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Abstract: The mixed ionic-electronic conducting (MIEC) oxygen transport membrane (OTM) can
completely selectively penetrate oxygen theoretically and can be widely used in gas separation and
oxygen-enriched combustion industries. In this paper, dual-phase MIEC OTMs doped with Bi are
successfully prepared by a sol-gel method with high-temperature sintering, whose chemical formulas
are 60wt.%Ce0.9Pr0.1O2−δ-40wt.%Pr0.6Sr0.4Fe1−xBixO3−δ (60CPO-40PSF1−xBxO, x = 0.01, 0.025, 0.05,
0.10, 0.15, 0.20). The dual-phase structure, element content, surface morphology, oxygen permeability,
and stability are studied by XRD, EDXS, SEM, and self-built devices, respectively. The optimal
Bi-doped component is 60wt.%Ce0.9Pr0.1O2−δ-40wt.%Pr0.6Sr0.4Fe0.99Bi0.01O3−δ, which can maintain
0.71 and 0.62 mL·min−1·cm−2 over 50 h under He and CO2 atmospheres, respectively. The oxygen
permeation flux through these Bi-doped OTMs under air/CO2 gradient is 12.7% less than that under
air/He gradient, which indicates that the Bi-doped OTMs have comparable oxygen permeability and
excellent CO2 tolerance.

Keywords: oxygen transport membrane; dual-phase membrane; mixed conducting; Bi substitution;
CO2 tolerance

1. Introduction

Atmospheric management is gaining importance in the era of climate warming.
The mixed ionic-electronic conducting (MIEC) oxygen transport membrane (OTM) is
an environmentally friendly and efficient air separation membrane, which can effectively
separate O2 and capture CO2 based on the oxy-fuel concept [1–3], as well as employing
membrane reactors for catalytic reactions such as partial oxidation of methane, methane
aromatization, water splitting, and so on [4–7].

Over the past decades, researchers have been engaged in the development of single-
type perovskite-related structure oxide OTMs. In fact, these single-type perovskite materi-
als (e.g., Ba0.5Sr0.5Fe0.8Co0.2O3−δ) possess high ambipolar conductivities accompanying
high oxygen permeabilities at high temperatures [8–10]. However, most of the single-type
perovskite OTMs containing alkali earth metal elements in the A-site, such as Ba, are easy
to form a carbonate impurity phase at high temperature under CO2 atmosphere, which
reduces the stability and oxygen permeability of the membranes [10]. On the other hand,
single-type perovskite OTMs containing Co in the B-site have a large expansion coeffi-
cient at high temperatures, which reduces the structural stability of the OTMs [8,11,12].
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Therefore, these oxygen-permeable membranes containing Ba or Co usually have superior
oxygen permeability, and yet they are limited to widespread practical applications due to
their poor chemical/mechanical stabilities [13–15].

In order to maintain high oxygen permeability, as far as possible, to improve the sta-
bility of OTMs, many studies have been performed. For example, rare earth metal cations
such as La and Pr were used to partially doped alkali earth metal elements in the A-site,
and the content of Co in the B-site was reduced [16]. On the other hand, dual-phase OTMs,
which consist of both the oxygen ion conductor (fluorite phase) and the electron conduc-
tor (perovskite phase), were considered to be an alternative for the single-type OTMs.
However, although the dual-phase OTMs exhibit enhanced stability, they usually have in-
sufficient oxygen permeability [17]. Recently, our group has employed the stronger acidity
(or weaker alkalinity, according to Lewis acid-base theory) or more stable transition metal el-
ements to partially replace the original transition metal elements in B-site, and successfully
developed a series of Fe-based cobalt-free dual-phase OTMs (e.g., Ce0.85Pr0.1Cu0.05O2−δ-
Pr0.6Sr0.4Fe1−xCuxO3−δ, Ce0.9Pr0.1O2−δ-Pr0.6Sr0.4Fe1−xAlxO3−δ) [18–20], which show im-
provement of oxygen permeability and can retain the stability. Table 1 shows the oxygen
permeation flux and stability test time of some related OTMs. From Table 1, we can see
that our Bi-containing OTMs show comparable oxygen permeation flux and CO2 stability.

