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Abstract 
Search of the new composite materials with mixed oxide-ionic–electronic conduc-
tivity and studies of their characteristics are important problems in the develop-

ment of oxygen separation membranes as parts of catalytic reactors for biofuel 
transformation into syngas. Such composites are generally based on complex ox-

ides with perovskite, fluorite, pyrochlore structure, etc. In this work, composites 
based on Bi cerates, Y-doped ceria and Pr nickelate-cobaltite are synthesized and 
studied. The composites are synthesized via ultrasonic dispersion in isopropanol. 

The obtained materials are characterized by X-ray diffraction, scanning and high 
resolution transmission electron microscopy. Electrical conductivity of the com-
posites is studied by impedance spectroscopy. Oxygen transport properties are 

investigated by isotope exchange of oxygen with C18O2 in a flow reactor. The sam-
ples are comprised of fluorite, perovskite and, sometimes, pyrochlore phases and 

various admixtures with different compositions, apparently, due to cation redis-
tribution and solid state reactions between phases. The total conductivity of sam-
ples is ~10−1 S/cm at 600 °C, which is high enough for using in the oxygen separa-

tion membranes. According to the isotope exchange data, the samples possess 
high oxygen mobility and surface reactivity. There is a distinct nonuniformity in 
the oxygen mobility, which is related to the effect of fast diffusion of oxygen asso-

ciated with Bi and Ce cations, as well as the features of phase composition and 
real/defect structure. This makes the composites studied promising for using in 
the oxygen separation membranes. 
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 Key findings 
● The composites based on Bi2−xYxCe2O7−δ, Ce0.9Y0.1O2−δ and PrNi0.5Co0.5O3−δ are synthesized 

for the first time. 

● The main phases are fluorite and perovskite; various extended defects are observed. 

● The total conductivity of the composites is high enough for using in oxygen separation 

membranes. 
● Very high oxygen mobility (D* ~ 1o−8 cm2/s at 400 °C) and surface reactivity is shown 

even at low temperatures. 
● Various oxygen forms differing in mobility can be associated with the phase composition, 

extended defects, and developed interfaces. 

© 2025, the Authors. This article is published in open access under the terms and conditions of the 

Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

1. Introduction 

Oxygen separation membranes are devices which are se-

lectively permeable with respect to oxygen due to coupled 

transport of oxygen anions/vacancies and electrons/holes. 

Such membranes have been used for pure oxygen produc-

tion, transformation of hydrocarbons, oxygenates and oth-

er fuels into syngas and other applications in energy, pet-

rochemical industry, medicine, etc. [1–4]. Conventional 

oxygen separation membrane materials such as Sr-doped 

La ferrites-nikelates/cobaltites (LSFN, LSFC) and Sr-doped 

Ba ferrites-cobaltites (BSFC) possessed high mixed ionic-

electronic conductivity, providing high oxygen permeation 

fluxes; however, they demonstrate a lack of stability in 
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CH4, CO and CO2-containing atmospheres due to nature of 

alkaline earth elements and variable charge of B-site cati-

ons. Such approaches as optimizing composition, synthesis 

techniques and treatment conditions resulted in improving 

stability [5–8]. An alternative approach consists in devel-

oping and studying the other types of materials with 

mixed ionic-electronic conductivity for the oxygen separa-

tion membranes. 

Oxides and solid solutions based on fluorites and pyro-

chlores, their derivatives, as well as their composites are 

considered candidate materials for the oxygen separation 

membranes due to their transport features [9–15]. 

Fluorites and pyrochlores can possess pure ionic (oxide-

ionic and/or protonic) or mixed ionic-electronic conductiv-

ity depending on their composition. 

There has been an interest in composites based on Ce–

Bi–M–O (M – various transition, rare-earth and other ele-

ments) solid solutions, which can have fluorite, pyrochlore 

and other structures depending on the composition and 

synthesis conditions. This is due to Bi2O3-based materials 

possessing a high oxide-ionic conductivity and reducibil-

ity [16–18], and the effect of the presence of Bi3+ cations in 

the cationic sublattice of the solid solution structure on 

the structural defects, disorder and oxygen vacancy con-

tent [19–21], as well as the other oxygen transport fea-

tures inherent in the respective structure types such as 

various migration mechanisms [14,22–26] and the effect 

of grain boundaries [27–30], which would allow to reach 

high oxygen permeation fluxes. For undoped Bi2Ce2O7 the 

pyrochlore structure was found to be unstable at high 

temperatures due to a low Bi/Ce cations size ratio  

(rBi3+
VIII/rCe4+

VI = 1.39, which is outside of the stability 

ratio of 1.46–1.78) [31], thus tending to form a defective 

fluorite structure where Bi and Ce cations are randomly 

distributed in CeO2-like lattice [16,32]. The doping with 

smaller Y cations [31] was shown to obtain stable solid solu-

tions while maintaining high oxide-ionic conductivity values 

[33,34]. Unfortunately, the transport properties of Bi ce-

rates still have not been studied well. On the other hand, 

due to redox activity of Ce4+/3+ cations Bi cerates possess a 

high oxygen mobility [19,35–37], which was experimentally 

demonstrated in the authors’ previous work [38]. 

