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Abstract 
 
A 6-channel LSCF hollow fiber membrane was successfully fabricated and subsequently modified via an in situ 
coating of BYS to enhance its oxygen transport performance. The BYS coating formed a uniform, thin film 
along the inner surface of the LSCF membrane, increasing surface roughness and active site density for oxygen 
exchange without compromising mechanical integrity. Oxygen permeation experiments were carried out using 
both air and N2O as oxygen sources. Under air feed conditions, the BYS-modified membrane exhibited a 
markedly higher oxygen permeation flux than the pristine LSaCF membrane, confirming that the BYS layer 
effectively promoted surface exchange kinetics. When N2O was employed, the oxygen permeation rate was 
strongly dependent on both gas flow rate and operating temperature. Under optimized conditions (50 mL/min of 
N2O feed and 100 mL/min of Ar sweep gas), the BYS-coated LSCF membrane achieved an oxygen permeation 
flux of 2.0 mL/min⋅cm2 with 80% N2O conversion at 980 °C. These findings demonstrate the beneficial 
relationship between N2O decomposition and in situ oxygen removal, establishing the BYS-coated LSCF hollow 
fiber as a highly efficient oxygen transport platform and a promising, sustainable pathway for greenhouse gas 
mitigation. 
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1 Introduction 
 
Mixed ionic-electronic conducting (MIEC) oxide-
based oxygen-permeable ceramic membranes have 
attracted considerable attention for high-temperature 
applications, requiring a controlled oxygen supply, 
such as the oxidative coupling of methane [1-3], 

selective oxidation of hydrocarbons [4], and syngas 
production [5]. These membranes facilitate selective 
oxygen ion transport driven by a chemical potential 
gradient, thereby enabling oxygen separation without 
the use of external electrodes. Consequently, they 
provide a simpler and more energy-efficient 
alternative to conventional oxygen separation 
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technologies, such as cryogenic distillation and 
pressure swing adsorption [6]. In addition to their high 
oxygen selectivity, MIEC membranes facilitate 
process intensification by integrating oxygen 
separation and catalytic reaction within a single 
reactor unit, reducing operational complexity and 
improving overall efficiency [7]. 
 Among various MIEC materials, perovskite-type 
oxides with the general formula ABO3-δ (where A and 
B are metal cations and δ denotes oxygen vacancies) 
have been extensively studied for oxygen separation. 
Their transport performance can be tuned through 
partial substitution at the A and/or B sites, yielding 
compositions such as A1-xA′xB1-yB′yO3-δ. Such 
substitution enhances oxygen vacancy concentration 
and promotes oxide-ion mobility within the lattice [8]. 
In particular, La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) has been 
widely studied due to its high oxygen permeability, 
favorable redox behavior, mechanical robustness, and 
compatibility with various membrane configurations 
[9], [10]. LSCF membranes can be fabricated in 
planar, tubular, or hollow fiber geometries, with 
hollow fibers offering distinct advantages, including 
thinner separation layers, higher surface area-to-
volume ratios, and improved mechanical integrity. 
These features contribute to enhanced oxygen flux 
compared with planar and tubular counterparts [11], 
[12]. Nevertheless, the oxygen permeation 
performance of LSCF membranes is often limited by 
sluggish surface exchange kinetics, particularly under 
low oxygen partial pressures or when alternative 
oxygen sources are employed [13].  To overcome this 
limitation, various surface modification strategies 
have been proposed, such as the deposition of porous 
catalytic overlayers to increase active surface area and 
the application of oxygen-conducting materials to 
accelerate surface exchange reactions [13-15].  
 Bi1.5Y0.3Sm0.2O3-δ (BYS), a co-doped derivative 
of the cubic fluorite δ-Bi2O3 phase, is recognized for 
its exceptionally high oxide-ion conductivity. 
Although pure δ-Bi2O3 exhibits one of the highest 
ionic conductivities among bismuth-based oxides, its 
structural stability is restricted to a narrow 
temperature range (730-825 °C), beyond which it 
transforms into less conductive polymorphs [16], 
[17]. Doping with rare-earth cations such as Y3+ and 
Sm3+ stabilizes the δ-phase and enhances oxygen-ion 
mobility at elevated temperatures [18]. In addition, 
BYS exhibits favorable interfacial compatibility with 
LSCF and promotes faster oxygen surface exchange 
kinetics, which helps reduce surface exchange 
resistance. Othman et al. [19] reported that BYS 

