Tuning the ceria interfaces inside the dual phase oxygen

transport mem branes

Ke Ran,“?" Liudmila Fischer,®* Stefan Baumann,® Wilhelm A. Meulenberg,3* Kerstin

Neuhaus,® Joachim Mayer!?

1. Central Facility for Electron Microscopy GFE, RWTH Aachen University, 52074 Aachen, Germany.

2. Ernst Ruska-Centre for Microscopy and Spectroscopy with Electrons ER-C, Forschungszentrum Jilich GmbH,
52428 Jilich, Germany.

3. Institute of Energy and Climate Research IEK-1, Forschungszentrum Jilich GmbH, 52428 Jilich, Germany

4. Faculty of Science and Technology, Inorganic Membranes, University of Twente, 7500 AE Enschede, The
Netherlands

5. Forschungszentrum Julich GmbH, Institute of Energy and Climate Research IEK-12, Helmholtz-Institute Minster,
48149 Munster, Germany

* Correspondence: ran@gfe.rwth-aachen.de

Abstract

Dual-phase oxygen transport membranes (DP-OTMs) offer a good alternative for the
separation of oxygen from gas mixtures. As a promising candidate, the overall performance of
the fluorite-spinel composite CexGd;-xO25-FeyC0s.y04 (CGO-FCO) is often dominated by the
behavior of the CGO-CGO grain boundaries (GBs), such as solute and non-solute
segregations and structural disorders within the boundary. Due to the largely unknown
atomistic GB environment, any attempt to control the GBs for an optimized membrane
performance is still severely limited. In order to bridge this essential gap, utilizing advanced
transmission electron microscopy (TEM) techniques, we quantified both atomistic and

chemical structures at the CGO GBs inside the CGO-FCO DP-OTMs down to sub-nm scale.



The atomic-site specific lattice distortions, elemental distributions, and valence state variations
were found to be well confined within ~2 nm around the GB, where a clear dependence on the
structural coherence of individual GBs can be established. Our results further unraveled the
complicated CGO GB environment inside real DP-OTMs, and paved the path towards

optimized processing of various types of functional membranes.
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1. Introduction

Along with an outstanding permeation performance, critical requirements for chemical,
electrical, thermal and mechanical stabilities must be fulfilled as well, in order to achieve a
successful oxygen transport membrane (OTM). Most of the well-established single-phase
OTMs (SP-OTMs) belong to the perovskite-type, such as BagsSrosCoosFer 2035 (BSCF) and
La:«SrCo1yFeyOs.5 (LSCF). Major drawback of the SP-OTMs is their limited long-term stability
at high temperatures in aggressive atmospheres (CO;, SO, and other reactive gases).[1-3]
Dual-phase OTMs (DP-OTMSs) on the other hand are composite materials expected to provide
efficient oxygen permeation and high stability under practical conditions, in which two ceramic
phases are coupled to provide a pure electronic and ionic conducting pathway, respectively.
In particularly, a fluorite-spinel composite Ce.Gd;.O.5-FeyCos.,04 (CGO-FCO)[4] was
reported to possess a significant oxygen permeability as well as a high tolerance under exhaust
gas conditions, making it a promising candidate for post-combustion carbon capture and

sequestration.[5-7]

Although the properties of both CGO and FCO can be well tuned separately,[8, 9] the overall
performance of the DP-OTMs is also determined by the phase interaction and the nature of
the interfaces such as grain boundaries (GBs). Subtle segregations at the GBs[10, 11] can

lead to significantly different atomic bonding environments compared to the grain interior,
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including coordination deficient sites, dangling bonds, and nonstoichiometric terminations.[12,
13] Owing to their local chemical inhomogeneity and complex structure, the GBs often exhibit
unusual mechanical,[12, 14] electrical,[13, 15] and chemical properties[16, 17] which may not
exist in the bulk crystals but govern the overall properties of the materials.[12-16, 18-21] In this
respect, controlling the GB properties offers the possibility of materials engineering, which
requires however a precise understanding of the structure and chemistry of the GBs down to

atomic scale.