Unfortunately, fluorites and pyrochlores do not always 

have high electronic conductivity which, along with oxide-

ionic conductivity, is necessary for the oxygen separation 

membranes as well. Using dual- and triple-phased compo-

sites is a promising approach [1,2,4–10,13,39]. 

PrNi0.5Co0.3O3−δ as well as their composites with 

Ce0.9Y0.1O2−δ demonstrate a high total conductivity, oxygen 

mobility and surface reactivity, and the asymmetric sup-

ported membranes with permselective layer based on such 

a composite show high oxygen permeation fluxes and good 

performance in catalytic reactions with oxygen as a rea-

gent [6,40,41]. Consequently, the assessment of phase 

composition, total and oxide-ionic conductivity of compo-

sites based on Bi cerates, fast oxide-ionic conductors, 

PrNi0.5Co0.3O3−δ and Ce0.9Y0.1O2−δ is a subject of considera-

ble interest. 

In this work, the structural, morphological and oxygen 

transport properties, and total conductivity of 

Bi2−xYxCe2O7−δ (x = 0.0, 0.4) – Ce0.9Y0.1O2−δ and 

Bi2−xYxM2O7−δ – Ce0.9Y0.1O2−δ – PrNi0.5Co0.5O3−δ composites 

were studied. The composites were synthesized via ultra-

sonic dispersion. Oxygen diffusion features were studied 

using temperature-programmed isotope exchange of oxy-

gen with C18O2 in a flow reactor. 

2. Materials and methods 

2.1. Synthesis of materials 

As initial materials, Bi2Ce2O7−δ (BC), Bi1.6Y0.4Ce2O7−δ (BYC), 

Ce0.9Y0.1O2−δ (YDC) and PrNi0.5Co0.5O3−δ (PNC) powders 

synthesized by the Pechini technique as described else-

where [39,42] were used. The following reagents were 

utilized as starting materials: Bi(NO3)3·5H2O (>99 %), 

Ce(NO3)3·6H2O (>99 %), Y(NO3)3·6H2O (>99 %), 

Pr(NO3)3·6H2O (>99 %), Ni(NO3)2·6H2O (>99 %), and 

Co(NO3)2·6H2O (>99 %). The nitrates were mixed in the 

corresponding stoichiometric ratio and dissolved in dis-

tilled water. Citric acid was dissolved in ethylene glycol. 

Subsequently, a nitrate aqueous solution was mixed with a 

citric acid ethylene glycol solution, followed by the addi-

tion of ethylene diamine. The molar ratio of total metal 

nitrates:citric acid:ethylene diamine:ethylene glycol was 

1:3.75:3.75:11.25. The xerogels obtained were dried in a 

drying oven at 80 °C for 12 h, then calcined at 500 °C for 

3 h. 

BC–YDC (Bi2Ce2O7−δ (50 wt. %) – Ce0.9Y0.1O2−δ), BYC–

YDC (Bi1.6Y0.4Ce2O7−δ (50 wt. %) – Ce0.9Y0.1O2−δ), BC–YDC–

PNC (Bi2Ce2O7−δ (30 wt. %) – Ce0.9Y0.1O2−δ (30 wt. %) – 

PrNi0.5Co0.5O3−δ) and BYC–YDC–PNC (Bi1.6Y0.4Ce2O7−δ 

(30 wt. %) – Ce0.9Y0.1O2−δ (30 wt. %) – PrNi0.5Co0.5O3−δ) 

composites were synthesized by an ultrasonic dispersion 

technique using the as-prepared BC, BYC, YDC and PNC 

powders in the respective weight ratios. A mixture of the 

oxides was dispersed in isopropanol with addition of poly-

vinyl butyral for 40 min using IKA RW 14 Basic (Germany) 

homogenizer, then dried at 80 °C for 2 h and calcined at 

500 °C for 2 h. 

The powders of the composites were pelletized and sin-

tered at 700 °C for 3 h, at 900 °C for 3 h, and at 1100 °C 

for 10 h in a furnace in air. 