maintains its fluorite structure up to 1040 °C under 
oxidative coupling of methane (OCM) conditions. 
Furthermore, the use of BYS as a surface 
modification layer on LSCF membranes has been 
shown to enhance both oxygen permeation and OCM 
performance through improved ionic transport and 
strong interfacial interactions between BYS and 
LSCF phases [20]. These results suggest that BYS is 
a promising oxygen-conductive coating material 
capable of simultaneously improving catalytic 
activity and oxygen permeability in an integrated 
membrane system. 
 In addition to conventional oxygen sources such 
as air, nitrous oxide (N2O) has recently emerged as a 
potential alternative feed for oxygen-permeable 
membranes. Anthropogenic N2O emissions primarily 
originate from agricultural activities, fossil-fuel 
combustion, and industrial processes such as nitric 
acid and adipic acid production [21], [22]. N2O is a 
potent greenhouse gas, contributing to ozone layer 
depletion [23] and exhibiting a global warming 
potential approximately 273 times greater than that 
of CO2 over a 100-year time horizon [24]. Therefore, 
effective N2O mitigation strategies are of significant 
environmental importance. Various approaches, 
including thermal decomposition, selective 
adsorption, and catalytic decomposition, have been 
explored [25]. Among these, catalytic decomposition 
is particularly attractive due to its moderate energy 
requirements and the generation of oxygen as a 
valuable byproduct. However, conventional 
catalysts, such as noble metal oxides, transition metal 
oxides, and perovskite-type compounds, often suffer 
from surface oxygen accumulation, which inhibits 
reaction kinetics. Integrating perovskite-type MIEC 
membranes into this process provides a promising 
solution, as the membrane can catalyze N2O 
decomposition while simultaneously removing the 
generated oxygen through dense ionic transport. This 
continuous oxygen extraction mitigates surface 
inhibition and produces a high-purity oxygen stream 
[26]. Such dual functionality enhances both N₂O 
conversion and oxygen recovery, offering a 
sustainable pathway for greenhouse gas abatement. 
Nevertheless, further optimization of membrane 
composition and architecture is required to achieve 
high oxygen flux, strong catalytic performance, and 
long-term operational stability under harsh 
conditions. In this study, a 6-channel LSCF 
hollow fiber membrane was fabricated via a phase 
inversion-sintering method and subsequently 
modified through in-situ deposition of a BYS layer 
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to enhance surface oxygen exchange and catalytic 
performance. The structure, morphology, and 
oxygen transport behavior of the synthesized 
membrane were systematically examined. Oxygen 
permeation experiments were conducted using both 
synthetic air and N2O as oxygen sources. For N2O 
operation, particular attention was given to the 
interplay between catalytic N₂O decomposition and 
in situ oxygen removal under varying feed flow rates, 
sweep gas flow rates, and operating temperatures. 
The results demonstrate the potential of BYS-
modified LSCF hollow fiber membranes as 
multifunctional systems for efficient oxygen delivery 
and simultaneous greenhouse gas mitigation. 
 
2 Materials and Methods  
 
2.1 Fabrication of 6-channel LSCF hollow fiber 

membrane  
 
The 6-channel LSCF hollow fiber membrane was 
fabricated using a phase inversion-sintering 
technique [27]. The spinning suspension comprised 
63.7 wt% LSCF powder, 7.1 wt% polyethersulfone 
(PESf), 28.5 wt% dimethyl sulfoxide (DMSO), and 
0.6 wt% Arlacel P135 as dispersant. All 
components except PESf were initially ball-milled 
in a planetary mill for 24 h. Subsequently, PESf was 
added, and milling continued for an additional 72 h 
to ensure complete homogenization. The resulting 
suspension was degassed under vacuum to 
eliminate trapped air bubbles and then transferred 
into a 200 mL stainless steel syringe. Fiber spinning 
was carried out using a syringe pump equipped with 
a customized 6-channel spinneret featuring a tube-
in-orifice and triple-orifice configuration. The 
ceramic suspension was extruded at a flow rate of 9 
mL/min through a 1 cm air gap into a deionized 
water coagulation bath. Simultaneously, deionized 
water was introduced as the bore fluid at 15 mL/min 
to form the internal channels. The as-spun green 
fibers were immersed in deionized water overnight 
to complete phase inversion. The fibers were then 
cut to the desired length, straightened, and air-dried 
for 48 h. Thermal treatment was performed in two 
stages. First, the dried fibers were calcined at 600 
°C for 2 h to remove the polymer binder. 
Subsequently, sintering was conducted at 1300 °C 
for 5 h to achieve densification and form the final 
6-channel hollow fiber membrane structure. The 
heating rate during calcination and sintering was 
maintained at 10 °C/min in an air atmosphere. 