Enabled by advanced transmission electron microscopy (TEM) techniques, the local structure
and chemistry of GBs can be directly revealed by scanning transmission electron microscopy
(STEM) combined with energy-dispersive X-ray spectroscopy (EDXS) and electron energy
loss spectroscopy (EELS). For several ceramics, the atomic-site specific manner of impurity
atom segregation has been proven, revealing a clear relationship between local GB non-solute
segregation and resultant physical properties.[12-14] However, solute segregation is still
extremely challenging to identify experimentally at the atomic scale,[22, 23] which critically
hinders the control of GBs and the related properties of many technologically important

materials.

In this work, we will study the DP-OTMs based on CGO-FCO, in which the bottleneck of the
overall performance mainly comes from the fluorite CGO.[24] For single-phase CGO, its GB
conductivity was reported to be several orders of magnitudes lower than its bulk
conductivity.[19, 25] Thus, our interests are particularly focused on the CGO GBs inside the
CGO-FCO. In spite of the experimental challenges to resolve the individual atomic columns
across the CGO GBs due to the polycrystalline nature of the composite, we will compare a
23[110] CGO GB with a less coherent one, regarding the disordered atomic structures, solute
and non-solute segregations, varying valence states, as well as the behaviors of the oxygen
vacancies (Vos). With quantitative structural analysis and chemical mapping down to sub-nm
scale, our results will shed light on the true understanding of the CGO GBs inside real DP-

OTMs, and provide valuable insights into the fine tuning of GB properties from various aspects.



2. Materials and Methods

Pellets with the nominal compositions CeosGdo.0,5-Fe,C00, (CGO20-F2CO) and
Cep9Gdo10,5-FeC0,04 (CGO10-FC20) were prepared by the solid state reactive sintering
(SSRS) method. The nominal phase mixture, i.e. not considering any phase reactions between
CGO and FCO, was 60:40 wt%. Respective amounts of commercially available powders of
CGO20 (Treibacher Industrie AG, Austria) or CGO10 (grade UHSA, Solvay, Belgium) as well
as Fe;O; and Co;04 (Sigma-Aldrich, Germany) were homogenized in ethanol using zirconia
milling balls. After drying, the powder mixtures were dry pressed into pellets and sintered at
1200 °C for 10 hours. During cooling between 900 and 800 °C, a low rate of 0.5 K/min was

introduced in order to re-oxidize the high temperature rock salt to the desired spinel phase.[4]

TEM specimens were cut from the CGO-FCO pellets by focused ion beam (FIB) milling using
an FEI Strata400 system with Ga ion beam. Further thinning and cleaning were performed with
an Ar ion beam in a Fischione Nanomill 1040 at 900 eV and 500 eV beam energy respectively.
TEM and energy-filtered TEM (EFTEM) imaging were performed by FEI Tecnai F20 at 200 kV.
High resolution high-angle annular dark-field (HAADF) imaging, EDXS chemical mapping and
EELS spectrum imaging (EELS SI) with atomic resolution were conducted with an FEI Titan
G2 80-200 ChemiSTEM microscope equipped with an XFEG, a probe Cs corrector, a super-
X EDXS system, and a Gatan Enfinium ER (model 977) spectrometer with DUAL EELS
acquisition capability.[26] The convergence semi-angle for STEM imaging and EDXS chemical
mapping was approximately 22 mrad, while the collection semi-angles were 80-220 mrad for
HAADF imaging and around 47 mrad for EELS SI. EDXS maps were collected typically for
around 10 minutes, and background subtraction was performed. EELS Sls were recorded with
0.5 eV per channel energy dispersion and 0.1 s dwell time for each pixel. Energy drift was
corrected by aligning the zero-loss peak (ZLP) that was acquired simultaneously with core
edges via dual EELS mode. Multivariate statistical analysis (MSA) was performed to reduce
the noise of the ELL spectra with weighted principle-component analysis (PCA). To improve

the image quality, the HAADF images were first averaged from a series of frames with a
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relatively short exposure time by an iterative rigid alignment algorithm, and then smoothed by

a non-linear filtering algorithm.[27] Structural models were visualized with VESTA.[28]

