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Abstract 

Dual phase oxygen transport membranes were prepared via solid state reaction at 1200 . The phase 

compositions and microstructures of the membranes were characterized via X-ray diffraction, scanning 

electron microscopy and electron backscatter diffraction, and associated with image analysis and 

calculations to quantify microstructural features including volume fractions, grain sizes, and contiguity. 

The characterizations reveal a multi-phase system containing Ce1-xGdxO2- ’ (x  0.1) (CGO10), and FeyCo3-

yO4 (0.2  y  1.2) (FCO), CoO and Gd0.85Ce0.15Fe0.75Co0.25O3 (GCFCO) in the sintered membranes. In 

addition, a novel model is utilized to assess the evolution of the ambipolar conductivity with respect to 

microstructural features. Both experimental and calculated results indicate that if the grain sizes of all 

phases in the composites are similar, the optimal ambipolar conductivity is reached with a volume ratio 

of ionic conducting phase to electronic conducting phase close to 4:1. Meanwhile, the GCFCO phase 

dominates the effective electronic conductivity. 
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1. Introduction 

Mixed ionic-electronic conducting (MIEC) membranes provide, due to their almost 100% selectivity with 

respect to oxygen, high efficiency in terms of pure oxygen separation [1], oxyfuel coal combustion [2] 

and petro-chemical processes [3]. Typical perovskite-type single phase MIEC membranes, such as 

Ba0.5Sr0.5Co0.8Fe0.2O3-  [4] and La0.6Sr0.4Co0.2Fe0.8O3-  [5], achieve high oxygen fluxes but suffer from 

carbonation or sulfating reaction induced phase instabilities at elevated temperature on exposure to 

CO2 or SO2 [6, 7].  

Dual phase oxygen transport membranes become recently the focus of scientific studies. They consist of 

separate ionic and electronic conducting phases, and exhibit good chemical stability under flue gas 

conditions [8]. Their oxygen permeability can be optimized by either selecting high performance and 

stable individual conducting phases, and/or tailoring microstructural factors like phase volume fraction, 

grain size, and spatial distribution of the phases [9-11]. The selection of conducting materials permits 

flexibility since plenty of ionic and electronic conducting phases have been developed and tested 

regarding their individual performance [12-15].  



However, microstructural aspects are more challenging since their influence on properties are not fully 

understood. For example, it has been suggested that a minor phase should possess a volume fraction 

above 30% to form percolation to obtain high ambipolar conductivity and permeability [1]. Besides, the 

grain size of the minor phase was recommended to be smaller or equal to that of the matrix phase [9, 

11, 16]. However, for composites with a minor phase volume of less than 30%, good oxygen 

permeability was also reported, such as for 80 vol% Ce0.8Sm0.2O2-  : 20 vol.% PrBaCo2O5+  with a fiber-

shaped electronic conductive skeleton [17], and for 81.5 vol% Ce0.8Gd0.2O2-  : 18.5 vol% FeCo2O4 with a 

multi-phase system consisting of the Ce1-xGdxO2- ’ (0< x <0.2) (CGO) fluorite phase, the FeyCo3-yO4 (0 < y < 

2) (FCO) spinel phase, the (Fe,Co)O rock salt phase, and the Gd0.85Ce0.15Fe0.75Co0.25O3 (GCFCO) perovskite 

phase [8]. 

Based on the realization of the complex but important microstructures of dual phase oxygen transport 

membranes, the microstructural characterization, quantification, and optimization are essential as the 

initial step, especially for dual phase oxygen transport membranes that involve phase interactions. 

Hence, the current work reports on a detailed characterization and quantification regarding phase 

constituents and microstructural features for Ce0.8Gd0.2O2- -FeCo2O4 composites. All aspects including 

phase constituents, phase volume fraction, grain size, and phase contiguity are discussed, as well as the 

relation between these microstructure features and chemical properties. 

