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a b s t r a c t 

The in situ generated emerging phase inside the dual-phase oxygen transport membranes (DP-OTMs) 

plays a crucial role in boosting the overall performance of DP-OTMs. However, its detailed structure and 

properties are still not fully understood. Utilizing advanced transmission electron microscopy (TEM) tech- 

niques, the emerging phase Gd x Ce 1-x Fe y Co 1-y O 3- δ (GCFCO) inside the Ce x Gd 1-x O 2- δ-FeCo 2 O 4 (CGO-FC2O) 

OTMs was successfully characterized at the atomic scale. The newly formed GCFCO is primarily sur- 

rounded by the CGO, and contributes to a significant reduction of non-solute segregation at the CGO 

grain boundaries. Electronic characteristics of the GCFCO shows a sensitive dependence on its chemical 

composition, including the valence state of Ce and Fe as well as the oxygen vacancies. Additional CGO- 

GCFCO interfaces were introduced, where almost intact crystal structures were observed with slight Gd 

and Co segregation ∼1 nm at the edges. Approaching the interface, on the CGO side, only a minimum 

drop of the Ce valence was determined. On the GCFCO side, mixed Ce 3 + and Ce 4 + are partially occupying 

the Gd sites, while Fe and Co valence stay constant until the edge. Our study provides novel insight into 

the phase information within CGO-FC2O composites, which paves the path towards superior performance 

of various DP-OTMs. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

With the ever-increasing demands for O 2 , the search for cost- 

ffective oxygen permeable membranes is urgent [ 1 , 2 ]. As an at-

ractive alternative to the single phase oxygen transport mem- 

ranes [ 3 , 4 ], dual phase oxygen transport membranes (DP-OTMs) 

ith interpenetrating networks of electron conducting and ion 

onducting components are combining a reasonable oxygen flux 

ith high mechanical and chemical stability under reaction condi- 

ions [ 1 , 5–8 ]. Continous effort s are still being made to further im-

rove their performance, via basic adaptation of the composition, 

recise control of the phase interaction, as well as full optimization 

f the interfaces between the individual constituents. 

Among the DP-OTMs, an oxygen ion-conducting Gd doped CeO 2 

ixed with an electron-conducting FeCo 2 O 4 spinel phase, CGO- 

C2O, is receiving increasing attention [ 5 , 9 , 10 ]. Inside many CGO-
∗ Corresponding author at: Central Facility for Electron Microscopy GFE, RWTH 
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C2O composites, an emerging phase with the GdFeO 3 perovskite 

tructure was often identified above a processing temperature of 

050 °C [11] , along with newly introduced interfaces. Similar per- 

vskite phases were also employed as a primary phase in some 

P-OTMs [12–14] , providing a mixed ionic and electronic conduc- 

ivity. Inside CGO-FC2O, the emerging perovskite phase is expected 

o complex the conducting paths, and further affect the transport 

f charge carriers through the membrane. Thus, a proper control of 

he emerging phase could facilitate promotions of ionic and elec- 

ronic transport inside CGO-FC2O. In this respect, precise under- 

tanding of the structure and chemistry of the emerging phase, as 

ell as its behaviors at different interfaces, where a variety of reac- 

ions and elemental diffusions could occur, would be however the 

ey for success. 

For many oxides, advanced high-resolution transmission elec- 

ron microscopy (TEM) has been utilized to reveal the atomic 

tructure of internal defects [ 15 , 16 ], the presence of non- 

toichiometry at grain boundaries (GBs) [17–20] and dislocation 

ores [ 21 , 22 ]. Applying it to CGO-FC2O, the emerging phase could 

e probed with atomic resolution. However, such studies have 

https://doi.org/10.1016/j.actamat.2022.118034
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2022.118034&domain=pdf
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een rarely reported. In this work, combining scanning transmis- 

ion electron microscopy (STEM), energy-dispersive X-ray spec- 

roscopy (EDXS) and electron energy loss spectroscopy (EELS), we 

ill focus on the emerging phase inside CGO-FC2O. Apart from 

ts formation and structure, emerging phases with different com- 

ositions will be compared, casting light on the fine tuning of 

hase interactions. The newly introduced interfaces especially be- 

ween the emerging phase and CGO will be investigated in detail, 

s they replace the original CGO GBs and are thus directly related 

o the ionic conductivity of the membranes. Moreover, effects of 

he emerging phases on the primary CGO phase will be discussed. 

ith a comprehensive characterization of the emerging phase in- 

ide CGO-FC2O down to sub-nm scale, indispensable insights for 

embrane optimization will be provided from various aspects. 