Table 1. The oxygen flux and stability test time of some related OTMs at CO2 atmosphere.

Materials Thickness
(mm)

J(O2)
(mL·min−1·cm−2)

Test
Time

T
(◦C) Refs.

60wt.%Ce0.9Pr0.1O2−δ

-40wt.%Pr0.6Sr0.4Fe0.99Bi0.01O3−δ
0.6 0.62 50 h 1000 This

work
60wt.%Ce0.9Pr0.1O2−δ

-40wt.%Pr0.6Sr0.4FeO3−δ
0.6 0.22 100 h 950 [17]

60wt.%Ce0.9Pr0.1O2−δ

-40wt.%Pr0.6Sr0.4Fe0.5Co0.5O3−δ
0.6 0.7 400 h 950 [21]

60wt.%Ce0.9Pr0.1O2−δ

-40wt.%Pr0.6Sr0.4Fe0.6Al0.4O3−δ
0.4 1.12 (He) 25 h 1000 [18]

60wt.%Ce0.9Pr0.1O2−δ

-40wt.%Pr0.6Sr0.4Fe0.99In0.01O3−δ
0.6 0.80 100 h 1000 [22]

60wt.%Ce0.9Nd0.1O2−δ

-40wt.%Pr0.6Nd0.4FeO3−δ
0.6 0.48 120 h 1000 [23]

60wt.%Ce0.9Nd0.1O2−δ

-40wt.%Pr0.6Nd0.4Al0.2Fe0.8O3−δ
0.6 0.52 100 h 1000 [24]

Pr0.6Sr0.4Co0.2Fe0.8O3−δ 0.6 1.24 200 h 1000 [16]
BaBi0.05Co0.8Nb0.15O3−δ 1.3 2.92 (He) - 900 [25]
BaCo0.85Bi0.05Zr0.1O3−δ 1.51/1.04 (Fiber) 2.05 12 h 900 [26]

Bismuth (Bi), with the electron configuration of 4f145d106s26p3, belongs to the group
VA of the sixth cycle, in which the two electrons of the 6s orbital are difficult to be lost due
to the inert electron effect caused by the strong penetration effect of the 6s orbital. Thus,
Bi3+ is a stable valence state [27], which is similar to Al3+ [28] and can produce oxygen
vacancies when doped to the B-site. Moreover, at high temperatures, δ-Bi2O3 contains
a large number of oxygen vacancies, which is an excellent oxygen ion conductor and is
conducive to the diffusion and transmission of oxygen in the OTMs [29–31]. In addition,
Bi2O3 is often used as a catalyst [9,32,33]. For example, Liu et al. reported that the nano
Bi2O3 was a high-effective catalyst for electroreduction of CO2 to HCOOH [9]. Based
on these previous studies, it is a natural question to ask whether the Bi substitution for
Fe-site in 60wt.%Ce0.9Pr0.1O2−δ-40wt.%Pr0.6Sr0.4FeO3−δ could bring in improved oxygen
permeation performance.

In this paper, we design a group of bismuth-doping cobalt-free dual-phase OTMs with
compositions of 60wt.%Ce0.9Pr0.1O2−δ-40wt.%Pr0.6Sr0.4Fe1−xBixO3−δ (60CPO-40PSF1−xBxO,
x = 0.01, 0.025, 0.05, 0.10, 0.15, 0.20), which is synthesized via a sol-gel method. Effects of
Bi substitution on phase structures and the oxygen permeability as well as stability are
explored in detail.
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2. Experimental
2.1. Powders and Membranes Preparation