2. Experimental 

Powder mixtures of Ce0.8Gd0.2O2-  (CGO20) (Treibacher Industrie AG, 99%), Co3O4 (Merck, 99%) and Fe2O3 

(Merck, 99%) (the mole ratio of Co3O4/ Fe2O3 was fixed at 4:3 to form FeCo2O4 (FC2O) spinel) were 

inserted into a polyethylene bottle with ethanol and 5 mm diameter zirconia balls, and ball milled on a 

roller bench for 3 days. The mass ratio of powder-ball-ethanol was set to be 1:2:3. After milling, the 

powders were dried at 75  for 3 days, then they were uniaxially pressed into disc shapes with a 

pressure of 20 MPa and sintered at 1200  for 10 h in air to obtain dense composites [18]. The obtained 

composites were abbreviated as CF. Finally, five CF composites, abbreviated as 50CF, 60CF, 70CFC, 85CF 

and 90CF, were synthesized via powder mixtures with weight fractions of CGO20 equal to 50 wt%, 60 

wt%, 70 wt%, 85 wt% and 90 wt%, respectively. It should be noted, that the phase amounts and 

chemical composition in the sintered membrane might be different from the nominal ones in the 

starting powder mixtures due to phase interactions. 

Crystal structures were determined via X-ray diffraction (XRD) (Empyrean, Malvern Panalytical Ltd) 

equipped with a Cu LFF tube, BBHD mirror, PIXcel3D detector. Crystal structure analysis and associated 

phase quantifications were carried out by Rietveld refinement using the software TOPAS 6 (Bruker AXS 

GmbH) with crystal structure data from the Inorganic Crystal Structure Database (ICSD) (FIZ Karlsruhe 

GmbH) as references. Microstructures were characterized via backscattered electron images and color-

coded phase maps captured from data obtained by scanning electron microscope (SEM) (Merlin, Carl 

Zeiss Microscopy Ltd) and electron backscatter diffraction (EBSD) (NordlysNano, Oxford Instruments 

Ltd), respectively. Accordingly, microstructure aspects including grain size, and volume fraction of the 

different phases, were deduced via image analysis by the HKL Channel 5 software packages. The 



porosity of the sintered membrane was deduced from the area fraction of pores based on analysis of at 

least three SEM pictures via ImageJ software.  

The ambipolar conductivity ( ) is defined as a function of partial conductivity of the ionic and electronic 

conducting phases within the membrane composites [19, 20]: 

=
, ,

, + ,

                                                                                                                                                                                (1) 

where ,  and ,  represent the partial ionic and electronic conductivity, respectively.  

The sum of ,  and ,  equals to the total conductivity ( ) [19]: 

= , + ,                                                                                                                                                                                  (2) 

The ionic transport number ( )  and electronic transport number ( ) are defined by equation (3) and 

(4), respectively [19-22]: 

=
,

                                                                                                                                                                                             (3) 

=
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The sum of  and  always equals to unity to maintain electroneutrality [23]. 

A novel model is proposed here to estimate the effect of microstructural characteristics (e.g., volume 

fraction and grain size) on ambipolar conductivity. The microstructure of a randomly distributed dual 

phase oxygen transport composite can be disassembled into an equivalent structure containing three 

portions: effective ionic conducting portion ( ), effective electronic conducting portion ( ) and insulated 

portion ( ), as presented by schematic diagrams in Figure 1. The effective ionic/electronic conducting 

portion is a continuous medium (see Figure 1(b)), and assumed to provide the effective ionic/electronic 

transport paths, and the insulated portion is not contributive to the conductivity. The volume fraction of 

the effective ionic/electronic conducting portion is then defined as effective volume fraction of 

ionic/electronic conducting phases. If ionic/electronic conducting phases in the composites possess pure 

ionic/electronic conductivity, and there are no frictional interactions during ionic and electronic 

diffusion, the partial conductivity at an equilibrium state under a given temperature and oxygen partial 

pressure gradient is predicted to be proportional to the effective volume fraction. And the 

proportionality factor is approximated as intrinsic ionic/electronic conductivity of the ionic/electronic 

conducting phase in a form of a dense single-phase material, as presented by equation (5) and (6): 