. Materials and methods 

Dense pellets with three different nominal compositions, i.e. 

5 wt.% Ce 0.8 Gd 0.2 O 2- δ:15 wt.% Fe 2 CoO 4 (85CGO20-F2CO), 85 wt.% 

e 0.9 Gd 0.1 O 2- δ:15 wt.% FeCo 2 O 4 (85CGO10-FC2O), and 60 wt.% 

e 0.8 Gd 0.2 O 2- δ:40 wt.% FeCo 2 O 4 (60CGO20-F2CO)were prepared by 

olid state reactive sintering (SSRS) method [ 11 , 23 , 24 ]. The nominal

ompositions refers to the initial ratio of Gd-doped ceria to iron 

obalt oxide in the powder precursors without considering any 

hase interactions. To prepare the powder precursors, respective 

mounts of commercially available powders of CGO20 (Treibacher 

ndustrie AG, Austria) or CGO10 (grade UHSA, Solvay, Belgium) as 

ell as Fe 2 O 3 and Co 3 O 4 (Sigma-Aldrich, Germany) were homoge- 

ized by ball milling in ethanol. Details of the ball milling proce- 

ures can be found in Ref. [11] . After drying, the powder mixtures 

ere pressed into pellets and sintered at 1200 °C for 10 h. Dur- 

ng cooling, a slow rate of 0.5 °C/min was used between 900 and 

00 °C in order to re-oxidize the rock salt phase to the desired 

pinel phase [5] , while for the other temperature ranges, a faster 

ooling rate of 3 °C/min was used. In addition, to obtain a Co- 

ree GdFeO 3 type perovskite phase, a compound with a nominal 

ormula of Ce 0.85 Fe 0.05 Gd 0.1 O 2- δ was also synthesized by a sol-gel 

ethod as reported in our previous work [25] . 

TEM specimens were cut from the polished cross sections of 

he sintered pellets by focused ion beam (FIB) milling using an FEI 

trata400 system with Ga ion beam. Further thinning and cleaning 

ere performed with an Ar ion beam in a Fischione Nanomill 1040 

t 900 eV and 500 eV beam energy, respectively. 