60wt.%Ce0.9Pr0.1O2−δ-40wt.%Pr0.6Sr0.4Fe1−xBixO3−δ (60CPO-40PSF1−xBxO, x = 0.01,
0.025, 0.05, 0.10, 0.15, 0.20) powders were prepared by a sol-gel method. Firstly, the stoi-
chiometric ratios of the nitrates were dissolved into the deionized water. The citric acid
monohydrate and ethylene glycol were added as chelating agents and surfactants, re-
spectively. After evaporation, the colloids were dried at 140 ◦C for 24 h and ground to
powders. For removing organic impurities, the powders would be calcined at 600 ◦C for
8 h. After regrinding, the obtained powders were heated at 950 ◦C for 5 h to prepare
60CPO-40PSF1−xBxO (x = 0.01, 0.025, 0.05, 0.10, 0.15, 0.20) powders. The powders were
pressed in a 15 mm diameter circular mold at about 10 MPa and sintered at the best tem-
perature (1400 ◦C for x = 0.01, 0.025, and 0.05, 1350 ◦C for x = 0.10 and 0.15, 1300 ◦C for
x = 0.20), with 1 ◦C/min rate to form a dense dual-phase OTMs. Finally, all the OTMs were
polished into the thickness of 0.6 mm with different mesh sandpapers.

2.2. Characterization of Membranes

Powder X-ray diffraction (XRD, Rigaku with Cu Kα, Japan) was used to characterize
the structure of 60CPO-40PSF1−xBxO dual-phase powders in the 2θ range of 10–100◦ with
a scanning speed of 0.5◦/min and an interval of 0.02◦. The XRD data were refined by
the FullProf Suite software with Rietveld fitting model, and the crystal structure model was
made by Vesta software according to XRD refinement [34]. The surface microstructures and
phase distribution of the membranes were characterized by scanning electron microscope
(SEM, COXEM EM-30AX, Beijing, China), energy-dispersive X-ray spectroscopy (EDXS),
and backscattered scanning electron microscopy (BSEM).

2.3. Oxygen Permeability of Membranes

A high-temperature device made up of a corundum tube and vertical tubular fur-
nace [35,36] was used to measure the oxygen permeability of 60CPO-40PSF1−xBxO OTMs.
The polished OTM was sealed by the high-temperature sealant (Huitian 2767, Hubei,
China) at one end of the corundum tube and put into the device. The effective area of
OTMs is about 0.7 cm2. During the oxygen permeation test, 150 mL·min−1 synthetic air
was used to be the feed gas. A total of 49 mL·min−1 He/CO2 and 1 mL·min−1 Ne were
flowed into the sweep side as the sweep gas and calibration gas, respectively. All the fluxes
of gases were regulated by the mass flow meters (Sevenstar, Beijing, China). The oxygen
permeability was measured by the gas chromatograph (GC, PANNA-A60, Changzhou,
China), which could obtain concentrations of various gases in the sweep side. The oxy-
gen permeation flux (Jo2) included the leakage of oxygen and could be calculated with
the following Equation (1) [18,37,38]:

JO2 = (CO2 −
CN2

4.02
)× F

S
(1)

where CO2 and CN2 are the concentration of O2 and N2, respectively. CN2 divided by 4.02
represents the leakage part in CO2, F represents the total gas flux, and S is the effective area
of the OTM.

3. Results and Discussion
3.1. Phase Structural Characterization

XRD was used to determine the phase structure of 60CPO-40PSF1−xBxO powders,
and the results were fitted by FullProf Suite software. Figure 1 shows the XRD patterns
of 60CPO-40PSF1−xBxO dual-phase powders. All the powders consist of the CPO phase
(space group: Fm-3m, fluorite phase) and PSFBO phase (space group: Pnma, perovskite
phase) without any impurity phase. Figure 2 shows the structure models of the two
phases, drawn by VESTA software [34]. The perovskite phase is not cubic because of
the small tolerance factor. Generally, when the tolerance factor is between 0.79 and 0.90,
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the phase is orthogonal. As shown in Supplementary Figure S1, as x increases from 0
to 0.20, the tolerance factor decreases from 0.8487 to 0.8122 (calculated with the formula
in reference [39]). The tolerance factor far from 1 makes the perovskite phase tend to form
an orthogonal structure.

Figure 1. XRD patterns of 60CPO-40PSF1−xBxO (x = 0, 0.01, 0.025, 0.05, 0.10, 0.15, 0.20) powders
obtained by calcined at 950 ◦C for 10 h.
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Figure 2. Crystal structure models of 60CPO-40PSF1−xBxO.