3. Results

The representative grain and phase distribution inside the DP-OTMs are shown in Fig. 1a,
based on a nominal Cey9Gdo.10,.5-FeC0,0,4 with 60:40 wt.% ratio (60CGO10-FC20). A grain
size of ~ hundreds of nms can be determined for both phases from the top TEM image. The
corresponding EFTEM image at the bottom in Fig. 1a separates the two phases, CGO10 in
red and FC20 in green, revealing a homogeneous mixture between the two phases. Taking a
closer look, Fig. 1b shows the EDXS chemical mapping results from a junction of three CGO10
grains, G1, G2 and G3. Among them, G1 is oriented along the [101] direction and thus appears
brighter than G2 and G3, which are both randomly oriented. Within the bulk regions, all the
elemental maps show uniform intensities, indicating a homogenous Gd substitution of Ce and
no significant agglomeration of Vos. Along the GBs, the dark linear contrast labeled as A, B
and C in HAADF image in Fig. 1b, a significant loss of Ce as well as evident enrichments of
Gd, Fe and Co can be detected simultaneously. In the O map, relatively lower intensities along
the GBs can also be noticed. Taking GB A as an example, along the arrow across it, the
intensity variations of different elements are plotted in Fig. 1c. Furthermore, the observed
enrichment/depletion of each element shows a certain dependence on the GBs. Qualitatively,

the GB intensities in the Gd, Fe and Co maps are in an order of A >B > C.

These experimentally observed GB-dependent chemical variations are a joint result of the
effective elemental distributions, the relative orientations and the contacting planes between
adjacent grains, any thickness or density alterations across the GB, as well as the viewing
direction. Thus, by probing the true structural and chemical disorders at the GBs, all these

factors need to be taken into consideration.

3.1 The 23[101] CGO20 grain boundary, structural analysis



At the atomic scale, in order to precisely correlate the structural and chemical behaviors around
the GB, any geometric factors which might shadow the actual elemental distribution or
compromise the imaging quality should be avoided. The HAADF image in Fig. 2a shows a
23[101] GB found inside a 60CGO20-F2CO composite, where Z denotes the degree of
geometrical coincidence of the crystalline interface. The two grains in Fig. 2a, G1 and G2, are
oriented along [101], and contacting with the (1-1-1) planes. Relatively darker contrast at the
GB (Layer 0) can be observed. On the right side of Fig. 2a, a profile of the spacing between
neighboring (1-1-1) planes is plotted. Around Layer 0, 2.78+0.02 A and 2.68+0.02 A are
determined, while an averaged value of 3.19+0.02 A is estimated from the remaining layers.
Since both Fe and Co are taking the Ce sites along the GB (as will be discussed later), these
reduced layer spacings can be reasonably explained by the relatively smaller atomic radii of

Fe and Co than Ce and/or Gd.[29]

The rotated rectangle in Fig. 2a defines the region for further EDXS chemical mapping, and
the corresponding elemental maps of Ce L, Gd L, Fe K, Co K and O K lines, together with a
composite map of Ce and Fe are shown in Fig. 2b. Around the GB, both G1 and G2 end up
with simultaneous Ce depletion and Gd enrichment within single (1-1-1) planes. The
segregated of Fe and Co stay in between the two grains, also limited to a single (1-1-1) plane.

Besides, a slight drop of intensity in the O map can be noticed around the interface.

In addition to the chemical distribution, structural analysis was also applied to Fig. 2a. Fig. 2c-
d map the lattice variations, & and &y, taking the dashed-rectangle-defined regions as
references. The Layer 0 is however not considered due to the low accuracy in locating
individual atomic columns within the GB. On the right side of Fig. 2c-d are the laterally
averaged O and &y, with their standard deviations. Based on the &, map, mainly random
oscillations close to zero can be determined. For the &,,, lattice variations up to -6% is located

around the GB.

3.2 EELS analysis of the 23[101] CGO20 grain boundary



The EDXS mapping in Fig. 2b offers a qualitative interpretation of the chemical disorders in
the GB vicinity. On the other hand, the GB conductivity is also highly sensitive to the valence
state of Ce or any other segregated elements there, as well as the behaviors of Vos. Therefore,
EELS with the ability to probe the electronic properties of different elements as a

complementary technique is further employed.