TEM, energy-filtered TEM (EFTEM) and electron diffraction were 

erformed by FEI Tecnai F20 at 200 kV. High resolution high- 

ngle annular dark-field (HAADF) image, EDXS chemical mapping 

nd EELS spectrum imaging (EELS SI) with atomic resolution were 

onducted with an FEI Titan G2 80-200 ChemiSTEM microscope 

quipped with an XFEG, a probe Cs corrector, a super-X EDXS 

ystem, and a Gatan Enfinium ER (model 977) spectrometer with 

UAL EELS acquisition capability [26] . The convergence semi-angle 

or STEM imaging and EDXS chemical mapping was approximately 

2 mrad, while the collection semi-angles were 80–220 mrad for 

AADF imaging and around 47 mrad for EELS SI. EDXS maps were 

ollected typically for around 10 min, and background subtraction 

as performed. EELS SIs were recorded with 0.5 eV per channel 

nergy dispersion and 0.1 s dwell time for each pixel. Energy drift 

as corrected by aligning the zero-loss peak (ZLP) that was ac- 

uired simultaneously with core edges via dual EELS mode. Mul- 

ivariate statistical analysis (MSA) was performed to reduce the 

oise of the EEL spectra with weighted principle-component anal- 

sis (PCA). To improve the image quality, the HAADF images were 

rst averaged from a series of frames with a relatively short ex- 

osure time by an iterative rigid alignment algorithm, and then 

moothed by a non-linear filtering algorithm [17] . Structural mod- 

ls were visualized with VESTA [27] . 
2

. Results 

.1. Formation and structure of the emerging phase 

Fig. 1 a and b compare the grain and phase distribution of two 

omposites, i.e. nominal 85CGO10-FC2O and 85CGO20-FC2O. Grain 

izes of ∼ hundreds of nms can be determined for both composites 

rom the left TEM images. The corresponding EFTEM images at the 

iddle in Fig. 1 a and b separate the CGO (red) and FC2O (green),

evealing a homogeneous mixture of the two primary phases in 

oth composites. Clear differences are however noticed in the Gd 

aps. In Fig. 1 a, the uniformly distributed Gd is consistent with Ce 

as compared with the Ce + Co map), corresponding to the doped 

d in ceria and suggesting a dual phase composite free of any 

merging phase. In contrast to the evenly distributed intensity, 

he Gd in Fig. 1 b is significantly concentrated at several grains, 

s marked by the arrows. Interestingly, these Gd-rich grains coin- 

ide with the dark regions in the Ce + Co map, indicating that these 

rains belongs to neither of the primary phases (CGO or FC2O) but 

o an emerging phase. Moreover, it also shows that these emerging 

hase grains are mainly surrounded by CGO20 grains. 

In order to identify the emerging phase as marked by the 

rrows in Fig. 1 b, comprehensive TEM techniques were utilized. 

ig. 1 c shows a HAADF image of the emerging phase with the 

orresponding diffraction pattern at the lower left. Together with 

iffraction patterns recorded along other zone axes (Supporting in- 

ormation, Fig. S1), a crystal structure fitting the best with our ex- 

erimental results is the GdFeO 3 (GFO) [28] . As shown in Fig. 1 d,

he orthorhombic perovskites GFO is derived from the ideal cubic 

tructure Pm3m via titling and distortion of the BO 6 octahedra. It 

as a general stoichiometry ABO 3 , and belongs to the space group 

bnm . Thus, the results in Fig. 1 c can be indexed as along the [110]

irection of GFO, which also shows a good agreement with the cor- 

espondingly oriented GFO model in Fig. 1 e. 

Chemical structure of the emerging phase is further probed by 

DX elemental mapping with atomic resolution. Keeping the sam- 

le along [110] direction, Fig. 1 f shows the simultaneously recorded 

AADF image and elemental maps. The atomic columns of both 

d and Fe are clearly resolved, consistent with the GFO model. 

ocal maxima are noticed in the Ce and Co map as well, which 

asically coincide with the Gd and Fe map respectively. More- 

ver, line profiles along the arrow as indicated in the HAADF im- 

ge is plotted at the bottom of Fig. 1 f. Peaks of Gd/Fe and Ce/Co

lower in intensity and randomly distributed) are located simul- 

aneously with the brighter/darker atomic columns in the HAADF 

mage. Thus, the emerging phase observed in the 85CGO20-FC2O 

ystem can be determined as GCFCO, adopting the GFO struc- 

ure with the Gd and Fe sites partially occupied by Ce and Co 

espectively. 

.2. Composition and valence states of the emerging phase 

The emerging phase GCFCO in Fig. 1 f, and another one without 

o i.e. GCFO from a compound of Ce 0.85 Fe 0.05 Gd 0.1 O 2- δ (Supporting 

nformation, Fig. S2) [25] , are compared here to reveal the compo- 

itional effect on the electronic features. Similar as in Fig. 1 f, the 

CFO grain was oriented along the [110] direction for EDX chem- 

cal mapping (Supporting information, Fig. S3), and all the spectra 

ere collected from grain interiors to avoid any interface effect. 