, = ,                                                                                                                                                                                  (5) 

, = ,                                                                                                                                                                                (6) 

where  and are the intrinsic ionic conductivity of the ionic conducting phase and the intrinsic 

electronic conductivity of the electronic conducting phase, respectively. And ,  and ,  are 





correlated with the total volume fraction and the grain size ratio of both phases within the dual phase 

material, as indicated by the following equations [24, 26]: 

=
+

                                                                                                                                                                                (9) 

= 1                                                                                                                                                                                      (10) 

=                                                                                                                                                                                              (11) 

where , V, d, and R are contiguity, volume fraction, grain size and grain size ratio of electronic phase to 

ionic phase, respectively, and subscript  and e represent ionic and electronic phase, respectively. 

Combining relations from equation (5)-(11), equation (1) can be expressed as: 

=
(1 )

+ (1 )

1

1 + ( 1)
                                                                                                     (12) 

Equation (12) provides estimations of effects of microstructural and intrinsic properties on ambipolar 

conductivity. In case the grain size ratio of electronic phase to ionic phase  equals 1, equation (12) 

simplifies to: 

=
(1 )

+ (1 )
                                                                                                                                                      (13) 

With known  and , the influence of the volume ratio on ambipolar conductivity can be assessed by 

equation (13) for dual phase composite membranes. 

3. Results and discussion 

3.1 Microstructure characterization 

The microstructures of CF composites were investigated via BSEM and EBSD. An example for 50CF is 

presented in Figure 2, which demonstrates the coexisting of CGO fluorite, FCO spinel, GdFeO3-type 

perovskite, and CoO rock salt phase. The formula of GdFeO3-type perovskite has been reported to be 

Gd0.85Ce0.15Fe0.75Co0.25O3 (GCFCO) [8, 27]. FCO possesses a rather uneven grain size, being coarsely 

distributed among CGO. Each sample has a density that exceeds 99% (Table S1). 

 

 



  

Figure 2 Microstructure investigation via BSEM (left) and EBSD phase mapping (right) on 50CF. (the yellow, red, 

blue and green phase are CGO, GCFCO, FCO, and CoO, respectively) 

 

Volume fractions of each phase were obtained from EBSD phase mapping results, which can be seen in 

Table 1. As expected, volume fraction of CGO in the sintered composites increases with the increasing 

weight ratio of CGO20 to FC2O in the starting powder mixture. A relatively considerable amount of 

GCFCO perovskite is characterized, and the maximum GCFCO perovskite content exists for 85CF. All 

composites except 90CF possess a high-temperature stable CoO phase, which remains at room 

temperature as a result of uncompleted re-oxidization of FCO. In addition, normalized volume fractions 

of ionic and electronic conducting phases are also calculated, regarding CGO as ionic conducting phase 

and FCO, CoO and GCFCO phase as electronic conducting phases, since FCO, CoO and GCFCO phase are 

electronic conductive phases with negligible ionic conductivity [28]. 

 

Table 1 Volume fractions of the different phases in the CF composites sintered at 1200 °C. 

Composite 

CGO as ionic 

conducting 

phase 

(vol%) 

Electronic conducting phase 

FCO (vol%) GCFCO (vol%) CoO (vol%) Sum (vol%) 

50CF 40.4 43.0 5.4 11.2 59.6 

60CF 52.3 32.2 7.3 8.2 47.7 

70CF 66.2 21.0 8.3 4.5 33.8 

85CF 80.1 9.0 10.0 0.9 19.9 

90CF 93.7 3.4 3.0 0 6.4 

 

Grain sizes were also deduced from the EBSD measurements and respective results are presented in 

Supplementary Table 2. The grain sizes of CGO and GCFCO are ~0.6 µm and ~0.5 µm, respectively. They 



are almost the same and rather similar among all composites, while grain sizes of the FCO and CoO 

phases decrease slightly with increasing CGO content and possess large standard deviations. 