Around the £3[101] GB as in Fig. 2, Fig. 3a is the simultaneously recorded annular dark-field
(ADF) image from an EELS SI. On the right side of Fig. 3a, each (1-1-1) plane is labeled from
1 to 10. The extracted elemental maps in intensity from the EELS Sl are displayed in Fig. 3b,
including the Ce M5, Gd Mas, O K, Fe L23, Co L23 edges, and a composite map of Ce and Fe.
In general, Fig. 3b is in a good agreement with the EDXS results in Fig. 2b. In Fig. 3f, the
laterally averaged intensity profiles from Fig. 3a-b are plotted. Accompanied with the ADF
intensity drop around the GB, the Ce depletion starts from Layer 4 and 8, and reaches its
minimum at Layer 6. The Gd is mostly enriched at Layer 5 and 7, but depleted again at Layer
6. The O map in Fig. 3b fits well with the CeO, crystal model, showing however in Fig. 3f an
obviously broadened and higher peak at Layer 6 instead of an expected local minimum.
Meanwhile, both the Fe and Co intensity profile share similar features, i.e. segregated primarily
to Layer 6 and extended slightly to Layer 5 and 7. Moreover, at the bottom of the Fe and Co
maps in Fig. 3b, the intensity profiles along Layer 6 are extracted. A periodic spacing of ~0.345
nm can be determined, which fits well with the determined distance d=0.3435 nm as indicated
at the bottom of the ADF image in Fig. 3a. Besides, the Gd/Ce ratio across the GB is plotted
at the bottom of Fig. 3f. Taking the value at Layer 1 as a reference, the Gd/Ce ratios at Layer

5-7 are about doubled (from ~0.14 to ~0.28).

Fig. 3c compares the fine structures of O K edges among Layer 1, 6 and 10, after background
subtraction. Three peaks, A, B and C, are denoted. Comparing with Layer 1 and 10 which are
both far away from the GB, Layer 6 leads to a comparable curve in Fig. 3c, but with an evidently
lower Peak A and a much broader peak C. In addition to O, the fine structures of Ce M4s edges

from Layer 1, 6 and 10 are compared in Fig. 3d as well. Except the relatively lower intensity



from Layer 6, the fine structure of Ce Mas;s edges from all three layers are quite similar, without
any significant shift as indicated by the dotted lines. Due to the change of local oxygen
chemical potential during thermal treatment and competition for oxygen between adjacent
grains,[30-32] mixed Ce** and Ce*" are generally expected to occupy the Ce sites at the CGO
interfaces.[33] Previous study showed that the Ce-Ms/Ce-M4 intensity ratio (R) in second
derivative spectra is sensitive to the valence state of the Ce ions.[34] Using pure standards, R
was determined as 0.925 and 1.25 for Ce** and Ce®* respectively, and the Ce** fraction (x)
can be approximately estimated by R=0.925(1-x)+1.25x.[35] Following this method, Fig. 3e
then maps the estimated x, and plots its averaged variation across the GB. Inside both grains,
X is around 0, corresponding to an almost pure Ce*" occupation at each Ce site. Around the
GB, a narrow peak shows up with a height of ~0.25, suggesting a partial occupation of Ce®* at

the Ce sites.

3.3 The asymmetric CGO10 grain boundary, viewed edge-on

In contrast to the ¥3[101] CGO20 GB as in Fig.2-3, the HAADF image in Fig. 4a shows an
asymmetric one found inside a 60CGO10-FC20 composite, by tilting the sample until both
CGO10 grains were viewed edge-on. The upper and lower grains, G1 and G2, are oriented
along the [101] and [114] directions respectively, and contacting with the (1-1-1) and (1-51)
planes. All the (1-1-1) planes from G1 are labeled on the right side of Fig. 4a, from 1to 12. A

much lower contrast ~0.4 nm thick along the GB can be noticed.

For the same GB, Fig. 4b shows the EDXS chemical mapping results, where the dashed line
roughly separates G1 and G2. The most evident chemical disorders are mainly confined within
one or two atomic layers on both sides of the GB. For G1, significant loss of Ce can be noticed
along the last two (1-1-1) planes. In contrast, Gd shows an above average occupation of the
Ce sites in the second last (1-1-1) plane, but almost disappears in the last plane. The
enrichment of Fe can be located along the last (1-1-1) plane, while any solid conclusion about
the Co is hard to draw due to the low intensity from the Co map in Fig. 4b. In addition, inside

the O map, the intensity drops slightly around the GB as well. For G2, subject to the narrow
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spacing between (1-51) planes, of ~1 A, resolving individual atoms is experimentally
challenging. However, the elemental mapping is still able to reveal similar chemical disorders
in the vicinity of the GB as in G1, i.e. the loss of Ce and O accompanied with the enrichment

of Gd and Fe.