2.2 In situ BYS coating on 6-channel LSCF hollow 
membrane  

 
BYS was synthesized using a citrate sol-gel method. 
Metal nitrate precursors, including Bi(NO3)3·5H2O, 
Y(NO3)3·4H2O, and Sm(NO3)3·6H2O were dissolved in 
dilute nitric acid. Citric acid and ethylene glycol were 
then added at a molar ratio of 1:2:3 (total metal ions: 
citric acid: ethylene glycol). The solution was stirred at 
75 °C for 5 h to promote polyesterification and the 
formation of a homogeneous polymeric network. The 
prepared sol was injected into the internal channels of 
the 6-channel LSCF hollow fiber using a high-pressure 
syringe pump at a flow rate of 0.5 mL/min. Excess sol 
was removed from the lumen, and the coated fibers 
were dried overnight under ambient conditions. The 
samples were subsequently calcined at 400 °C for 2 h to 
eliminate organic components and further heated to 800 
°C for 5 h to crystallize the BYS coating layer. 
  
2.3 Oxygen permeation test  
 
Figure 1 illustrates the schematic diagram of the 
laboratory-scale membrane reactor. A 30 cm long 
hollow fiber membrane was mounted inside a quartz 
tube and placed in an electrically heated furnace. 
Oxygen permeation experiments were conducted at 
atmospheric pressure over a temperature range of 800-
980 °C. The oxygen source (synthetic air or N₂O) was 
supplied to the shell side of the membrane, while 
argon (Ar) was introduced to the lumen side as a 
sweep gas to establish an oxygen partial pressure 
gradient across the membrane. All gas flow rates were 
precisely controlled using mass flow controllers. The 
effects of operating temperature, N₂O feed flow rate, 
and Ar sweep gas flow rate on membrane performance 

 
Figure 1: Experimental setup schematic for 
evaluating oxygen permeation. 
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were systematically investigated. The outlet gas 
compositions from both the shell and lumen sides 
were analyzed online using a gas chromatograph 
(Varian 3900). Volumetric flow rates were determined 
using calibrated bubble flow meters. The oxygen 
permeation flux (JO2) was calculated according to 
Equation (1): 
 
JO2=

VAryO2
A0(100-yO2

)
                                     (1) 

 
where VAr is the volumetric flow rate of the argon 
sweep gas (mL/min), yO2

 is the oxygen concentration 
(%) determined by GC analysis, and A0 represents the 
external surface area of the membrane (cm²). 
 
2.4 Characterizations  
 
The crystalline phases of the synthesized materials 
were analyzed using X-ray diffraction (XRD) with a 
Rigaku SmartLab SE diffractometer equipped with a 
D/teX Ultra 250 detector and Cu Kα radiation (λ = 
1.5410 Å), operated at 40 kV and 100 mA. Diffraction 
patterns were collected over a 2θ range of 20-80°, with 
a step size of 0.01° and a scan rate of 5°/min. Prior to 
analysis, membrane samples were ground into fine 
powders. Membrane morphology and BYS layer 
deposition were examined using a JEOL JSM-
5610LV scanning electron microscope (SEM) 
operating in secondary electron (SE) mode. The BYS 
deposition within the membrane channels was further 
investigated using a high-resolution field-emission 
scanning electron microscope (FESEM, Gemini 
1525). Before SEM observation, all samples were 
coated with a thin layer of gold under vacuum to 
enhance electrical conductivity.  
 