3.2. Surface Morphology Characterization

Maintaining the heating rate (cooling rate) of 1 ◦C/min and sintering time of 5 h, OTMs
with different Bi doping content (x) have different optimal sintering temperatures. As shown
in Supplementary Figure S1, the optimal sintering temperature for these 60CPO-40PSF1−xBxO
membranes appears to decline when x ≥ 0.1 and decreases by up to 100 ◦C at x = 0.20.
On the one hand, the reason could be that the melting point of bismuth oxide is lower than
the oxide of iron in the parent material, causing a decrease in sintering temperature in molten
sintering, and the results are similar to those of Cu doping [19,40]. On the other hand, it can
also be explained by the calculation of the reduced average bond energy (ABE) of the system
in Section 3.3, which is possibly correlated with the enthalpy of formation.

We tested the volume density of the sintered dual-phase membranes with the Archimedes
method, and the results are shown in Table S1. By comparing the theoretical density
obtained by fitting the powder XRD results, the relative density of the sintered dual-phase
membrane is calculated. Although the sintering temperature of the membranes (x = 0.10,
0.15, and 0.20) is different, the membranes all have a suitable relative density (>90%).

The surface morphological characteristics and elemental distribution characteristics
of the sintered 60CPO-40PSF1−xBxO OTMs are characterized by SEM, BSEM, and EDXS.
According to the SEM and BSEM images presented in Figure 3, the surfaces of the sin-
tered OTMs at the optical temperature are almost free of holes and cracks, which ensures
the density of the OTMs. Grains and grain boundaries of the CPO and PSFBO phases
can be observed in both SEM and BSEM images. The grain size is uniform, which is
about 1 µm and favorable for the transport of electrons and oxygen ions. The bright and
dark areas in the BSEM image are fluorite phases (CPO) and perovskite phases (PSFBO),
respectively, because the fluorite phase (CPO) has a larger elemental mass and produces
more backscattered electrons.

In this case, we chose the OTMs obtained from the optimal sintering temperature for
further oxygen permeability study. So far, we have not studied the effect of different temper-
atures on the oxygen flux. However, based on the previous literature, we propose that the ef-
fect of sintering temperature on the oxygen flux mainly comes from its effect on the surface
morphology, grain size, relative density, and phase distribution of OTMs [37,41]. For ex-
ample, in the Fe2O3-Ce0.9Gd0.1O2−δ case, the oxygen permeation fluxes decrease with
increasing sintering temperature, i.e., increasing grain size [41]. However, in our case,
the other sintering temperatures are hard to obtain dense 60CPO-40PSF1−xBxO OTMs,
which leads to hard to seal the OTMs. On the other hand, the membranes with different
doping content obtained different optimal sintering temperatures show similar grain sizes
around 1 µm. Thus, we only focus on the effect of doping content on the oxygen permeation
flux in this case.
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Figure 3. Surface topographies of 60CPO-40PSF1−xBxO membranes observed by SEM (left) and
BSEM (right) after sintered (at 1400 ◦C for x = 0.01, 0.025, and 0.05, 1350 ◦C for x = 0.10 and 0.15,
1300 ◦C for x = 0.20) for 5 h.
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However, it is difficult to describe the effect of grain size and grain boundary structure
on oxygen flux, and it is affected by different oxygen diffusion control steps and conductivity.
Generally, larger grains are more favorable for oxygen-permeable membranes controlled
by bulk diffusion, while smaller grains produce more grain boundaries, which is beneficial
to surface diffusion. However, for the perovskite phase, the grain boundary with higher
energy often leads to phase transition and weakens the stability. Zhang group [42] and Yang
group [43] added nanoparticles to the grain boundary to restrain the phase transition and
prepared stable dual-phase Ce0.8Sm0.2O2−δ-SrCo0.9Nb0.1O3−δ and Ba0.5Sr0.5Co0.8 Fe0.2O3−δ

OTM, respectively. For our OTMs, there are no similar structures in the grain boundary.
Figure 4 shows the EDXS images of the Bi-doped OTMs, which visualize the elemental

distribution. All images exhibit a clear complementary elemental distribution in two phases,
indicating the well formation of dual-phase OTMs [17,18,21,38]. Ce is mainly distributed
in the fluorite phase, while Sr, Fe, and Bi are mainly distributed in the perovskite phase. Pr is
distributed in both two phases, but Pr is more abundant in the perovskite phase, so the purple
dots in the perovskite region are also significant and right. The homogeneous growth of
the dual-phase grains and the highly complementary elemental distribution are evidence that
dense dual-phase 60CPO-40PSF1−xBxO OTMs have been successfully prepared.