Similar as in Fig. 2, structural analysis was applied to Fig. 4a. Fig. 4c-d map the lattice
variations, & and &,y in percentage, covering the labeled planes by taking the dashed-
rectangle-defined regions as references. In Fig. 4c, the estimated &, is jumping slightly around
zero, except a few random oscillations within Layer 1, leading to a relatively higher deviation.
In contrast, in Fig. 4d, distinct variations up to -30% are determined at both Layer 1 and 2,
leading to an abrupt drop of the averaged &y, from 0 to ~ -10%. Thus, at this asymmetric GB,
the parallel contacting planes (1-1-1) and (1-51) from G1 and G2 result in ignorable structural
disorders in the lateral direction. Vertically, partially due to the significantly different plane
spacing, du1-1) = 3.13 A and dus1y = 1.04 A, substantial lattice variations are measured in G1,

but only limited to the first few atomic planes.
3.4 EELS analysis of the asymmetric CGO10 grain boundary

Following the same procedure as in Fig. 3, Fig. 5 shows the corresponding EELS analysis on
the asymmetric GB. On the right side of Fig. 5a, each (1-1-1) plane from G1 is labeled from 1
to 6, and the first two (1-51) planes from G2 are labeled as b1 and b2. The elemental maps in
intensity are displayed in Fig. 5b, and Fig. 5f plots the laterally averaged intensity profiles from
Fig. 5a-b. Obviously, all the ADF, Ce and O signals drop around the GB, while the Gd enriches
significantly at the second last layers (Layer 5 and b2) but accompanied with clear drops at the
last layers (Layer 6 and bl). In addition, the segregations of Fe and Co are mainly located
around Layer 6 and b1, but also at Layer 5 and b2 with reduced intensities. The Gd/Ce ratio
across the GB is plotted at the bottom of Fig. 5f. Taking the value at Layer 1 as a reference, at

Layer 5 and Layer 6, the Gd/Ce ratio are almost quadrupled (from ~0.14 to ~0.51).



As defined by the brackets on the right in Fig. 5b, three different regions are labeled as R1, R2
and R3. Fig. 5¢ and 5d compare the fine structures of O K and Ce Mass edges among these
regions. In Fig. 5c, the curve from R2 is much weaker and flatter, while those from R1 and R3
are showing similar fine structures with comparable intensities. Meanwhile, in Fig. 5d, the Ce
Mass edge from R2 is much lower, accompanied with clear shifts of both Ms and M4 edges as
indicated by the dotted lines. These shifts are also reflected in Fig. 5e, where the Ce** fraction

raises rapidly to 1 and indicates a pure Ce** occupation of the Ce sites at the GB core.

4. Discussion

The present study is related to two composites, CGO20-F2CO and CGO10-FC20, both with
a 60:40 wt.% ratio. The reported CGO GB features here, i.e. the simultaneous Ce depletion
and Gd enrichment at the last atomic layers of CGO grains, and the segregated Fe and Co
between neighboring CGO grains, are consistently observed in both cases, irrespective of the
nominal Gd/Ce or the Fe/Co ratios in the composites. Furthermore, the Gd/Ce ratios
determined from the grain interiors are ~0.14 in both Fig. 3f and 5f, indicating a similar effective
Gd substitution of Ce inside CGO10 and CGO20. Any excessive Gd will then play an important
role in the phase interaction between the fluorite and spinel phase (Supplementary information,
Fig. S1), and any reduction at the other types of interfaces inside the DP-OTM is rather

ignorable, which are beyond the scope of this study.