3 Results and Discussion  
 
3.1 Material characterizations  
 
3.1.1  X-ray diffraction (XRD) 
 
The XRD patterns of BYS powder, LSCF powder, and 
the BYS-coated LSCF hollow fiber membrane (in 
powdered form) are displayed in Figure 2. The BYS 
sample exhibited main diffraction peaks at 2θ = 28.0°, 
32.5°, 46.7°, and 55.3°, corresponding to the (111), 
(200), (220), and (311) planes of the cubic fluorite δ-
Bi2O3 phase (JCPDS No. 27-0052) [28], [29]. These 

results confirm that Y3+ and Sm3+ were successfully 
incorporated into the Bi2O3 lattice, stabilizing the 
highly conductive δ-phase structure. The LSCF 
powder exhibited characteristic diffraction peaks at 2θ 
= 33.0°, 40.8°, 47.3°, 58.8°, 69.3°, and 78.9°, indexed 
to the (110), (202), (024), (214), (208), and (128) 
planes of the perovskite structure (JCPDS No. 49-285) 
[30], [31]. The absence of secondary phases in both 
materials confirms successful synthesis of single-
phase BYS and LSCF. For the BYS-coated LSCF 
membrane, the diffraction pattern was dominated by 
the LSCF perovskite peaks, indicating that spinning, 
sintering, and in situ coating did not alter the bulk 
crystal structure of the substrate [11]. No distinct BYS 
reflections were detected, which is attributed to the 
thin coating layer being below the XRD detection 
limit. Moreover, the absence of additional peaks 
suggests that no undesirable secondary phases or 
interfacial reactions occurred during fabrication. 
Compared with pristine powders, the coated 
membrane exhibited slightly reduced peak intensities 
and minor shifts toward lower 2θ values. This 
behavior may be associated with lattice strain induced 
during the coating process, potentially causing slight 
lattice expansion and variation in the lattice parameter 
[32]. 
 
3.1.2  Morphology of the hollow fiber membrane  
 
SEM images of the 6-channel LSCF hollow fiber 
membrane are shown in Figure 3. The membrane 
consists of six parallel internal channels with an 
average outer diameter of 1.95 ± 0.03 mm (Figure 3a). 

 
Figure 2: BYS powder, LSCF powder, and BYS-
coated LSCF membrane XRD patterns. 
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This multi-channel configuration enhances 
mechanical robustness and thermal stability during 
high-temperature operation while providing a higher 
surface-area-to-volume ratio compared with single-
channel designs [33]. Cross-sectional images (Figures 
3b and 3c) reveal a porous wall structure, which 
facilitates gas diffusion and supports efficient oxygen-
ion transport. The porous architecture also promotes 
effective infiltration and adhesion of secondary 
catalytic layers, improving gas–solid interaction [34]. 
The inner and outer surfaces (Figures 3d and 3e) 
appear smooth and defect-free, without observable 
cracks or pinholes, confirming adequate densification 
during sintering. After coating, a continuous BYS 
layer approximately 200 nm thick was observed along 
the inner channel walls (Figure 3f). The coating 
exhibited good adhesion to the LSCF substrate, with 
no signs of delamination or microcracking. The 
increased surface roughness and expanded interfacial 
area introduced by the BYS layer are expected to 
enhance oxygen surface exchange kinetics [35]. The 
synergistic combination of the oxygen-conductive 
BYS layer and the mechanically stable LSCF substrate 
therefore provides a structurally robust and 
catalytically active membrane platform. 
 
3.2 Oxygen permeation behavior of the 6-channel 

hollow fiber membrane   
 

The oxygen transport properties of the fabricated 6-
channel hollow fiber membranes were systematically 
investigated using two oxygen sources: air and nitrous 
oxide (N2O). Air provides a stable and continuous 
oxygen supply and was therefore used as a reference 
to evaluate the intrinsic oxygen transport 
characteristics of the membrane. In contrast, N2O acts 
as an oxygen donor via catalytic decomposition, while 
simultaneously offering the environmental benefit of 
mitigating potent greenhouse gases. Comparison of 
these two oxygen sources provides deeper insight into 
the underlying transport mechanisms and highlights 
the membrane’s potential for sustainable catalytic 
applications. 
 
3.2.1  Oxygen permeation using air: effect of 

temperature and BYS modification 
 
The oxygen permeation performance of the 6-channel 
LSCF hollow fiber membrane with and without a BYS 
coating was evaluated under identical operating 
conditions. As shown in Figure 4(a), measurements 
were conducted over a temperature range of 800-950 
°C, with 100 mL/min of air supplied to the shell side 
and an equal flow rate of argon (Ar) introduced to the 
lumen side as the sweep gas. 