2.2. Characterization of materials 

The phase composition of the materials obtained was stud-

ied by the X-ray diffraction (XRD) using a Bruker D8 Ad-

vance diffractometer with the Lynx-Eye detector using Cu 

Kα radiation. XRD patterns were recorded in the 2θ range 

of 15–95° with a step of 0.05°. 

SEM images were obtained using FIB-SEM microscope 

(Tescan Solaris, Brno-Kohoutovice, Czech Republic) 

equipped with secondary and reflected electron detectors. 

https://doi.org/10.15826/chimtech.9074
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The studies of materials by high resolution transmis-

sion electron microscopy (HR TEM) were carried out using 

JEM-2010 and JEM-2200FS (JEOL Ltd., Japan) electron 

microscopes. The accelerating voltage was 200 kV, the 

resolution was 1.4 Å. Local analysis of elemental composi-

tion of the samples was carried out by EDX analysis using 

a Phoenix spectrometer with Si(Li) detector and energy 

resolution not exceeding 130 eV. 

2.3. Total conductivity studies 

The composites were studied by the electrochemical im-

pedance spectroscopy (EIS) technique in two-electrode 

cells with Ag electrodes using 4284A (Agilent/HP) preci-

sion LCR meter in the alternating current frequency range 

of 20 Hz – 1 MHz at temperatures of 200–600 °C. Total 

bulk electrical conductivity values were determined by 

analyzing Z'' = f(Z') Nyquist plots. 

2.4. Oxygen diffusivity studies 

The oxygen tracer diffusion coefficient (D*) and surface 

heteroexchange rate (R) values of the samples were ac-

quired using the temperature-programmed isotope ex-

change of oxygen (TPIE) with C18O2 in a flow reactor. The 

samples (fraction 0.25–0.5 mm) were loaded into a quartz 

reactor with an inner diameter of 3 mm. The pretreatment 

was carried out in the flow of 1% O2 + He (flow rate of 

25 ml/min) at 700 °C for 0.5 h. The TPIE experiments 

were performed while heating from 50 °C to 800 °C with a 

ramp of 5 °C/min in the flow of 1% C18O2 + 1% Ar + He 

(flow rate of 25 ml/min). The composition of the gas mix-

ture in the reactor outlet was monitored by the SRS UGA 

200 (Stanford Research Systems, USA) mass spectrometer. 

The curves of 18O atomic fraction (α) and C16O18O molecu-

lar fraction (f16-18) were used for analysis of the isotopic 

response in order to calculate the oxygen tracer diffusion 

coefficient (D*), surface heteroexchange rate (R) and their 

effective activation energy (ED, ER). The error in the calcu-

lation of D*, R, ED and ER values did not exceed ±15%. 

3. Results and Discussion 

3.1. Structural features 

According to the XRD data (Figure 1), the composites BC–

YDC and BC–YDC–PNC sintered at 700 °C does not demon-

strate the formation of new phases corresponding to 

chemical interaction of the initial BC [38], YDC [41] and 

PNC [41] components. For the BC–YDC sample sintered at 

1100 °C, Bi cerate transforms into the mixture of fluorite-

like oxides corresponding to CeO2 and Bi3YO6 [PDF 026-

0229]. Similar tendencies are observed for BYC–YDC com-

posites (Figure 2). After sintering at 1100 °C, for BC–YDC–

PNC and BYC–YDC–PNC samples, the perovskite phase is 

partially preserved, NiO phase emerges, and two fluorite-

like phase corresponding to CeO2 and Bi3YO6 are present 

(Figures 1, 2). 

3.2. Morphology 

According to the SEM data for the pellets (Figures 3 and 

4), the samples are not sintered well after sintering at 

900 °C, and the subsequent sintering at 1100 °C allows 

obtaining dense samples. Studying the composites sintered 

at 1100 °C by the HR TEM technique demonstrates uni-

form element distribution and presence of clear interfaces 

(Figures 5–7). The individual particles of the composites 

are nanosized and well-crystallized (Figure 6, left images). 

Defects such as lattice strains, grain boundaries and stack-

ing faults are visible in the HR TEM images. Low-contrast 

regions observed on the surface of some nanoparticles 

may suggest the presence of highly-defective or even par-

tially amorphous layers. 

 
Figure 1 XRD patterns for Bi2Ce2O7−δ (50 wt.%) – Ce0.9Y0.1O2−δ 

samples sintered at 700 °C (1) and 1100 °C (2), and Bi2Ce2O7−δ 

(30 wt.%) – Ce0.9Y0.1O2−δ (30 wt.%) – PrNi0.5Co0.5O3−δ sample sin-
tered at 700 °C (3). Phases: magenta hkl indices – fluorite, blue 

hkl indices – Bi3YO6, π – pyrochlore, p – perovskite. 