Figure 4. EDXS images of the elemental distribution of 60CPO-40PSF1−xBxO membranes after sintered for 5 h.

For the dual-phase mixed conductor OTM materials, the relative density and phase
distribution have a greater influence on the oxygen flux. A dense lattice structure and
smaller porosity can improve the selectivity of oxygen permeability and the structural
strength of OTMs. The uniform distribution of the two phases means that there is no enrich-
ment of a single phase [44], which is beneficial to form a continuous conductive network.
With the one-pot sol-gel method and multiple grinding processes, we maximize the uni-
formity of the phase distribution and the relative density of OTMs. Based on the SEM
images, we chose the optimal sintering temperature in this case. The OTMs obtained from
the optimal temperature all show a suitable density (>90%) and a uniform dual-phase dis-
tribution. Compared with the OTMs obtained by the high-temperature solid-state method,
there could be more continuous conductive networks and active sites in the interface for
the oxygen exchange reaction, which might improve the oxygen permeability [45,46].
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3.3. Oxygen Permeation Performance

To investigate the effects of bismuth substitution on the oxygen permeability of 60CPO-
40PSF1−xBxO OTMs, we tested the oxygen permeability for all the OTMs. We plotted JO2-T
curves (Figure 5) in the temperature range of 800–1000 ◦C. From Figure 5, we can see that all
the oxygen permeability through 60CPO-40PSF1−xBxO dual-phase OTMs increase with in-
creasing temperature and reach a maximum at 1000 ◦C under either He or CO2 atmosphere
because there are two main steps of oxygen transport in OTMs, bulk diffusion and surface
exchange [40], which are influenced by the oxygen partial pressure difference between
the feed side and the sweep side of OTMs, the thickness of OTMs, and the temperature.
According to the equations of bulk diffusion and surface exchange [47,48], the number of
oxygen vacancies increases with increasing temperature, and thereby, the oxygen diffusion
can be enhanced in both ways. As shown in Figure 5, the oxygen permeation flux of
60CPO-40PSF0.99B0.01O OTM reaches 0.71 and 0.62 mL·min−1·cm−2 at 1000 ◦C under He
or CO2 atmospheres, respectively.

Figure 5. Relationship between oxygen permeation fluxes (JO2) of 60CPO−40PSF1−xBxO OTMs and
temperature with different sweep gases. Sweep gas: (a) 49 mL·min−1 He. (b) 49 mL·min−1 CO2.
Feed gas: 150 mL·min−1 air. Calibration gas: 1 mL·min−1 Ne. Thickness of OTMs: 0.6 mm.
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Figure 6 shows the JO2-x curves at 1000 ◦C under He and CO2 atmospheres. From
Figure 6, we can see that the JO2 is much higher than that of the Bi-free 60CPO-40PSFO
OTM when x = 0.01. However, when x > 0.01, as the content of Bi (x) further increases,
the JO2 of the Bi-doped OTMs decreases. Overall, the JO2 under the air/He atmosphere is
higher than that under the air/CO2 atmosphere because of the stronger adsorption of CO2
than that of He. There are several reasons that may explain the enhancement of oxygen
permeability of 60CPO-40PSF0.99B0.01O. On the one hand, due to the larger radius of Bi
ion and the lower valence state of trivalent, the doped OTM has a smaller tolerance factor
and larger lattice parameters, creating more oxygen vacancies and enhancing the oxygen
permeability. On the other hand, the larger the Bi dopant content is, the smaller the absolute
value of the ABE (|ABE|) of B-site (EB-O) in this system (see Figure 6), making the oxygen
ion transport easier and thus partially enhancing the oxygen permeability [47,49–52]. EB-O
could be calculated by Equation (2) [50]:

EB−O =
x

12
×

(
∆HBi2O3 − 2 × ∆HBi −

3
2
× DO2

)
+ (1 − x)× EFe−O (2)

where ∆HBi2O3 and ∆HBi are the enthalpy of formation of one mole of Bi2O3 (−573.88 kJ mol−1)
and the sublimation energy of Bi metal (207.108 kJ mol−1) at 25 ◦C [52], respectively. DO2

represents the dissociation energy of O2 (500.2 kJ mol−1) and EFe−O is the ABE of the bond
Fe-O (−200.6 kJ mol−1) [50].