For both membrane configurations, the oxygen 
permeation flux increased steadily with temperature, 
confirming that oxygen surface exchange and bulk 

 
Figure 3: SEM images of the 6-channel LSCF hollow membrane : (a) whole view, (b) cross-sectional SEM 
images, (c) border of active region for oxygen permeation, (d) inside surface, (e) outside surface, and (f) BYS 
layer coating inside the channels. 
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oxygen-ion migration in mixed ionic-electronic 
conducting (MIEC) perovskite oxides are thermally 
activated processes [36], [37], [38]. At elevated 
temperatures, enhanced oxygen-ion mobility within 
the LSCF lattice and accelerated surface exchange 
kinetics collectively contribute to higher overall 
oxygen flux. Across the entire temperature range 
investigated, the BYS-coated membrane consistently 
exhibited higher oxygen permeability than the 
uncoated membrane. At 950 °C, the oxygen flux 
improved from 1.9 mL/min⋅cm² (uncoated) to 2.1 
mL/min⋅cm² (BYS-coated), representing an 
approximately 10.5% measurable enhancement in 
oxygen transport efficiency. This improvement can be 
attributed to the formation of a thin and uniform BYS 
layer with increased surface roughness (Figure 3f), 
which enlarges the gas-solid interface area and 
facilitates faster oxygen adsorption and desorption. 
These results are consistent with previous studies 
reporting that surface modification effectively 
enhances oxygen permeation in LSCF-based hollow 
fiber membranes [13], [38], [39]. The Arrhenius 
analysis (Figure 4b) further revealed that the 
activation energy (Eₐ) for oxygen transport dropped 
from 74.91 kJ/mol for the unmodified membrane to 
66.45 kJ/mol for the BYS-coated sample. The reduced 
Eₐ value indicates that the BYS layer alters the rate-
determining step by lowering surface exchange 
resistance and facilitating more rapid oxygen 
incorporation and release. Overall, these findings 
confirm that BYS surface modification effectively 

enhances surface kinetics and improves the oxygen 
permeation performance of the LSCF hollow fiber 
membrane. 

 
3.2.2  Oxygen permeation using N2O as the oxygen 

source   
 
Following the verified enhancement observed for the 
BYS-coated membrane under air (O2) as the oxygen 
feed, the coated membrane was selected for 
subsequent N2O-assisted oxygen permeation 
experiments, consistent with the primary objective of 
this study to evaluate N2O as an alternative oxygen 
donor. Oxygen transport under N2O feed is likewise 
governed by surface reaction kinetics, particularly 
N2O decomposition and subsequent oxygen 
incorporation into the membrane lattice. Therefore, 
the improvement observed under O2 operation 
provides a clear mechanistic basis for focusing on the 
BYS-coated membrane. The oxygen transport 
performance of the BYS-coated 6-channel LSCF 
hollow fiber membrane was systematically 
investigated using nitrous oxide (N2O) as the oxygen 
source. The effects of feed gas flow rate, sweep gas 
flow rate, and operating temperature on oxygen 
permeation behavior and catalytic N2O decomposition 
efficiency were examined in detail.  
 