Since the limited number of characterized FCO and CoO grains might induce large inaccuracy in the grain 

size calculations (Table S2), an image analysis based method was conducted via ImageJ software for 

comparison, but average grain sizes of FCO and CoO grains merged into one value in the calculation as 

FCO and CoO can hardly be separated via thresholding in backscattered electron images. Based on the 

rather good detection of a large number of black FCO and CoO grains (see Figure S1), the obtained 

average grain sizes of FCO and CoO, as shown in Table 2, are slightly larger than the ones measured via 

EBSD, meanwhile, they show a bimodal distribution profile with a second peak at a large grain size of ~3 

µm (Figure S2), which leads to large uncertainties in the determination of the average grain sizes. The 

calculated average R values of the CF composites, as given in Table 3, vary between 1 and 2 with rather 

large deviations (~90%). 

 

Table 2  Average grain size of FCO and CoO as obtained via an image analysis method. 

Parameters 

 

Composites 

Number of grains Average grain size (µm) 

50CF 2525 1.2  0.9 

60CF 2539 1.0  0.8 

70CF 2276 0.9  0.6 

85CF 1106 0.8  0.6 

90CF 709 0.8  0.6 

 

Table 3 Calculated average R values for the CF composites.  

Composite Average R 

50CF 1.7  1.5 

60CF 1.3  1.2 

70CF 1.3  1.1 

85CF 1.2  1.0 

90CF 1.1  1.0 

 



According to the characterized volume fractions and average grain sizes, contiguities of ionic and 

electronic conducting phases were calculated using equations (9)-(11). The contiguity of electronic 

conducting phases is lower than that of ionic conducting phase, and monotonously decreases with 

increasing volume fraction of ionic conducting phase, as shown in Figure 3, but the reduced R 

contributes slightly to an improvement of the contiguity of the electronic conducting phases. For a 

phase within a dual phase composite, higher contiguity and higher volume fraction indicates a larger 

continuous volume and less tendency of insulation (as can be seen by equation (7) and (8)), and hence a 

better percolation and will further improve the conductivity.  

 

Figure 3  Contiguity of ionic and electronic conducting phases in the CF composites with solid lines as actual value 

and dotted lines corresponding to simulated value with associated R shown for each line. 

 

3.2 Phase characterization 

The phase constituents of CF composites were investigated via XRD. The XRD patterns (Figure S1) reveal 

a multi-phase system that is similar to the one investigated by EBSD (see Figure 2). For 50CF, 60CF and 

70CF, four phases are identified: Gd-doped ceria fluorite (CGO), cobalt iron spinel (FCO) phases, GCFCO 

perovskite and CoO rock salt phase. But for 85CF, CoO can be hardly found and quantified by XRD due to 

its limited amount as revealed in Table 1. And for 90CF, it seems that diffraction patterns of CoO instead 

of FCO can be fitted. However, according to the volume fractions obtained from EBSD investigations (see 

Table 1), CoO does not appear in 90CF. Hence, diffraction patterns of FCO are fitted for 90CF to derive 

weight fractions. It is not possible to match any kind of cobalt iron spinel in the ICSD, which confirms 

coexistence of FCO spinels with variations of the cobalt to iron ratio. The lattice parameters of CGO and 
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GCFCO are almost identical among the composites (Table S3), which indicates a similar composition in 

the respective phase in each composite. 

The weight fraction of each phase was deduced from the XRD data as shown in Table 4. The 

characterized CGO content in each sintered composite is lower than the nominal CGO20 content in the 

respective starting powder mixture due to phase interactions between CGO20 and FC2O. The tendency 

regarding the weight fraction of each phase as a function of nominal CGO20 content in the starting 

powder is identical in terms of the volume fraction as shown in Table 1.  

 

Table 4 Weight fractions of the different phases in the CF composites sintered at 1200 °C. 