 
Figure 2 XRD patterns for Bi1.6Y0.4Ce2O7−δ (50 wt.%) – Ce0.9Y0.1O2−δ 

sample sintered at 1100 °C (1) and Bi1.6Y0.4Ce2O7−δ (30 wt.%) – 
Ce0.9Y0.1O2−δ (30 wt.%) – PrNi0.5Co0.5O3−δ samples sintered at 

700 °C (2) and 1100 °C (3). Phases: magenta hkl indices – fluorite, 

blue hkl indices – Bi3YO6, π – pyrochlore, p – perovskite, n – NiO. 
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Figure 3 SEM images of Bi1.6Y0.4Ce2O7−δ (50 wt.%) – Ce0.9Y0.1O2−δ samples sintered at 900 °C (a) and 1100 °C (b). 

 
Figure 4 SEM images of Bi2Ce2O7−δ (50 wt.%) – Ce0.9Y0.1O2−δ (a) Bi2Ce2O7−δ (30 wt.%) – Ce0.9Y0.1O2−δ (30 wt.%) – PrNi0.5Co0.5O3−δ (b), 
Bi1.6Y0.4Ce2O7−δ (50 wt.%) – Ce0.9Y0.1O2−δ (c) and Bi1.6Y0.4Ce2O7−δ (30 wt. %) – Ce0.9Y0.1O2−δ (30 wt. %) – PrNi0.5Co0.5O3−δ (c, d) sintered at 

1100 °C. 
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Figure 5 HAADF STEM image (a), EDX spectrum from the corresponding area (b) with the composition calculation table, mapping by 
characteristic lines of elements Bi-M (c), Ce-L (d), Y-L (e) and layered image (f) for the Bi2Ce2O7−δ (50 wt. %) – Ce0.9Y0.1O2−δ sample 

sintered at 1100 °C. 

Figure 6 HRTEM (a), TEM (b) images; HAADF STEM image (c), mapping by characteristic lines of elements Bi-M (d), Ce-L (e), Y-L (f) 
Pr-L (g), Co-K (h), Ni-K (i), layered {Bi+Ce+Co} image (j) and EDX spectrum from the corresponding area (k) with the composition 

calculation table for the Bi2Ce2O7−δ (30 wt. %) – Ce0.9Y0.1O2−δ (30 wt. %) – PrNi0.5Co0.5O3−δ sample sintered at 1100 °C. 

http://chimicatechnoacta.ru/
https://doi.org/10.15826/chimtech.9074


Chimica Techno Acta 2025, vol. 12(4), No. 9074 ARTICLE 

  

 6 of 13 DOI: 10.15826/chimtech.9074  

 
Figure 7 HAADF STEM image (a), EDX spectrum from the corresponding area (b) with the composition calculation table, mapping by 

characteristic lines of elements Bi-M (c), Ce-L (d), Y-L (e) and layered image (f) for the Bi1.6Y0.4Ce2O7−δ (50 wt. %) – Ce0.9Y0.1O2−δ sample 

sintered at 1100°C. 

Such defect and morphological features may affect the 

oxygen transport properties facilitating the surface ex-

change and providing fast diffusion pathways. 

3.3. Total conductivity 

According to EIS measurements for the triple-component 

composite samples sintered at 1100 °C, the total conduc-

tivity values are ~10−1 S/cm at 600 °C (Figure 8) which 

can be considered as intermediate; however, this value is 

high enough for using in oxygen separation mem-

branes [6,32,35]. Total conductivity values of Bi cerate-

based composites are higher compared to those acquired 

for individual Bi cerates [19,32,36,37]. Doping with Y 

leads to increase in total conductivity of Bi cerate based 

composites by about a half order of magnitude. The effec-

tive activation energy values are almost independent of 

temperature within the range of 200–600 °C and are 

~50 kJ/mol for the BC–YDC–PNC and BYC–YDC–PNC sam-

ples. The effective activation energy values for the compo-

sites are lower compared to those for CeO2–Bi2O3 solid 

solutions [19,36,37]; however, they are higher compared 

to those for PNC and PNC–YDC composites [41]. 

3.4. Oxygen mobility and surface reactivity 

Figure 9 illustrates the temperature dependences of the 
18O atomic fraction in CO2 for the BC and BYC samples sin-

tered at 700 °C acquired during TPIE C18O2 in the flow 

reactor [38]. For both samples, a weak peak with an extre-

mum at approximately 80 °C and a main peak with an ex-

tremum at approximately 150 °C are observed. The first 

peak is associated with the isotope exchange of surface oxy-

gen in the samples, while the second peak is linked to the 

isotopic substitution of oxygen within the sample bulk. The 

main α(T) peak is observed to be considerably asymmetric 

with respect to the extremum for both samples. This indi-

cates that the oxygen within the sample bulk exhibits signif-

icant nonuniformity in its capacity for isotopic substitution. 