3.2.2.1. Effect of feed gas (N2O) flow rate  
 

 
Figure 4: (a) Oxygen permeation fluxes across the uncoated and BYS-coated LSCF hollow membranes at 
various temperatures (800-950 °C). (b) Arrhenius plots for the uncoated and BYS-coated LSCF membranes at 
different temperatures (800-950 °C).  
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The influence of N2O feed flow rate (25-100 mL/min) 
on oxygen permeation was examined at 980 °C, while 
maintaining the argon sweep gas flow rate at 100 
mL/min. As shown in Figure 5, a nonlinear 
relationship between oxygen flux and N2O flow rate 
was observed. The oxygen permeation flux increased 
as the N2O flow rate increased from 25 mL/min to 50 
mL/min, reaching a maximum at 50 mL/min. 
Nonetheless, a further increase in feed flow rate to 100 
mL/min resulted in a gradual decline in oxygen flux. 
This behavior reflects the interplay between external 
mass transfer and surface reaction kinetics. At low 
N2O flow rate (25 mL/min), the limited reactant 
supply restricts the formation of oxygen intermediates 
on the membrane surface, thereby constraining 
oxygen ion transport through the dense membrane 
layer. Under these conditions, external diffusion 
dominated, as insufficient N₂O molecules reach the 
active sites for efficient catalytic decomposition. 
Increasing the flow rate to 50 mL/min enhances the 
oxygen partial pressure gradient and reduces external 
mass transfer limitations, leading to improved oxygen 
flux and higher reaction efficiency [40], [41]. Beyond 
this optimal flow rate, however, reduced residence 
time becomes significant. Higher gas velocities 
shorten the contact time between N₂O molecules and 
the catalytic surface, thereby suppressing 
decomposition efficiency despite adequate active 
surface area [42]. These findings highlight the 
necessity of balancing reactant transport and surface 
kinetics to achieve optimal membrane performance. 
Although the BYS overlayer promotes oxygen surface 
exchange and ionic transport, appropriate gas flow 
conditions are essential to fully exploit its catalytic 
functionality. Under the present experimental 
conditions, an N₂O feed flow rate of 50 mL/min was 
identified as optimal, yielding the highest oxygen 
permeation flux at 980 °C. 
 
3.2.2.2. Effect of sweep gas (Ar) flow rate 
 
The influence of argon flow rate on oxygen transport 
was investigated at 980 °C while maintaining a 
constant N2O feed of 50 mL/min. This evaluation 
aimed to clarify the role of the sweep gas in facilitating 
oxygen removal from the permeate side and sustaining 
the chemical potential gradient that drives oxygen 
permeation. As shown in Figure 6, the argon flow rate 
on the lumen side was varied from 25 to 100 mL/min. 
The oxygen permeation flux increased from 1.5 to 2.0 
mL/min·cm2 as the sweep gas rate was raised across 
this range. A measurable increase in flux was observed 

between 25 and 50 mL/min, rising from 1.50 to 1.85 
mL/min·cm2. At low sweep gas rates, oxygen 
accumulation on the permeate side elevates the local 
oxygen partial pressure, thereby reducing the chemical 
potential gradient across the membrane and 
diminishing the driving force for oxygen ion transport. 
Increasing the Ar flow rate effectively dilutes and 
removes the permeated oxygen, maintaining a low 
oxygen partial pressure on the permeate side and 
enhancing the oxygen transport rate [39]. 

In contrast, further increases in sweep gas flow 
to 75 and 100 mL/min resulted in only marginal 
improvements, with flux values of 1.95 and 2.00 

 
Figure 5: Oxygen permeation fluxes at various 
N2O feed flow rates through the BYS-coated 
LSCF hollow membranes (at 980 °C and 100 
mL/min of Ar sweep gas). 
 

 

Figure 6: Oxygen permeation flux at different Ar 
sweep gas through the BYS-coated LSCF hollow 
membranes (at 980°C and 50 mL/min of N2O feed 
gas). 
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mL/min·cm2, respectively. This plateau behavior 
suggests that, at higher sweep rates, oxygen transport 
becomes limited by the intrinsic bulk diffusion and 
surface exchange kinetics of the BYS-coated LSCF 
membrane rather than by external mass transfer. From 
a practical perspective, these findings underscore the 
importance of optimizing sweep gas flow rate to 
balance separation performance and operational 
efficiency. Insufficient sweep gas flow suppresses 
oxygen permeation due to reduced driving force, 
whereas excessive flow increases gas consumption 
with minimal additional gain in flux. Therefore, 
identifying an optimal sweep gas rate is essential for 
achieving high oxygen separation efficiency while 
maintaining energy and economic feasibility in 
membrane reactor applications.  
 
3.2.2.3. Effect of temperature 
 
The effect of temperature on oxygen permeation and 
catalytic N2O decomposition was studied using 50 
mL/min of N2O on the shell side and 100 mL/min of 
Ar on the lumen side. As illustrated in Figure 7(a), the 
oxygen permeation flux increased significantly from 
0.6 mL/min·cm2 at 900 °C to 2.0 mL/min·cm2 at 980 
°C. Simultaneously, N₂O conversion rose from 38% to 
80%, indicating a strong correlation between oxygen 
permeation rate and catalytic decomposition activity. 
The pronounced temperature dependence can be 
attributed to two coupled effects. First, elevated 
temperatures accelerate the kinetics of N₂O 
decomposition, increasing the oxygen partial pressure 
on the feed side and generating a higher concentration 