n Fig. 2 a and b, the integrated EDX spectra from both phases are 

lotted, together with fitted peaks using Gaussian function. Clearly, 

he Co K α and L α ( ∼0.775 keV) peak are disappearing in Fig. 2 b,

nd the relative heights between Gd L α and Fe K α are reverse 

n Fig. 2 a and b. The composition of GCFCO in Fig. 1 f was deter-

ined as Gd 0.58 Ce 0.42 Fe 0.69 Co 0.31 O 3- δ based on calculations using 

RD data [24] . Taking it as a reference, the k factors can be cali-
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Fig. 1. Determination of the emerging phase. (a,b) TEM and the corresponding EFTEM images from 85CGO10-FC2O and 85CGO20-FC2O (red: Ce and thus representing 

CGO, green: Co and thus representing FC2O, magenta: Gd). Arrows in (b) are marking the same locations in both the Ce + Co and the Gd map. (c) HAADF image and the 

corresponding diffraction pattern from the emerging phase, later indexed as along the [110] zone axis of GFO. (d) Structural model of the GFO, highlighting two polyhedra 

centered around Gd and Fe respectively. (e) The GFO model viewed along [110] direction. It is also overlaid on the HAADF image in (c) for comparison. (f) EDX chemical 

mapping results along [110] direction: HAADF image, elemental maps from Gd L α line, Ce L α line, Fe K α line, Co K α line, O K line, and composite maps of Gd, Fe, Ce and 

Co. Intensity profiles along the arrow in the HAADF image are plotted at the bottom, and a few peaks of Ce and Co are marked by the dotted lines. 
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Co . 
rated and used to estimate the atomic composition of the GCFO 

17] . As shown in Table 1 , 29% of the Gd sites are occupied by Ce

nsidie GCFO, obviously lower than the 42% inside GCFCO. Without 

ny Co, the Fe sites are fully occupied by Fe. It’s worth to note that

he O content in GCFO is much higher ( ∼22% more) than that in

CFCO. As a result, considerably more oxygen vacancies would be 

xpected inside the GCFCO as compared with GCFO. 

Furthermore, EELS SI was performed for both phases from grain 

nteriors (Supporting information, Fig. S4). The integrated EEL spec- 

ra from GCFCO and GCFO are first aligned in respect to the Gd 

 4,5 , and the major edges are plotted in Fig. 2 c. The O K edges

re quite similar. Slight differences include a thinner peak A and a 

ore significant peak B in GCFO, as marked by the dotted lines. 
3 
he Fe L 2,3 edges from GCFO shift to the right comparing with 

hose from the GCFCO. Relative shift of the Ce M 4,5 edges be- 

ween the GCFCO and GCFO are also noticed. Besides, the M 4 edge 

s significantly lower than the M 5 edge in GCFO. Quantitatively, 

ased on the Ce M 5 / M 4 intensity ratio in second derivative spec- 

ra [ 29 , 30 ], the Ce valence state are estimated as ∼3.5 and ∼3.2

or GCFCO and GCFO respectively in Table 1 . The valence-specific 

ultiplet structures of the Fe L 2,3 edges also enable an estimation 

f the Fe valence states [31] . As listed in Table 1 , ∼82% of the Fe

t the Fe sites are 3 + in GCFCO, while the ratio increases to ∼89%

n GCFO. For Co, the white line intensity ratios are calculated as 

4.5 [ 32 , 33 ], suggesting a partial occupation of the Fe sites by pure
2 + 
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Fig. 2. The comparison between GCFCO and GCFO. (a) Spectrum from the EDX mapping in Fig. 1 f, after background subtraction. All peaks are fitted with Gaussian function 

(the solid lines). (b) The EDX spectrum collected from a GCFO grain by tilting it along the [110] zone axis (Supporting information, Fig. S3). The filled O K , Ce L α, Gd L α and 

Fe K α are further integrated for quantification. (c) The EEL spectra from GCFCO and GCFO (Supporting information, Fig. S4), comparing the O K , Fe L 2,3 , Ce M 4,5 and Gd M 4,5 

edges. 

Table 1 

The determined chemical compositions and valence states based on the EDX and EELS SI results in Fig. 2 . 