Figure 6. Relationship between oxygen permeation fluxes (JO2) through 60CPO-40PSF1−xBxO OTMs
under He or CO2 atmosphere, ABE of B-O bonds, and contents of Bi (x). JO2 for x = 0 is from
reference [17].

The lower absolute value of the EB-O and formation enthalpies may also explain the de-
crease in best sintering temperature in Section 3.2 from another perspective. In addition, Bi
ion tends to exist as stable Bi3+, enhancing the stability of the system. Unlike iron ions with
both bivalent and trivalent, where electrons can be rapidly conducted through the change
in valence, the doping of Bi weakens the electronic conductivity, such as the results of dop-
ing with fixed valence elements such as Al [18,53]. Under He atmosphere, when x < 0.10,
the enhancement of doping for oxygen permeability is stronger than the reduction brought
by the weakening of electronic conductivity. When x ≥ 0.10, the reduction in electronic
conductivity makes the oxygen permeability of the system lower than that of the Bi-free
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parent material. However, all Bi-doped OTMs in this system show higher JO2 than that
of the parent 60CPO-40PSFO under CO2 atmosphere. Thus, our findings indicate that
a small amount of Bi doping could effectively improve the oxygen permeability of dual-
phase OTMs because of the increase in oxygen vacancies and reduction in the |ABE|,
but over-doped Bi may remarkably reduce the electronic conductivity and consequently
abates the oxygen permeability.

3.4. Stabilization

To investigate the stability of 60CPO-40PSF1−xBxO OTMs under a low oxygen at-
mosphere or CO2 atmosphere, the prepared composite powders were calcined at 800,
900, and 1000 ◦C under pure Ar or CO2 gas for 24 h. The phase structure of the pow-
ders after 24 h calcination under Ar and CO2 was characterized by XRD after grinding,
and the patterns are shown in Figures 7 and 8, respectively. From Figure 7, it can be found
that the XRD patterns for the calcination samples are nearly the same as those of the fresh
precursor powders. There are no new components or other impurities observed, indicating
60CPO-40PSF1−xBxO OTMs have suitable structural stability under a low oxygen atmo-
sphere. Moreover, from Figure 8, there are also neither carbonates nor other impurities
in the treated 60CPO-40PSF1−xBxO powders. All the treated powders under pure CO2 gas
are still composed of the CPO phase and PSFBO phase, implying suitable structural sta-
bility under the CO2 atmosphere. Our results are different from the observations in some
previous reports [19]. For example, Wang et al. [19] observed the formation of SrCO3
in the Cu-containing Ce0.85Pr0.1Cu0.05O2−δ-PrxSr1−xFe1−yCuyO3−δ OTMs at 800 ◦C under
pure CO2 gas due to chemical reactions. Jian Song et al. [26] also reported that the carbonate
was generated and adsorbed on the surface of the BaCo0.85Bi0.05Zr0.1O3−δ OTM, which
greatly attenuated the oxygen permeability properties. Since all the 60CPO-40PSF1−xBxO
OTMs do not contain carbonates, their stability can be ensured under the CO2 atmosphere.

Figure 9 shows the JO2-t curves of 60CPO-40PSF1−xBxO OTMs at 1000 ◦C. All prepared
Bi-containing dual-phase OTMs can maintain the JO2 under both He and CO2 atmospheres
over 50 h, indicating excellent stability. However, when the sweep gas was changed to
CO2, the JO2 of all OTMs declined slightly due to the adsorption of CO2 on the surfaces
of OTMs and affecting the surface exchange of O2 [17,18,37,54,55]. It is worth mentioning
that all these Bi-containing OTMs lost very little oxygen permeation flux in this switch-
ing. For example, the JO2 of the champion CPO-PSF0.99B0.01O OTM reached 0.71 and
0.62 mL·min−1·cm−2 under He and CO2 atmospheres at 1000 ◦C, respectively. The per-
centage of loss is only 12.7%, which is more favorable for practical applications compared
to other OTMs materials [21,37,38].