of adsorbed oxygen species (O*).  Second, higher 
temperatures enhance oxygen ion diffusion within the 
LSCF lattice and promote faster oxygen 
recombination and desorption at the BYS-coated 
surface. Because N₂O decomposition (N2O ⇌ N2 + 
O*) is an endothermic reaction, increasing 
temperature thermodynamically favors oxygen 
formation. Meanwhile, continuous oxygen removal by 
the Ar sweep gas maintains a low oxygen partial 
pressure on the permeate side, thereby reinforcing the 
chemical potential gradient that drives oxygen ion 
transport. The nearly linear increase in oxygen flux 
with temperature indicates that the process remained 
thermally activated throughout the studied range, 
without reaching diffusion-limited saturation. The 
concurrent increase in oxygen flux and N2O 
conversion further indicates a coupled, self-enhancing 
mechanism: continuous oxygen removal shifts the 
decomposition equilibrium forward, consistent with 
Le Châtelier’s principle, thereby sustaining high 
oxygen activity at the feed-membrane interface. This 
feedback effect explains the strong correlation 
observed between oxygen permeation and N2O 
conversion. 
 A comparison between air and N2O as oxygen 
sources reveals distinct enhancement mechanisms. 
When air is used, the BYS layer primarily reduces the 
activation barrier for surface oxygen exchange, 
leading to improved flux across the temperature range. 
In contrast, under N2O feed, the membrane not only 
enhances surface oxygen kinetics but also integrates in 
situ catalytic decomposition with continuous oxygen 
removal, resulting in simultaneous increases in 

 
Figure 7: (a) Oxygen permeation flux and N2O conversion using the BYS-coated LSCF hollow membranes 
at various temperatures (900-980 °C). (b) Arrhenius plots of the oxygen permeation flux for BYS-coated 
LSCF hollow membranes at different temperatures (900-980 °C) (100 mL/min of Ar sweep gas and 50 
mL/min of N2O feed gas). 
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oxygen flux and N2O conversion. At temperatures 
above 950 °C, both systems showed optimal 
performance, with maximum oxygen flux and 
efficient N2O decomposition without evident mass 
transfer limitations. Nevertheless, oxygen flux under 
air remained consistently higher than that under N2O, 
since N2O must first undergo catalytic 
decomposition before oxygen ions can be transported 
through the membrane. Arrhenius analysis showed 
that apparent activation energy under N2O feed 
(80.58 kJ/mol, Figure 7b) was higher than that 
obtained with air (66.45 kJ/mol, Figure 4b), 
reflecting the additional energetic requirement 
imposed by the N2O decomposition step. 

 These results demonstrate that the BYS-
coated LSCF hollow fiber membrane can effectively 
operate with both conventional (O2) and alternative 
(N2O) oxygen sources. Although air enables higher 
oxygen fluxes, the use of N2O provides a dual 
functional advantage by coupling oxygen production 
with greenhouse gas mitigation. A comparative 
summary of oxygen permeation fluxes for coated and 
uncoated membranes, together with literature data, is 
presented in Table 1. 

 
 

3.3 Mechanism of oxygen permeation through 
membrane  

 
The oxygen permeation behavior of the membrane can 
be fundamentally interpreted based on the oxygen 
chemical potential gradient established across the 
membrane thickness, as widely described for mixed 

ionic-electronic conducting (MIEC) membranes in 
previous studies [44]. The driving force for oxygen 
transport is governed by the difference in oxygen partial 
pressure (pO2) between the feed and permeate sides. 
Under the present conditions, continuous removal of 
oxygen by the Ar sweep gas effectively lowers the pO2 
at the permeate side, thereby sustaining a strong 
chemical potential gradient that promotes oxygen ion 
migration through the LSCF lattice. Any increase in the 
permeate-side oxygen concentration would reduce this 
gradient and consequently suppress the permeation 
flux. The overall oxygen transport process involves 
multiple sequential steps, including (i) adsorption and 
dissociation of molecular oxygen (or oxygen species 
generated from N2O decomposition) at the membrane 
surface, (ii) incorporation of oxygen into the lattice as 
O2- ions, (iii) bulk diffusion of oxygen ions and electron 
holes through the mixed ionic-electronic conducting 
LSCF structure, and (iv) recombination and desorption 
of oxygen molecules at the permeate side. Depending 
on temperature and operating conditions, the rate-
limiting step may shift between surface exchange 
kinetics and bulk diffusion. The observed increase in 
flux with temperature suggests thermally activated 
transport, consistent with enhanced oxygen ion 
mobility and accelerated surface reaction kinetics. 

