased to 200°C,
despite the fact that changes in the mean inner potential of

the GDC were already observed in electron holographic
measurements at this temperature (Supplementary Fig. 5).
Instead, a change in the electronic state of the electrolyte
is observed at 400°C, with the Gd-M edge undergoing a
chemical shift toward higher energy losses by up to 3 eV.
This chemical shift is similar to that reported for the Ce-M
edge in the reverse direction during the reduction of ceria
from tetravalent Ce4+ to trivalent Ce3+ (Crozier et al., 2008).
Such a reduction would result in a reversal of the M4 and M5
white line intensities and a decrease in the satellite peaks that
are evident just after the white lines in the Ce4+ state (Garvie
& Buseck, 1999; Arai et al., 2004). Neither change is observed
for Ce in our experimental results. Furthermore, our in situ
electron holography results suggest that the solid oxide is
oxidized rather than reduced at elevated temperature.
Therefore, the observed chemical shift of Gd suggests the
presence of Gd in a new oxidation state of Gd(4 − x)
(0 < x < 1). This oxidation state, which is supported by the
electron holographic phase proﬁles described above, is rare
in Gd oxide (Landheer et al., 2001; Adhikari et al., 2010). Its
identiﬁcation suggests a signiﬁcant role of the dopant cations
in the present electrolyte material, in which the host cations
were expected to be responsible for ionic conduction and
redox reactions. The present results highlight the need for
systematic studies to determine the precise role of dopant
cations such as yttrium, samarium, praseodymium, and
barium. For example, it has been reported that host Zr
cations are the responsible cations in a single crystal YSZ
electrolyte (Tavabi et al., 2012).
In situ EELS measurements performed on the interior
Pt–GDC interface showed a similar change in Gd oxidation
state (Supplementary Fig. 6). Interestingly, both interfaces in
complete cells that had been processed in two different
environments (see the Materials and Methods section above)
exhibited the same characteristics and similar behavior
during in situ observations using both EELS and electron
holography. Our results suggest the importance of material
selection and processing methods in the optimization of
SOFC design and properties.
Supplementary Figure 6
Supplementary Figure 6 can be found online. Please visit
journals.cambridge.org/jid_MAM.

Ionic Conduction
Figures 5a and 5c show phase proﬁles measured using offaxis holography at room temperature, at 200°C, and at 400°C
from a half-cell with a 140 nm electrolyte layer. The proﬁles
were extracted from phase images similar to that shown in
Figure 2b and averaged over a distance of 5 nm. The cell was
exposed to electron beam irradiation for 30 min before
heating. When the temperature was raised, the potential
distribution in the cell changed inhomogeneously. Whereas
the step in potential at the active interface decreased at
higher temperature, little change was observed at the inactive
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Figure 6. Background-subtracted electron energy-loss spectra recorded from the interfaces in a W–GDC–Pt half-cell at
room temperature (blue) and at 400°C (red). a: Spectra acquired from the interface between GDC and the inactive W
electrode, showing no change in either the Ce or the Gd oxidation state. b: Spectra acquired from the interface between
GDC and the active Pt electrode, showing a chemical shift in the Gd-M edges and an increase in the intensity ratio
of the M5/M4 white lines at 400°C. c, d: Magniﬁed regions of the spectra in (a) and (b), respectively. GDC,
Gd-doped ceria.
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W electrode, resulting in a change in the slope of the phase
proﬁle between the two electrodes. This observation, which
is thought to result from a change in oxygen vacancy
concentration between two electrodes, may be explained by
the catalytic selectivity of the Pt interface, resulting in O
ion migration in a system that is charge-neutral overall.
Similar behavior is expected to occur in ionically conducting materials in other dynamic systems, such as H ion
conductors, Li ion conductors (Yamamoto et al., 2010),
and N ion conductors. In contrast, the inactive W is an
electronically conductive electrode, but acts as an obstacle for
chemical reactions and suppresses ionic activity. It can
therefore be regarded as an example of barrier design in
smart material systems that require thermal, electronic,
and ionic barriers.
This system was also studied using in situ EELS. Figures
6a and 6b show spectra recorded at room temperature and at
400°C from the inactive and active electrode regions,
respectively. Their magniﬁed spectra are shown in Figures 6c
and 6d, respectively. Whereas no signiﬁcant change occurs at
the inactive electrode (Fig. 6c), the Gd-M edges are shifted by
3 eV at elevated temperature close to the active electrode
interface of the electrolyte (Fig. 6d). This chemical shift is
thought to be associated with a partial change in the valence
state of the Gd cations to the novel Gd(4 − x) (0 < x < 1) state.
No change was found in spectra recorded from the active
area at lower temperatures.

CONCLUSIONS
Ultrathin SOFCs have been studied using in situ TEM. Offaxis electron holography was used to study changes in electrostatic potential associated with the OER and ORR in an
SOFC at 400°C in high vacuum and in a ﬂux of oxygen.
In situ EELS revealed a change in the oxidation state of the
Gd cations at 400°C, suggesting that the dopant plays a
key role in reactions at electrolyte–electrode–gas triplephase boundaries. In contrast, the valence state of the Ce
host cations remained unchanged at each interface in all
environments. This result is in contrast to the generally
assumed reaction mechanism in ceria-based electrolytes.
Ionic conduction in a solid oxide material toward a catalytic,
active electrode was inferred from the results obtained using
in situ electron holography. Similar in situ off-axis electron
holography experiments can be performed on other gas–
solid systems, including catalysts and sensors.
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