 
Figure 8 Total conductivity depending on the temperature for 

Bi2Ce2O7−δ (30 wt.%) – Ce0.9Y0.1O2−δ (30 wt.%) – PrNi0.5Co0.5O3−δ (1) 
and Bi1.6Y0.4Ce2O7−δ (30 wt. %) – Ce0.9Y0.1O2−δ (30 wt.%) – 

PrNi0.5Co0.5O3−δ (2) samples sintered at 1100 °C. 
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Figure 9 Temperature-programmed isotope exchange of oxygen 

with C18O2 in the flow reactor for the Bi2Ce2O7−δ (1) and 
Bi1.6Y0.4Ce2O7−δ (2) samples sintered at 700 °C. Points – experi-

ment, lines – modeling. 

The numeric analysis within the framework of the 

model for the isotope exchange with oxides [43–45] re-

veals the presence of numerous forms of oxygen charac-

terized by different tracer diffusion coefficient values in 

the structure of both samples. For the BC sample sintered 

at 700 °C, the effective activation energy of the most mo-

bile form of oxygen (which constitutes approximately 60% 

of the total oxygen content in the oxide) is 110 kJ/mol, 

which is typical for numerous oxide systems [44–50]. The 

tracer diffusion coefficient for this form of oxygen is 

~10−6 cm2/s at 700 °C, which is atypically elevated and 

analogous to the values reported for Bi2O3, a material 

known for its rapid oxide-ionic conduction [46,51,52], and 

the values documented for rapid diffusion along grain 

boundaries in certain oxides [53–55]. Regarding the rapid 

oxide-ionic conduction exhibited by Bi-containing oxides 

and the redox activity of Ce cations, it can be hypothesized 

that this fast form of oxygen likely corresponds to the oxide 

anions bound to Bi or Ce cations [35,38,56]. The substitu-

tion of the remaining oxygen is described by significantly 

lower tracer diffusion coefficient with very low effective 

activation energy of approximately 40 kJ/mol, which is 

atypical for oxides [46]. In this case, the calculated curve 

describing the high-temperature region is, in fact, an enve-

lope of a number of overlapping peaks corresponding to the 

forms of oxygen with different substitution rates. These 

forms of oxygen are probably more strongly bound oxide 

anions in the Bi cerate lattice [38]. 

For the BYC sample sintered at 700 °C, the diffusion coef-

ficient of the most mobile oxygen fraction is nearly equiva-

lent to that of the BC sample sintered at 700 °C; however, the 

substitution rate of the remaining oxygen fraction is signifi-

cantly faster. Hence, doping with Y results in a more uniform 

oxygen mobility distribution among its different forms. 

Moreover, doping with Y may result in a higher content of 

oxygen vacancies as demonstrated for Bi2−xYxCe2O7−δ (x = 0–

1.5) in the work [56] which can explain increasing the diffu-

sion coefficient values for the slow diffusion channel. 

The calculated values of the oxygen surface exchange 

rate and tracer diffusion coefficient are provided in Ta-

ble 1. The Arrhenius plots for oxygen tracer diffusion coef-

ficients and surface heteroexchange rates (with C18O2) 

compared to the other materials [38,45,52,57–59] are giv-

en in Figure 10. It is worth to mention the exceptionally 

high values of the oxygen surface heteroexchange rate 

with C18O2 (Figure 10a, curves 1–3, 5). A fast oxygen sur-

face heteroexchange rate can be associated with a pres-

ence of numerous extended defects on the sample surface 

as indicated by HR TEM (Figure 6). It was also reported 

that Bi–O–Ce species can form, and their oxygen can be 

easily transferred to the surface of the solid solution par-

ticles [20]. The oxygen vacancies in Bi-doped ceria can 

promote CO2 molecule adsorption [60]. These factors are 

probably responsible for such high oxygen heteroexchange 

rates. 

For the BYC–YDC composite sintered at 700 °C (Fig-

ure 11, curve 2), the substitution rate of the most mobile 

oxygen is nearly equivalent to that of the BYC sample 

(Figure 10b, curve 3); however, its fraction increases 

compared to the BYC sample reaching 70% (Table 1). 

Along with this, the substitution rate of the rest fraction of 

oxygen increases as well (Figure 10c, curve 3). It is to be 

noted that D* values for the fast and slow diffusion chan-

nels exceed those for pure YDC [61], which may indicate a 

synergistic effect of BYC and YDC fluorites, as well as an 

effect of extended defects. 