The introduction of the BYS coating further 
modifies the surface reaction environment. Owing to its 
high oxygen ion conductivity and catalytic activity, the 
BYS layer facilitates faster surface oxygen exchange by 
lowering the activation barrier for oxygen dissociation 
and incorporation into the LSCF lattice. In the case of 
N2O feed, the BYS coating also promotes in situ 

Table 1: Comparison of the oxygen permeation fluxes of hollow fiber membranes obtained from this work 
with other literature.  

Membrane Type Temperature 
(°C) 

O2 Flux  
(mL/min·cm2) Feed/Sweep gas Ref. 

LSCF hollow fiber 950 1.90 Air/Ar This work 

LSCF hollow fiber with BYS coating 950 2.10 Air/Ar This work 

LSCF hollow fiber with BYS coating 980 2.00 N2O/Ar This work 

LSCF hollow fiber 900 ~1.05 Air/Ar [43]  

Multi-bore LSCF capillary membrane 950 1.39 Air/Ar [33]  

LSCF with BSCN coating 950 1.92 Air/He [38]  

Single LSCF hollow fiber 950 0.26 Air/Ar [40]  
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catalytic decomposition of N2O (N2O ⇌ N2 + O*), 
increasing the local availability of reactive oxygen 
species at the membrane surface. This synergistic 
interaction between catalytic decomposition and 
membrane transport enhances the effective oxygen 
activity at the interface and supports sustained oxygen 
permeation. However, the higher apparent activation 
energy observed for N2O compared with air has been 
interpreted in terms of the additional energy barrier 
associated with N2O dissociation prior to oxygen 
incorporation into the LSCF lattice.  
 
4 Conclusions  
 
In this work, a 6-channel LSCF hollow fiber membrane 
was successfully fabricated via a phase inversion-
sintering method and subsequently modified through in 
situ deposition of a BYS overlayer. The BYS coating 
was uniformly distributed along the internal channel 
surfaces, increasing surface roughness and enlarging 
the active interfacial area available for oxygen 
exchange. Structural and morphological 
characterizations (XRD and SEM) confirmed that the 
coating process preserved the crystalline integrity of the 
LSCF framework while imparting enhanced surface 
functionality. The modified membrane demonstrated 
effective oxygen permeation using both conventional 
(air) and alternative (N₂O) oxygen sources. Higher 
oxygen fluxes were consistently obtained when air was 
used as the feed gas, owing to the direct diffusion of 
molecular oxygen across the membrane. In contrast, 
lower fluxes under N₂O feed were attributed to the 
additional catalytic decomposition step required to 
generate oxygen prior to ionic transport. Under 
optimized operating conditions (980 °C, 50 mL/min 
N2O on the shell side and 100 mL/min Ar as the sweep 
gas), the membrane achieved a maximum oxygen flux 
of approximately 2.0 mL/min⋅cm2. The enhanced 
transport performance was primarily attributed to the 
synergistic interaction between the LSCF lattice and the 
BYS coating, which reduced surface exchange 
resistance and promoted oxygen ion mobility. Overall, 
the BYS-coated LSCF hollow fiber membrane exhibits 
strong potential for application in membrane reactor 
systems for energy and environmental processes. Its 
capability to provide a controllable and spatially 
distributed oxygen supply makes it particularly 
attractive for reactions such as oxidative coupling of 
methane (OCM), partial oxidation of hydrocarbons, and 
syngas production. It should be acknowledged that 
long-term stability factors, including coating adhesion, 

potential bismuth volatility at elevated temperatures, 
and resistance to thermal cycling, were not 
systematically investigated in the present study. These 
aspects may affect the practical implementation of 
Bi2O3-based surface modifications and therefore 
warrant further investigation in future work. 
Importantly, integrating N2O decomposition with 
membrane-assisted oxygen separation offers a dual 
benefit: efficient oxygen delivery coupled with 
greenhouse gas mitigation, contributing to more 
sustainable energy conversion strategies. 
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