To determine the stability, the CPO-PSF0.99B0.01O OTM after the stability test is charac-
terized by SEM and XRD. From Supplementary Figure S2, we can see that two phases are
evenly distributed in two sides of the spent 60CPO-40PSFB0.01O membrane. Meanwhile,
the element distribution for the feed side and the sweep side of the spent membrane are
similar, indicating that there is no element transfer phenomenon in this case. It is differ-
ent from the previous reports in references [19,40]. On the other hand, we use XRD to
further check two sides of the spent membrane. From Supplementary Figure S3, we can
see that CPO and PSFBO are two phases as well as glue are the main phases in the spent
membranes. No other impurities are observed in the spent membranes, which indicates
the spent membranes keep the same crystal structure as the fresh membranes.

In addition, to study the carbon dioxide adsorption behavior of the impurity of differ-
ent phases, we have performed the TGA experiments for Ce0.9Pr0.1O2−δ, Pr0.6Sr0.4Fe0.99
Bi0.01O3−δ and 60wt.%Ce0.9Pr0.1O2−δ-40wt.%Pr0.6Sr0.4 Fe0.99Bi0.01O3−δ powders under
pure CO2 atmosphere. From Figure S4, we can see that the mass change of the three kinds
of powders was less than 1% when the powders were heated from 300 to 1073 K. Thus,
we propose that there is no obvious CO2 adsorption phenomenon in the three kinds of
powders based on the previous finding [56].
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Figure 7. XRD patterns of the obtained 60CPO-40PSF1−xBxO powders after being calcined under
pure Ar gas at 800, 900, and 1000 ◦C for 24 h.
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Figure 8. XRD patterns of the obtained 60CPO-40PSF1−xBxO powders after being calcined under
pure CO2 gas at 800, 900, and 1000 ◦C for 24 h.
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Figure 9. Stability test of 60CPO-40PSF1−xBxO OTMs at 1000 ◦C for 50 h: oxygen permeation fluxes
(JO2) as a function of time under He or CO2 atmosphere.

This CO2 tolerance is consistent with the absence of carbonate impurities when they
are exposed to pure CO2 gas at high temperatures. This indicates that the dual-phase MIEC
OTMs with Bi in the B-site of the perovskite phase (PSFBO) have excellent stability, which
is promising for employing in the oxy-fuel process or other CO2-containing reactions.

4. Conclusions

In this paper, we have successfully synthesized and investigated a series of Bi-doped
cobalt-free dual-phase 60CPO-40PSF1−xBxO (x = 0.01, 0.025, 0.05, 0.10, 0.15, 0.20) OTMs.
The appropriate content of Bi doping can improve the oxygen permeability of the system,
in which the JO2 through the optimal doping composition of CPO-PSF0.99B0.01O OTM
reaches 0.71 and 0.62 mL·min−1·cm−2 under He and CO2 atmosphere at 1000 ◦C, re-
spectively. All the 60CPO-40PSF1−xBxO OTMs can keep stably working in a pure CO2
atmosphere for more than 50 h without the formation of any carbonate impurities. Our find-
ings provide a suitable prospect in practical usage in industries such as oxygen-enriched
combustion and carbon capture.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/pr9101767/s1, Figure S1: The tolerance factors and sintering temperatures of 60CPO-40PSF1−xBxO
as a function of contents of Bi (x). Figure S2: SEM images and EDXS mappings of two sides of the spent
60CPO-40PSFB0.01O membrane. Figure S3: XRD patterns of two sides of the spent 60CPO-40PSFB0.01O
membrane and glue for sealing. Figure S4: TGA results of 60CPO-40PSFB0.01O, CPO and PSFB0.01O
powders. Table S1: Density of fresh dual-phase 60CPO-40PSF1-xBxO membranes.
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