Comparing Fig. 3 and 5, the different behaviors of Ce?* fraction and Gd/Ce ratio between the
two GBs are obvious (Supplementary information, Table S1). It has been reported that
nonstoichiometric terminations and/or the breaking cation-anion bonding distributions at the
GBs could cause a local spatial charge inhomogeneity and attract the negatively charged
Ce* ce and Gdce.[36-38] For the 23[101] GB, as shown in Fig. 2c-d, only local and trivial lattice
variations are detected perpendicular to the GB plane. The segregated mainly Fe and a few
Co are confined within single (1-1-1) planes, which are showing a consistent lattice parameter

as the bulk CGO. Thus, at the core of this atomically coherent GB configuration, only limited
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imbalanced charges are expected. As aresult, in Fig. 3e, around the GB core, the Ce** fraction
only raises slightly from 0 to ~0.25 within a limited range ~0.76 nm, while the Gd/Ce ratio is
about doubled in Fig. 3f. In contrast, for the asymmetric GB, Fig. 4d indicates considerable &,y
up to -30% perpendicular to the GB. No certain patterns can be determined for the segregated
Fe or Co. Thus, more imbalanced charges would be produced at this incommensurate GB
structure. Consequently, around the GB core in Fig. 5e, the Ce®* fraction ratio increases
significantly from 0 to 1 within a broader range of ~1.67 nm. Meanwhile, the ratio of Gd/Ce is
almost quadrupled in Fig. 5f. Thus, the enrichment of Ce®**c. and Gdc. are effectively mitigated

in the vicinity of GBs with a higher coherence.

For ionic crystals, the behaviors of Vos across the GBs are often debatable. As proposed by
the classic space charging (SC) theory,[19] intrinsic immobile Vs are enriched at the GB core,
while the mobile Vos will be depleted in the area adjacent to the GB cores. In contrast, an
increased O concentration and thus a depleted Vos was reported at the GB core of yttria-
stabilized zirconia (YSZ),[22] in spite of the directly observed decreased O intensity. Consistent
with the YSZ case, the estimated O concentrations from the two GBs in Fig. 6 reach the
maxima at the GB cores, while opposite trend between intensity and concentration is noticed
in Fig. 6b (Supplementary information, Fig. S2). However, both electron channeling and non-
solute segregation could complicate the determination of the O concentration. While the
channeling effect only plays a minor role here (Supplementary information, Fig. S2), the more
critical matter in quantification comes from the segregated Fe and Co with limited
compositional and structural information. Around the GB, the detected O intensity is shared
between the CGO and the segregated Fe and Co, yet the amount and phase of these non-
solute segregations may vary from GB to GB (Supplementary information, Fig. S3).
Furthermore, an averaged Fe** fraction of ~96% can be determined for the segregated Fe,[39]
which could also contribute to the fine structures of the O K edge around the GBs, Layer 6 in
Fig. 3c and R2 in Fig. 5c. The same estimation for the valence states of Co is however not

feasible due to its low intensity (Supplementary information, Fig. S4). Therefore, in order to
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extract a precise description of the Vos behaviors, a detailed numerical calculation for

individual GBs would be necessary.

Theoretically, the percolation threshold for a DP-OTM is only considered to be reached, if the
volume fraction of the minor phase is no less than 30 vol%.[40] Yet, an experimental best
performance was found with a volume fraction of only 18.5 vol%, while increased permeation
at high temperature can still be detected with even 10 vol%.[4] One way to account for this
threshold contradiction would be the alternative electronic conducting paths provided by the
segregated Fe and Co at the CGO interfaces. As a result of the phase interaction and
depending on the specific composition of the CGO-FCO, the segregated Fe and Co can stay
between CGO grains and/or form a tertiary phase (Supplementary information, Fig. S1).[33]
Thus, cautiously varying the CGO-FCO composition and the processing procedure might
realize a controllable segregation of the Fe and Co at the CGO GBs, and subsequently the
building of extra electronic conducting paths in addition to the original FCO phase. Hopefully,
the 30% threshold for the minor phase to achieve percolation could be relaxed, and the ionic
conduction of the CGO phase could be further improved through an increased CGO

component in the DP-OTMs.

5. Conclusion

In summary, the chemical and crystal structures across the CGO GBs inside real DP-OTMs
were determined down to the sub-nm scale. Simultaneous Ce enrichment and Gd depletion
within the ending atomic layers of the adjacent CGO grains are generally observed, while Fe
and Co are segregated into the CGO GBs with varying amounts and phases. The comparison
between GBs with different coherencies indicates that the valence states of Ce, and the
enriched Gd, Fe and Co are all sensitive to the local structural defects at the GB. A more
coherent GB would thus be beneficial for an improved GB conductivity. Moreover, the non-
solute segregation of Fe and Co at the CGO GBs could potentially provide alternative
electronic conducting paths. Our findings will be a crucial piece for the complete picture of