Composite 

 
Nominal 

composition 
 Composition after sintering at 1200 °C 

 
CGO20 

(wt%) 

FC2O 

(wt%) 
 

CGO 

(wt%) 

FCO 

(wt%) 

GCFCO 

(wt%) 

CoO 

(wt%) 

50CF  50 50  40.2 41.9 8.5 9.4 

60CF  60 40  47.7 34.8 10.7 6.8 

70CF  70 30  59.0 25.2 10.9 4.9 

85CF  85 15  70.9 14.5 14.6 0 

90CF  90 10  83.5 4.2 12.3 0 

 

The formation of the GCFCO perovskite consumes Gd from CGO20 as well as Fe and Co from FC2O. The 

phase reaction is presented in equation (14). 

Since the ionic conductivity of Gd-doped cerium oxide depends on the Gd content [29, 30] and the 

electronic conductivity of cobalt iron oxide is a result of the ratio of Fe to Co [31], it is necessary to 

determine the stoichiometry of Gd, i.e, , in the Gd-doped cerium oxide and the one of Fe, i.e., , in the 

cobalt iron spinel formed in the prepared composites. Hence,  and  were calculated by equation 

(15)&(16) and (17)&(18), respectively. The parameters  and  were known inputs, and the  and  

were deduced from the characterized weight fraction from the XRD patterns (Table 4).  

 . . +  +  0.75  +  =  +  +

 . . . . +  +                                                                                                                       (14)    

0.8 = (1 ) + 0.15                                                                                                                                                   (15)                                        

0.2 = + 0.85                                                                                                                                                              (16)                                      

3 = (3 ) + 0.25 +                                                                                                                                              (17)                                      

1.5 = + 0.75                                                                                                                                                               (18)                                        



where , , , , ,  are stoichiometric coefficients of Ce0.8Gd0.2O2-  (CGO20), Co3O4, Fe2O3, Ce1-xGdxO2- ’ 

(CGO), FeyCo3-yO4 (FCO), Gd0.85Ce0.15Fe0.75Co0.25O3 (GCFCO) and CoO phases, respectively. The parameters 

 and  are stoichiometric coefficients of O2. The subscripts  and ’ refer to the oxygen non-

stoichiometry. 

The calculated results are presented in Table 5. The average CGO in the CF composites can be 

characterized as Ce0.9Gd0.1O2-  (CGO10) since the average stoichiometry of Gd in CGO is close to 0.1 and 

almost independent of CGO content in the CF composites. The stoichiometry of Fe in FCO, however, 

varies between ~0.2-1.2. It should be noted, that there is a small amount of CoO in 85CF, which is not 

capable to be quantified by XRD, but it induces limited errors in derived  value of 85CF. Thus, it can be 

concluded that the formation of the GCFCO phase consumes maximally about 50% of the Gd in CGO20 

with sufficient stoichiometry of Fe. But it should be pointed out that among different grains the 

stoichiometry might locally deviate from the average value. 

 

Table 5 Calculated average x in Ce1-xGdxO2- ’ (CGO) and y in FeyCo3-yO4 (FCO).  

Composite x y 

50CF 0.12 1.18 

60CF 0.11 1.10 

70CF 0.12 1.04 

85CF 0.12 0.47 

90CF 0.13 0.24 

 

 

3.3 Effect of microstructure parameters on ambipolar conductivity 

The oxygen permeation through the membrane is controlled by both oxygen surface exchange and 

ambipolar bulk diffusion of oxygen ions and electrons [1]. When the surface exchange is rather fast 

compared to the bulk diffusion, the ambipolar conductivity is dominating [1], and this ambipolar 

conductivity can then be predicted by equations (12) or (13) with consideration of the influence from 

microstructure aspects, such as volume fraction, grain size and contiguity. 