EDX EELS 

Gd Ce Fe Co O Ce M 5 /M 4 ratio Ce valence Fe L 3 /L 2 ratio Fe 3 + / �Fe (%) Co L 3 /L 2 ratio 

GCFCO 0.58 0.42 0.69 0.31 x 1.09 ±0.00 3.48 ±0.01 7.76 ±0.10 82.22 ±0.89 4.49 ± 0.07 

GCFO 0.71 ±0.02 0.29 ±0.02 1 — (1.22 ±0.04) •x 1.19 ±0.00 3.19 ±0.00 8.52 ±0.03 88.95 ±0.29 —
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.3. The CGO20-GCFCO interface 

As shown in Fig. 1 b, the emerging GCFCO is primarily sur- 

ounded by CGO20. Thus, mainly CGO20-GCFCO interfaces will be 

ntroduced to the system, which replace the original CGO GBs. 

ince the overall performance of a DP-OTM is largely dependent 

n the CGO GBs [ 10 , 34 , 35 ], these newly formed CGO20-GCFCO in-

erfaces would be then especially important, as they will partici- 

ate in determining whether the GCFCO phase serves as a blocker 

r promoter for oxygen ion transport. 

In Fig. 3 a, a CGO20-GCFCO interface is viewed quasi edge-on, 

ith the GCFCO grain on the left side along its [110] direction. 

 clean interface is observed, and the crystal structure of GCFCO 

eeps almost intact until the edge as outlined by its (001) and 

1-10) planes. In addition to the crystal structure, chemical dis- 

rder around the interface is probed by EELS as well. Fig. 3 b 

hows the EELS SI results: the simultaneously recorded annu- 

ar dark-field (ADF) image, together with the extracted elemental 

aps. The atomic columns of Gd, Fe and O on the GCFCO side 

an be well resolved. Around the interface, a slight Co enrich- 

ent and a clear drop of O are noticed. As indicated at the top 

f the ADF image, the whole mapping area is divided into ten 

ub-regions, R1-10, and Fig. 3 c further plots the vertically aver- 

ged distribution of each element. Both Ce and Fe vary smoothly 

cross the interface, while O drops abruptly with a minimum 

alue at R7. The Co is locally enriched around R5-6, and a quite 

road hillock mainly within R7-8 is noticed along the Gd pro- 

le, as highlighted by the filled areas. Thus, the CGO20-GCFCO 

nterface should be between R6 and R7, with ∼1 nm thick Co 

nd Gd segregated to the edge of the GCFCO and CGO20 [19] , 

espectively. 
4 
Moreover, Fig. 3 d compares the EEL spectra integrated from 

ach sub-region. For the O K edges, spectra from R1-6 (GCFCO side) 

re clearly different from those from R7-10 (CGO20 side), where 

everal primary peaks are labeled as A-C and A’-C’ respectively. 

mong R1-6, positions of peak A-C stay consistently, while peak 

 and C are fading away in R5-6. On the CGO20 side, both peak 

’ and C’ keep rising from R7-10. All the Fe L 2,3 and Co L 2,3 edges

n Fig. 3 d are quite similar, and due to the extremely low solubil- 

ty of Fe and Co inside ceria [ 36 , 37 ], any signals from R7-10 are

ather ignorable and thus not plotted here. For Ce M 4 , 5 , no signifi- 

ant shift of the M 4,5 edges can be observed, but the height differ- 

nce between M 5 and M 4 edges are getting larger from R1 to R10, 

s marked by the dashed lines. 

The Ce valence states are then estimated for each sub-region, in 

ig. 3 e top. On the GCFCO side and away from the interface (R1- 

), mixed Ce 3 + and Ce 4 + are partially occupy the Gd sites, with 

n averaged valence of ∼3.65. Starting from R4, the Ce valence in- 

reases steadily from ∼3.69 to ∼3.94 at R8, and finally stays ∼4 on 

he CGO20 side (R9-10). A Fe 3 + / �Fe value of ∼85.03% is constantly 

etermined for R1-5. At R6, a slight drop to ∼83.72% is noticed, but 

ould be resulting from the poor signal to noise ratio at the inter- 

ace. As shown in Fig. 3 e bottom, similar Co L 3 /L 2 ratios ( ∼4.68) are

etermined for R1-4. Then, the ratio increases and reaches ∼5.4 at 

6. However, all the determined ratios suggest a pure Co 2 + inside 

he GCFCO. 