structure-property relationship at GBs, which is indispensable for optimizing the membrane
12



performance through GB engineering and composition manipulation. These results here may
also shed light on the understanding towards other oxide heterointerface phenomena, which

has been conventionally explained by the SC theory without direct experimental evidences.
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Fig. 1. Overview of a CGO10-FC20 DP-OTM with a 60:40 wt.% ratio. (a) TEM image and the
corresponding EFTEM image showing the grain size and phase distribution inside the DP-
OTM (red: Ce and thus representing CGO10, green: Co and thus representing FC20). Scale
bar is 1 um. (b) The EDXS chemical mapping results from a junction of three CGO10 grains
(G1, G2 and G3 with the grain boundaries A, B and C): HAADF image and the elemental maps
in intensity from the Ce L line, Gd L line, Fe K line, Co K line and O K line. Scale bar is 20 nm.
(c) The EDXS intensities of different elements along the arrow across grain boundary A, as

defined in the HAADF image in (b).
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Fig. 2. The £3[101] CGO20 GB. (a) HAADF image around the GB. The two grains, G1 and
G2, are oriented along the [101] direction, and contacting with the (1-1-1) planes. Structural
models of CeO; oriented correspondingly are overlaid on the image. The rotated rectangle
defines the region for further EDXS chemical mapping. On the right side of (a) plots the
spacings between neighboring (1-1-1) planes. Scale bar is 2 nm. (b) EDXS elemental maps in
intensity from the Ce L, Gd L, Fe K, Co K and O K lines, together with a composite map of Ce
and Fe, corresponding to the rotated rectangle in (a). (c-d) Maps of the lattice variations, dxx
and dyy in percentage, from G1 and G2. On the right are the laterally averaged variations for

each atomic plane with the standard deviations.
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Fig. 3. STEM-EELS analysis of the 23[101] GB. (a-b) The simultaneously recorded ADF image,
extracted elemental maps in intensity from Ce Mas, Gd Mas, O K, Fe L23 and Co Lz3 edges,
together with a composite map of Ce and Fe from the EELS SI. At the bottom of the Fe and
Co maps in (b) are the lateral intensity profiles along Layer 6. Scale bar is 1 nm. (c)/(d) Fine
structures of the O K /Ce Mas edge corresponding to Layer 1, 6 and 10, as labeled in (a). (e)
The Ce®** fraction estimated over the whole mapping area, and its averaged profile across the
GB. (f) The laterally averaged intensity profiles from the ADF image and each element (Ce,
Gd, O, Fe and Co), and the Gd/Ce ratio across the GB. At the top, the atomic planes are

labeled following (a).
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Fig. 4. The asymmetric CGO10 GB. (a) HAADF image around the GB between G1 and G2.
The two grains are oriented along the [101] and [114] directions, and contacting with their (1-
1-1) and (1-51) planes. Structural models of CeO, oriented correspondingly are overlaid on the
image. (b) EDXS chemical mapping around the same GB: HAADF image, and the elemental
maps in intensity from Ce L, Gd L, Fe K, Co K and O K lines. The dashed line roughly separates
G1 and G2. (c-d) Maps of the lattice variations, &4 and &,y in percentage, from G1, with the
atomic planes labeled on the left. On the right are the laterally averaged variations for each

atomic plane with the standard deviations. Scale bars are 2 nm.
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Fig. 5. STEM-EELS analysis of the asymmetric GB as shown in Fig. 4. (a-b) The
simultaneously recorded ADF image, extracted elemental maps in intensity from Ce Mass, Gd
Mas, O K, Fe L2z and Co L23 edges, together with a composite map of Ce and Fe from the
EELS SI. Scale bar is 1 nm. (c)/(d) Fine structures of the O K/Ce Mas edge integrated from the
regions R1, R2 and R3 as defined by the brackets on the right side of (b). () The Ce®** fraction
estimated over the whole mapping area, and its averaged profile across the GB. (f) The
laterally averaged intensity profiles from the ADF image and each element (Ce, Gd, O, Fe and

Co), and the Gd/Ce ratio across the GB. At the top, the atomic planes are labeled following

@.
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Fig. 6 Comparison between the O intensity and O concentration profiles across the 23[101]

CGO020 (a) and the asymmetric CGO10 (b) GB.
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