Since the studied composites contained two main electronic conducting phases, i.e. GCFCO and FeyCo3-

yO4 (0.2  y  1.2), but only one ionic conducting phase, i.e., CGO (can be estimated as CGO10), 

calculations of the ambipolar conductivity via equation (13) were performed for three assumed dual 

phase composites with an  value equals to 1. One of the assumed composites consists of CGO10 and 

GCFCO, abbreviated as CGO10&GCFCO, the other one contains CGO10 and FeCo2O4, named as 

CGO10&FC2O, and the last one composes of CGO10 and Co3O4, denoted as CGO10&Co3O4. The 



ambipolar conductivities of the CF composites are expected to be higher than that of CGO10&GCFCO 

but lower than that of CGO10&FC2O and CGO10&Co3O4. CoO is not considered here because CoO is 

only stable at a temperature above 950 [32], below which CoO tends to be gradually oxidized into 

spinel with time.  

The O2 permeation conditions for the calculation of ambipolar conductivity was set to be at a 

temperature of 800 , and the atmospheres of two sides of the membrane were selected to be air and 

Ar, respectively. Necessary inputs for equation (13) include the volume fraction of ionic/electronic 

conducting phase and the conductivity of each phase under the selected calculation conditions. 

Although FCO segregation and reduction were investigated at the surfaces of the CF materials in the 

temperature range of ~700-1000 with an air/Ar gradient, phase structures and compositions in the 

bulk are rather stable [8]. Hence, the volume fractions of ionic/electronic conducting phases under the 

selected O2 permeation conditions are considered as approximately the same as the investigated ones 

at room temperature. Meanwhile, the electronic conductivity of GCFCO and FCO for the calculation of 

ambipolar conductivity is estimated to be the same as the one in air at 800 , as listed in Table 6. Since 

the stoichiometry of Fe in FCO varies between 0.2 and 1.2 (see Table 5), the upper and lower bound for 

electronic conductivity of FCO are assumed to be equal to the electronic conductivity of Co3O4 and 

FC2O, respectively. Besides, although CGO10 exhibits electronic conductivity in addition to ionic 

conductivity under low oxygen partial pressure [33], it was reported for CGO10 that in Ar atmosphere 

(~10-5 atm) and at a temperature of 800 , the total conductivity is almost equal to the ionic 

conductivity [29]. In the O2 permeation test, Ar is used as a sweep gas, which is continuously enriched in 

oxygen and, thus, the low oxygen partial pressure is fairly above 10-5 atm, which indicates that the 

experimental conditions can hardly be sufficient to reduce Ce4+ to Ce3+ and, hence does not significantly 

induce small polarons in CGO10. Therefore, for the calculation of ambipolar conductivity, CGO10 is 

regarded as a pure ionic conducting phase with an ionic conductivity estimated to be the same as the 

one measured in air at 800  as shown in Table 6. 

Accordingly, the ambipolar conductivity was calculated as a function of volume fraction of 

ionic/electronic conducting phase as presented in Figure 4. Meanwhile, the experimental ambipolar 

conductivities of 60CF, 85CF, and 90CF were also shown in Figure 4. These experimental values were 

deduced via equation (19) based on oxygen permeation results at 800  that have been reported for 

the CF composites with a verified R value close to 1 [8, 28, 34]:  

=
16

/ ln                                                                                                                                                 (19) 

where  is the oxygen flux, L the thickness of the membrane, T the temperature, R the gas constant, F 

the Faraday constant, and the  and  are the oxygen partial pressures at the feed and sweep 

side, respectively.  

 

 



Table 6 Ionic and electronic conductivity of the different phases at 800  in air. 

Phase 
Conductivity (S/cm) 

Reference 

   

Ce0.9Gd0.1O2-   0.075 - [29, 30] 

Gd0.85Ce0.15Fe0.75Co0.25O3  - 2.56 [8] 

FeyCo3-yO4  

(0.2  y  1.2)  

lower bound:  

Co3O4 
- 6.7 [35, 36] 

upper bound: 

FeCo2O4 
- 19.8 [8] 

 

The calculated curves (see Figure 4) indicate that the maximum   improves when CGO10 partners with 

an electronic conducting phase with higher electronic conductivity, meanwhile more CGO10 content is 

necessary to achieve the maximum . The maximum  for CGO10&GCFCO, CGO10&Co3O4, and 

CGO10&FC2O appears when CGO10 is ~76 vol%, ~82 vol%, and ~87 vol%, respectively. The composite 

with ~87 vol% CGO10 and ~13 vol% FC2O possesses the highest  among the ones calculated for all 

composites.  