Table 1 The oxygen surface heteroexchange rates (R) and tracer diffusion coefficient (D*) values at 500 K, their effective activation 

energies (ER, ED), and fraction of each oxygen form (θi) according to the TPIE C18O2 data modeling. 

Sample (Tsint, [°C]) R, [s−1] ER, [kJ/mol] D*/L2 (θi), [s−1] D*, [cm2/s] ED, [kJ/mol] 

BC (700) 5⸱105 180 
0.4 (60%) 

1⸱10−3 

3⸱10−12 

7⸱10−15 

110 

40 

BYC (700) 5⸱105 180 
0.45 (60%) 

1⸱10−2 

3⸱10−12 

7⸱10−14 

110 

50 

BYC–YDC (700) 6⸱105 180 
0.4 (70%) 

0.1 
3⸱10−12 
1⸱10−12 

110 
80 

BYC–YDC (1100) Not det.  1⸱10−3 4⸱10−13 35 

BYC–YDC–PNC (700) 1⸱105 180 
0.45 (60%) 

1⸱10−7 

1⸱10−12 

3⸱10−19 

110 

120 

BYC–YDC–PNC (1100) Not det.  
1.5⸱10−3 (85%) 

2⸱10−10 

1⸱10−12 

2⸱10−19 

45 

140 

YDC–PNC (1100) Not det.  
3⸱10−6 (70%) 

5⸱10−13 

8⸱10−15 

1⸱10−22 

120 

200 

https://doi.org/10.15826/chimtech.9074
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Figure 10 Arrhenius plots for the oxygen surface heteroexchange 

rate (a) and tracer diffusion coefficient for fast (b) and slow (c) 

diffusion channels for Bi cerate-based material compared to other 

oxide-ionic and mixed ionic-electronic conductors:  
(1) Bi2Ce2O7−δ (Tsint = 700 °C) [38], 

(2) Bi1.6Y0.4Ce2O7−δ (700 °C) [38], (3) Bi2Ce2O7−δ–Ce0.9Y0.1O2−δ 

(700 °C), (4) Bi2Ce2O7−δ–Ce0.9Y0.1O2−δ (1100 °C), 
(5) Bi1.6Y0.4Ce2O7−δ–Ce0.9Y0.1O2−δ–PrNi0.5Co0.5O3−δ (700 °C), 

(6) Bi1.6Y0.4Ce2O7−δ–Ce0.9Y0.1O2−δ–PrNi0.5Co0.5O3−δ (1100 °C), 

(7) Ce0.9Y0.1O2−δ–PrNi0.5Co0.5O3−δ (1100 °C) [45], (8) Bi2O3 [52], 
(9) La1.6Sm0.4NiO4+δ [57]; (10) La1.7Ca0.3NiO4+δ [58], 

(11) Pr2NiO4+δ [58], (12) Ba0.5Sr0.5Co0.8Fe0.2O3−δ [59]. 

 
Figure 11 Temperature-programmed isotope exchange of oxygen 
with C18O2 in the flow reactor for the Bi1.6Y0.4Ce2O7−δ (1), 

Bi2Ce2O7−δ–Ce0.9Y0.1O2−δ (2) and Bi1.6Y0.4Ce2O7−δ–Ce0.9Y0.1O2−δ–

PrNi0.5Co0.5O3−δ (3) samples sintered at 700 °C. Points – experi-

ment, lines – modeling. 

For the BYC–YDC–PNC composite sintered at 700 °C, a 

second peak with an extremum at the temperature of ap-

proximately 500 °C emerges (Figure 11, curve 3), which is 

most likely associated with the PNC perovskite phase. 

Increasing the sintering temperature up to 1100 °C re-

sults in a substantial decrease in the surface area, thereby 

extending the diffusion path. Consequently, the effective 

diffusion coefficient D*/L2 decreases leading to the shift of 

the TPIE peak related to the substitution of the bulk oxy-

gen towards higher temperatures (Figures 12 and 13). The 

α(T) dependence for the BYC–YDC sample (Figure 12, 

curve 2) represents numerous of overlapping peaks with 

distinctly expressed local extrema associated with differ-

ent oxygen forms. In this case, the mobility of these oxy-

gen forms is not significantly different, and they can be 

described by a single diffusion coefficient with a low ef-

fective activation energy (Table 1). For the BYC–YDC–

PNC sample sintered at 1100 °C, no local extrema in the 

region of the main TPIE peak are revealed (Figure 13, 

curve 2); however, a distinct broadening of the peak is 

observed, which suggests a higher degree of nonuni-

formity in the oxygen of the BYC–YDC–PNC sample sin-

tered at 700 °C. The calculated diffusion parameters for 

the samples sintered at 1100 °C are given in Table 1. It is 

to be noted that the oxygen surface heteroexchange rate 

for these samples cannot be determined due to the low 

specific surface area. 