Tilting a CGO20 grain along [101] direction, the CGO20-GCFCO 

nterface in Fig. 4 a enables a close look of the CGO20 part. Similar

s in Fig. 3 a, the interface is clean, and the CGO20 edge can be well

utlined using its (010) and (11-1) planes. By EELS SI, the atomic 

olumns on the CGO20 side are clearly resolved in Fig. 4 b. Again, 

1 nm thick Co and Gd are segregated to the edges as shown in 
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Fig. 3. The CGO20-GCFCO interface inside 60CGO20-FC2O. (a) HAADF image showing the atomic structure of the interface: the left GCFCO along its [110] zone axis and 

the right CGO20 randomly oriented. Edge of the GCFCO is outlined by its (001) and (1-10) planes, as indicated by the two pairs of lines. (b) The EELS SI results from the 

interface: the simultaneously recorded ADF image, and the extracted elemental maps in intensity from Ce M 4,5 , Gd M 4,5 , Fe L 2,3 , Co L 2,3 and O K edges. The whole mapping 

area is divided into ten sub-regions, R1-10, as labeled at the top of the ADF image. (c) Vertically averaged intensity profiles of Ce, Gd, Fe, Co and O based on the elemental 

maps in (b). The filled areas below the Co and Gd profiles suggest segregations at the edge of GCFCO and CGO20 respectively. (d) The integrated EEL spectra from each 

sub-region. (e) The estimated valence states for Ce, Fe and Co. Error bars were calculated using the standard errors of integrated Ce M 4,5 , Fe L 2,3 and Co L 2,3 intensity values. 
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ig. 4 c, indicating an interface between R3 and R4. For the O K 

dges in Fig. 4 d, similar peaks A-C from R1-3 (GCFCO side) and A’- 

’ from R4-8 (CGO20 side) as in Fig. 3 d can be recognized. Only Fe

 2,3 and Co L 2,3 edge from R1 are plotted in Fig. 4 e, due to the al-

eady noisy signals close to the interface. Difference among the Ce 

 4,5 edges from each sub-region is rather small in Fig. 4 d, which is

lso reflected in Fig. 4 f. The Ce valence increases from ∼3.66 at R1

nd reaches already ∼4 at R5. Thus, on the CGO20 side, pure Ce 4 + 

s well kept even < 1 nm away from the edge. A minimum drop to

3.92 is noticed at R4. 

.4. The composition of CGO and the CGO grain boundaris 

Formation of the GCFCO requires sufficient Gd, which can only 

ome from the primary CGO phase. Thus, the effective com- 

ositions of the CGOs are checked. Taking the nominal com- 

osition Ce 0.9 Gd 0.1 O 2- δ1 of the CGO10 inside 85CGO10-FC2O as 

 reference, the CGO20 inside 85CGO20-FC2O is determined as 

e 0.88 Gd 0.12 O 2- δ2 , while the 2- δ1 value is higher than the 2- δ2 by

 factor of 1.14 (Supporting information, Fig. S5 and Table S1). 

A typical CGO20 GB within 85CGO20-FC2O is shown in Fig. 5 a. 

he bottom grain, G2, is oriented along the [101] direction and 
5

hus appears brighter than the top CGO20 grain, G1, which is ran- 

omly oriented. Based on the EDX chemical mapping, a significant 

oss of Ce as well as evident enrichments of Gd, Fe and Co are 

etected simultaneously at the GB. Along the arrow in Fig. 5 a, lat- 

rally averaged intensity profile of each element is further plotted 

n Fig. 5 b. In addition to the features already obvious in Fig. 5 a,

onsiderable Gd is segregated to the edges of both grains, as sug- 

ested by the two peaks along the Gd profile. Bulges around the 

B are noticed for both Fe and Co, but with much lower intensi- 

ies comparing with Ce and Gd. All these chemical disorders are 

ainly confined within the shadowed region in Fig. 5 b, ∼3.5 nm 

ide. 