In contrast to calculation results, the experimental  of the CF composites, except 60CF, are located 

between the calculated  of CGO10&GCFCO and CGO10&FC2O. The experimental  of 90CF is located 

slightly above the calculated  of CGO10&Co3O4, it could be owing to the fact that the FCO spinel in 

90CF possesses a small amount of Fe (see Table 5), and exhibits a higher electronic conductivity than 

that of Co3O4 [31]. Furthermore, the highest experimental   of the CF composites is lower than the 

calculated ones of CGO10&Co3O4 and CGO10&FC2O, but rather close to the one of CGO10&GCFCO. This 

infers that GCFCO is dominating the effective electronic conductivity in the CF composites with the 

highest , i.e. 85CF, among all the electronic conducting phases. However, according to the study on 60 

vol% Ce0.8Gd0.2O2-  : 40 vol% Fe2CoO4 composite [37], the newly formed perovskites are completely 

isolated. With similar phase constituents, 85CF is expected to form also a poorly connected GCFCO. 

Therefore, the effective electronic conductivity of 85CF relies on the electronic conductive network 

formed by GCFCO and FCO, and is determined by the component with the lowest electronic 

conductivity, i.e. GCFCO [28]. 



 

Figure 4 Ambipolar conductivity as a function of volume fraction of ionic/electronic conducting phase when R = 1. 

 

For 85CF with an R value larger than 1 as shown in this study, the  was determined to be ~0.021 S/cm 

at 800 as derived via equation (19) on the basis of reported oxygen permeation results [18]. It is much 

lower than the  of 85CF with R being close to 1, since the larger FCO grains cannot bridge the GCFCO 

grains as good as the small FCO grains can do this. Therefore, future improvement of the performance 

will rely on the reduction of the grain size of FCO. 

4. Conclusions 

Phase and microstructure characterizations were carried out for CF composites prepared via solid state 

reaction. It reveals the formation of Ce1-xGdxO2- ’ (x  0.1), FeyCo3-yO4 (0.2  y  1.2), CoO and a newly 

formed perovskite phase - Gd0.85Ce0.15Fe0.75Co0.25O3. Meanwhile, the grain size ratio of electronic 

conducting phases (i.e., FCO, CoO and GCFCO) to ionic conducting phase (i.e., CGO10) is between 1 and 

2 with a large standard deviation, since grain sizes of FCO and CoO are rather large and uneven. 

New equations are proposed to assess the evolution of ambipolar conductivity as a function of the 

composition and grain size ratio of the two phases. When R is close to 1, the measured  of 85CF and 

90CF are located between the calculated ones of CGO10&FC2O and CGO10&GCFCO. Furthermore, the 

measured highest ambipolar conductivity for the CF composites is achieved for 85CF with ~80 vol% 

CGO10, it is much close to the calculated one for CGO10&GCFCO with ~76 vol% CGO10; Thus, the 

GCFCO dominates the effective electronic conductivity in the electronic conductive network formed by 

FCO and GCFCO in bulk of 85CF in the oxygen permeation process. Furthermore, small FCO grains 

contribute to bridging the GCFCO gains and improving the ambipolar conductivity. 
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Overall, the new material combination provides the basis of a viable high-performance oxygen-

separation membrane at least for applications with oxidizing atmospheres, such as oxy-combustion 

processes. Although the stability of the spinel phase is rather limited in low oxygen partial pressure, e.g. 

membrane reactors, this phase is partly transformed into the naturally more stable perovskite during 

sintering. Therefore, the solid state reactive sintering approach paves the way to further material 

development covering a wide range of applications. Nevertheless, specific stability testing in targeted 

application conditions is mandatory for any kind of material because long term stability is key to success 

for proving novel technologies such as membrane reactors. 
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