A comparison of the TPIE data for the BYC–YDC–PNC 

sample sintered at 1100 °C with the data acquired during a 

similar experiment for the YDC–PNC sample sintered at 

1100 °C (Figure 14) [42] reveals that the YDC–PNC sample 

exhibits enhanced structural integrity.  

(a) 

(b) 

(c) 
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Figure 12 Temperature-programmed isotope exchange of oxygen 
with C18O2 in the flow reactor for the Bi1.6Y0.4Ce2O7−δ–Ce0.9Y0.1O2−δ 

samples sintered at 700 °C (1) and 1100 °C (2). Points – experi-

ment, lines – modeling. 

Figure 13 Temperature-programmed isotope exchange of oxygen 

with C18O2 in the flow reactor for the Bi1.6Y0.4Ce2O7−δ–Ce0.9Y0.1O2−δ–
PrNi0.5Co0.5O3−δ samples sintered at 700 °C (1) and 1100 °C (2). 

Points – experiment, lines – modeling. 

Figure 14 Temperature-programmed isotope exchange of oxygen 

with C18O2 in the flow reactor for the Bi1.6Y0.4Ce2O7−δ–Ce0.9Y0.1O2−δ–

PrNi0.5Co0.5O3−δ (1) and Ce0.9Y0.1O2−δ–PrNi0.5Co0.5O3−δ (2) [45] sam-

ples sintered at 1100 °C. Points – experiment, lines – modeling. 

Two distinct TPIE peaks are discernible in the YDC–

PNC sample: the low-temperature peak corresponds to the 

substitution of oxygen in the YDC phase and YDC–PNC 

interfaces, while the high-temperature peak corresponds 

to the substitution of oxygen in the PNC phase. 

Based on the data presented in Table 1, temperature 

dependences of the weighted average tracer diffusion co-

efficient (D̄*) values can be calculated according to Equa-

tion 1: 

𝐷*¯ = ∑𝜃𝑖𝐷𝑖
*𝑒𝑥𝑝 (

−𝐸𝑖
𝑅

(
1000

𝑇
−
1000

𝑇𝑅𝐸𝑃
))

𝑖

. (1) 

These D̄* values can be regarded as a generalized charac-

teristic of the oxygen mobility in the samples. As an exam-

ple, the temperature dependencies of D̄* for the samples 

sintered at 1100 °C are illustrated in Figure 15. The Bi-

containing samples are observed to possess a high oxygen 

mobility at low temperatures. 

Consequently, the findings of this study indicate that 

the samples containing bismuth exhibit a high degree of 

nonuniformity in oxygen mobility. This phenomenon is 

likely attributable to the unformed phase structure, result-

ing in elevated oxygen mobility at low temperatures. It is to 

be specially noted that there is a possible effect of the pres-

ence of the Bi3YO6 phase possessing a high oxygen mobili-

ty [62–64]; however, the oxygen transport properties may 

be strongly affected by a degree of the structural disorder, 

the presence of anionic defects and flexibility of the cati-

onic framework. Moreover, the oxide anions neighboring 

to the Y cations may possess a lower oxygen mobility. 

The oxide-ionic conductivity (σ(O2−)) for the samples 

can be estimated according to the Nernst–Einstein equa-

tion (Equation 2) [65]: 

𝜎(O2−) = 𝐻𝑅

𝐷*¯ 𝐶(O2−)(𝑞(O2−))
2

𝑘𝐵𝑇
, (2) 

where HR is the Haven ratio, D̄* is the average oxygen 

tracer diffusion coefficient calculated according to Equa-

tion 1, C(O2−) and q(O2−) are the concentration and charge 

of oxide anions, respectively, kB is the Boltzmann constant, 

and T is the temperature. The estimated values of the ox-

ide-ionic conductivity are ~10−4–10−1 S/cm at 700 °C (Fig-

ure 16). 

According to the phase composition, the composites of 

Bi cerates with YDC should be predominantly ionic conduc-

tors, while their composites with YDC and PNC should be 

mixed ionic-electronic conductors. A comparison of the ox-

ide-ionic (Figure 16, curve 6) and total conductivity values 

(Figure 8, curve 2) for the BYC–YDC–PNC composite sin-

tered at 1100 °C reveals the oxygen transport number val-

ues to be ~3·10−4 at 200–300 °C and ~1·10−4 at 400–600 °C, 

which is typical of mixed ionic-electronic conductors.  