Similar features are also observed for many CGO10 GBs in 

5CGO10-FC2O (Supporting information, Fig. S5). In addition, sig- 

ificant segregations of Fe and Co are often noticed, and one ex- 

mple is shown in Fig. 5 c. Both the CGO10 grains, G3 and G4, are

andomly oriented. Along the GB, discontinuous features with dark 

ontrast are obvious in the HAADF image, which are mainly rich 

n Fe and Co as revealed by the EDX chemical mapping. Elemental 

rofiles across the interface are vertically averaged and plotted in 

ig. 5 d. The Ce shows a broad drop at the GB, while any change

long the Gd or O profile is rather ignorable. In contrast to Fig. 5 b,
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Fig. 4. The CGO20-GCFCO interface inside 85GO20-FC2O. (a) HAADF image showing the atomic structure of the interface: the right CGO20 along its [101] direction and the 

left GCFCO randomly oriented. Edge of the CGO20 is outlined by its (010) and (11-1) planes, as indicated by the two pairs of lines. (b) The EELS SI results from the interface: 

the simultaneously recorded ADF image, and the extracted elemental maps in intensity from Ce M 4,5 , Gd M 4,5 , Fe L 2,3 , Co L 2,3 and O K edges. The whole mapping area is 

divided into eight sub-regions, R1-8, as labeled at the top of the ADF image. (c) Vertically averaged intensity profiles of Ce, Gd, Fe, Co and O based on the elemental maps 

in (b). The filled areas below the Co and Gd profiles suggest segregation at the edge of GCFCO and CGO20 respectively. (d) The integrated O K and Ce M 4,5 edges from each 

sub-region. (e) The integrated Fe L 2,3 and Co L 2,3 edge from R1. (f) The estimated valence states for Ce. Error bars were calculated using the standard errors of integrated Ce 

M 4,5 intensity values. 
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oth Fe and Co enrich significantly around the GB in Fig. 5 d. Their

eaks are exceeding the Gd curve, and ∼18 nm wide as highlighted 

y the shadow. 

. Discussion 

The emerging phase inside DP-OTM is considered as a prod- 

ct of the interaction between the two primary phases [ 9 , 38–40 ].

s already shown in Fig. 1 , GCFCO is formed inside the 85CGO20- 

C2O, and predominately surrounded by the CGO20 grains, while 

o additional phase is observed within 85CGO10-FC2O. The GCFCO 

onsumes a significant portion of Gd from the initial CGO20, re- 

ulting in a CGO phase determined as Ce 0.88 Gd 0.12 O 2- δ as compared 

ith the Ce 0.9 Gd 0.1 O 2- δ in 85CGO10-FC2O. During the initial den- 

ification of CGO, both Fe and Co migrate to the CGO GBs. As the 

intering proceeds, most of them segregate out from CGO GBs and 

orm the Co-rich spinel phase, while the residual Co and Fe stay at 
6 
he CGO GBs as non-solute segregations. Along the CGO20 GBs, the 