It is imperative to acknowledge the potential limita-

tions of the estimations of oxide-ionic conductivity pre-

sented in Figure 16. These estimations may not accurately 

reflect the actual values due to the following reasons. 
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Figure 15 Temperature dependences of weighted average oxygen 

tracer diffusion coefficient for the Bi1.6Y0.4Ce2O7−δ–Ce0.9Y0.1O2−δ (1), 

Bi1.6Y0.4Ce2O7−δ–Ce0.9Y0.1O2−δ–PrNi0.5Co0.5O3−δ (2) and Ce0.9Y0.1O2−δ–
PrNi0.5Co0.5O3−δ (3) [42] samples sintered at 1100 °C according to 

the TPIE C18O2 data modeling. 

Figure 16 Temperature dependences of oxide-ionic conductivity 

estimated from the TPIE C18O2 data according to the Nernst–

Einstein equation for the samples: (1) Bi2Ce2O7−δ (Tsint = 700 °C), 
(2) Bi1.6Y0.4Ce2O7−δ (700 °C), (3) Bi2Ce2O7−δ–Ce0.9Y0.1O2−δ (700 °C),

(4) Bi2Ce2O7−δ–Ce0.9Y0.1O2−δ (1100 °C), (5) Bi1.6Y0.4Ce2O7−δ–

Ce0.9Y0.1O2−δ–PrNi0.5Co0.5O3−δ (700 °C), (6) Bi1.6Y0.4Ce2O7−δ–

Ce0.9Y0.1O2−δ–PrNi0.5Co0.5O3−δ (1100 °C). 

Firstly, the Haven ratio (HR) is defined as the ratio of 

the oxygen diffusion coefficients determined from the iso-

tope exchange and the conductivity measurement data. 

The HR values in Equation 2 are assumed to be equal to 1. 

However, the HR values may differ from 1 and be affected 

by the diffusion mechanism [66–68]. Secondly, the calcu-

lations do not take into account the correlation of 

transport of different oxygen forms; however, such a cor-

relation may exist, and in this case the application of the 

Nernst–Einstein equation may result in the underestima-

tion of the ionic conductivity values [69–72]. Finally, the 

effect of viscosity may lead to additional deviations from 

the Nernst–Einstein equation [72]. 

4. Limitations

The complex nature of the composite systems under inves-

tigation, as evidenced by the XRD data, makes thorough 

analysis of the experimental data acquired by such meth-

ods as electrochemical impedance spectroscopy and iso-

tope exchange of oxygen sophisticated. The attribution of 

each oxygen form revealed by the isotope exchange of ox-

ygen is hypothesized based on based on the existing litera-

ture data, including the authors’ previous works. It is im-

portant to acknowledge the potential for alternative inter-

pretations of the isotope exchange data. These include 

models that assume fast diffusion of the most mobile oxy-

gen fraction, followed by slower exchange with neighbor-

ing, more strongly bound oxygen. Another possibility is 

taking into account the effective rate of mass transport 

between the solid and gas phases. It is also important to 

acknowledge that the estimation of oxide-ionic conductivi-

ty according to the Nernst–Einstein equation may not ac-

curately reflect the real values due to the inherent limita-

tions of the equation itself. 

5. Conclusions

In this work, the composites based on Bi2Ce2O7−δ, 

Bi1.6Y0.4Ce2O7−δ, Ce0.9Y0.1O2−δ and PrNi0.5Co0.5O3−δ were syn-

thesized for the first time. For Bi cerate-based composites 

the pyrochlore phase transforms into the fluorite one after 

sintering at high temperatures, and various admixture 

phases are formed. The total conductivity is high enough 

for using these composites as oxygen separation mem-

brane materials. The samples possess very high oxygen 

surface reactivity, which can be explained by the effect of 

oxygen vacancies, enhanced CO2 adsorption of Bi-

containing phases, and presence of highly defective sur-

face layers. The oxygen diffusion exhibits a high degree of 

nonuniformity, probably due to unformed phase structure, 

the features of phase composition and real/defect struc-

ture, which results in formation of various oxygen forms 

and provides a high oxygen mobility even at low tempera-

tures. The values of oxygen tracer diffusion coefficient of 

the most mobile oxygen (~10−6 cm2/s at 700 °C) are com-

parable to or even exceed those for the state-of-the-art 

mixed ionic-electronic conductive materials such as Sr-

doped Ba ferrites-cobaltites, and are comparable to the 

values for Bi2O3, well-known fast oxygen conductor. 

Hence, the composites synthesized and studied in this 

work can be recommended for using as a component of the 

oxygen separation membranes. 
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