egregated Fe and Co are only around several nms thick, while sig- 

ificant Fe and Co are often noticed at the CGO10 GBs as in Fig. 5 c

nd d. Such behaviors were also observed for CGO20-FC2Os with 

igher CGO20 content [19] . The similar Gd contents in both CGO10 

nd CGO20 suggest that the formation of GCFCO relies on an ini- 

ial Gd content in CGO above ∼10 mol%. Thus, using CGO20 as raw 

aterial, the 85CGO20-FC2O possesses considerable excessive Gd, 

hich is usually enriched at the CGO edges together with migrated 

e and Co as shown in Fig. 5 a. With all the necessary and sufficient

hemistries, GCFCO then forms directly next to CGO20. In contrast, 

or 85CGO10-FC2O, the initial Gd would be insufficient, which hin- 

ers the formation of GCFCO and leaving often significant Fe and 

o segregation as in Fig. 5 c and d. Aparently, Gd doping could be 

ontrolled to manipulate the GCFCO formation, which affects the 

egeration of Fe and Co as well as Gd at the CGO GBs, and finally

he ionic and/or electronic conductivity. 
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Fig. 5. The CGO GBs. (a) The EDX chemical mapping results from a typical CGO20 GB: HAADF image and the elemental maps in intensity from the Ce L α line, Gd L α line, 

Fe K α line, Co K α line and O K line. The top grain, G1, is randomly oriented, while the lower grain, G2, is along the [101] direction. (b) Laterally averaged intensity profiles 

across the CGO20 GB, as indicated by the arrow in (a). (c) The EDX chemical mapping results around a CGO10 GB. Both grains are randomly oriented. (d) Vertically averaged 

intensity profiles across the CGO10 GB, as indicated by the arrow in (c). 
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Depending on the nominal ratio of CGO20 and FC2O (r), both 

 and y of the emerging phase Gd 1-x Ce x Fe 1-y Co y O 3- δ vary [24] . As

hown in Table 1 , the Fe and Ce valence as well as oxygen va-

ancies of the emerging phase are all sensitive to x and y, and 

hus to r. Moreover, the GCFCO grain in 60CGO20-FC2O (see Fig. 3 ) 

re determined as Gd 0.65 Ce 0.35 Fe 0.72 Co 0.28 O 3- δ (Supporting infor- 

ation, Fig. S6 and Table S2). As in Fig. 3 e, different Ce valence

f ∼3.65 and the Fe 3 + / �Fe ratio of ∼85% are determined as com-

ared with Table 1 . Therefore, a fine tuning of the GCFCO could 

e realized through carefully adapting the CGO and FC2O includ- 

ng their chemical compositions as well as the weight ratio. The 

unable electronic properties of GCFCO revealed here would also 

upport its promising employment as a primary phase for many 

ther DP-OTMs. 

Disordered features along the interface are unfavorable for 

ny OTMs, as both oxygen ionic and electronic conductivities 

an be strongly affected. Around the CGO20-GCFCO interfaces in 

igs. 3 and 4 , structural defect is rather ignorable, while only slight 

o and Gd ∼1 nm segregated to the edges. On the GCFCO side, 

onstant valence states of Fe, Co and Ce were observed. Only close 

o the interface where Co enriches, the Ce valence starts to in- 

rease. On the CGO20 side, coinciding with the Gd enrichment, 

he slightly decreased Ce valence recovers quickly to 4, and up to 

e 3.92 + is determined directly at the CGO20 edge. For comparison, 

e 3.40 + is determined at a CG020 GB, where intact crystal structure 

nd similar chemical distributions as in Figs. 3 and 4 are observed 

Supporting information, Fig. S7). Thus, the CGO20 is comparably 

r even less affected by the adjacent GCFCO than by its own type. 

ith the conducting behaviors of GCFCO successfully tuned, the 

merging phase could serve as a promising promoter for the oxy- 

en transport. 

f

7

. Conclusions 

In summary, emerging phase GCFCO was identified for 

5CGO20-FC2O, instead of 85CGO10-FC2O. Formation of the GCFCO 

ignificantly reduces Fe and Co segregation at the CGO20 GBs, and 

ntroduces extra CGO20-GCFCO interfaces. Any structural defects 

t these newly introduced interfaces are ignorable while chem- 

cal disorders including elemental segregations and valence state 

ariations are mainly limited within ∼1 nm. Together with its tun- 

ble electronic properties, the GCFCO broadens the opportunity for 

embrane optimization through phase engineering. Our findings 

ompose a crucial piece for the complete picture of phase inter- 

ction and interface properties inside the CGO-FC2O composites, 

hich could also be good examples for a series of multiphase com- 

osites. 
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