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ABSTRACT

Intermediate-temperature solid oxide fuel cells (IT-SOFCs) offer a promising route to
high-efficiency, low-emission energy conversion. However, the development of highly
efficient IT-SOFCs is limited by the performance of their key components, particularly
the cathode, for instance, Bao.5Sro.5Co0.8Fe0203.5 (BSCF). Although the BSCF exhibits
high oxygen-ion and electronic conductivity, it suffers from phase instability and thermal
expansion mismatch. To overcome limitations and enhance material performance, this
study focuses on incorporating nickel (Ni) into BCSF to form heterogeneous BSCF-Ni
composites. Experimental studies demonstrate that a single cell using heterogeneous
BSCF-Ni cathodes achieves a polarization resistance as low as 10.80  cm?, compared
to 22.32 Q cm? for homogeneous BSCF-Ni at 750 °C. DRT peaks have shown that the
heterogeneous BSCF-Ni enhances oxygen reduction and reduces polarization resistance,
thereby improving overall cell performance. These advancements confirm that BSCF-Ni
composites, enabled by doping and nanostructuring strategies, are highly promising
cathode materials for durable, efficient IT-SOFC systems.
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INTRODUCTION

In recent years, the development of intermediate-temperature solid oxide fuel cells (IT-
SOFCs) has emerged as a promising solution for efficient and sustainable energy



conversion [1,2]. Among various reported cathode materials (2-6), Bao.5Sro.5Co0.8Feo.20s-
5 (BSCF) has attracted significant attention for its excellent electrical conductivity and
oxygen reduction reaction (ORR) activity at intermediate temperatures (600-800 °C) [3].
However, challenges such as cathode degradation and performance instability persist,
hindering their practical application [4,5,6].

Nickel (Ni)-based materials are recognized for their high catalytic activity and
electrical conductivity, making Ni a potential candidate for cathode modification to
enhance electrochemical performance. The addition of nickel to a BSCF cathode (Ni-
BSCF) [7] and the implementation of an electrode nanotube structure [8] are strategic
methods to address the challenges faced by pure BSCF cathode materials. Ni is added
to enhance the high oxygen diffusivity of BSCF by incorporating Ni’s electronic
properties, potentially overcoming the limitations of pure BSCF cathodes [7].
Furthermore, the heterogeneous structure of BSCF (a mixture of nanospherical and
nanotube powders) has been reported to exhibit higher electrochemical performance than
homogeneous nanospherical BSCF [8,9]. Although there is a previous study on
heterostructure BSCF-Ni, it involved only phase heterostructure through surface
reconstruction and conventional mixed microstructures. In contrast, this study focuses on
the morphological heterostructure formed by combining nanotubes with a nanospherical
structure. Despite progress, the performance of heterogeneous Ni-BSCF in the
intermediate-temperature range remains poorly documented, highlighting a research gap.

Basically, in the electrochemical impedance studies, the impedance data are analyzed
by a complex non-linear least squares (CNLS) fitting using an equivalent circuit model
(ECM). The Voigt circuit is employed as a model of impedance spectra, in which
impedance is expressed as a combination of circuit components such as capacitors,
resistors, and inductors [10]. However, its efficacy is hindered by inherent limitations,
including challenges in discerning between anode and cathode impedance responses [11].
Other than that, relying solely on CNLS fitting to extract the actual electrochemical
responses of the depressed impedance arcs can lead to a misleading interpretation [12].
Another approach to analyzing and interpreting depressed arcs more comprehensively is
via distribution relaxation time (DRT). Each electrochemical process can be effectively
differentiated by its unique relaxation time. Therefore, DRT analysis is currently gaining
increasing interest [13,14,15].

This study aims to investigate the electrochemical performance of a heterogeneous
BSCF-Ni cathode and provide valuable insights into its behavior compared to
homogeneous BSCF-Ni. The influence of microstructural heterogeneity on cathodic
oxygen reduction kinetics is systematically evaluated under intermediate-temperature
SOFC operating conditions. Electrochemical impedance spectroscopy is analyzed using
both complex non-linear least-squares fitting based on an equivalent circuit model and
relaxation-time distribution analysis to decouple overlapping electrochemical processes.
Particular emphasis is placed on resolving cathode-related contributions and identifying
the dominant rate-limiting steps in oxygen surface exchange, charge transfer, and
diffusion. By correlating impedance features with relaxation-time distributions, this work
seeks to a clearer structure—performance relationship and to demonstrate the effectiveness
of heterogeneous Ni-BSCF cathodes for enhanced IT-SOFC performance.



MATERIALS AND METHODS

Powder synthesis and single-cell fabrication

In a nutshell, the respective NiO-BaCeo.54Zr036Y0.103-5 (BCZY) anode and BCZY
electrolyte were prepared by the sol-gel method as previously reported [16,17]. To this
solution, complexing agents such as EDTA, citric acid, and ethylene glycol were added,
and the mixture was stirred until a homogeneous solution was obtained. The mixture
underwent several drying and heating steps, including calcination, to obtain a single-
phase precursor powder for BCZY and NiO-BCZY. The single-phase electrolyte and
anode powders were produced at a calcination temperature of 1100 for BCZY and 1100
for NiO-BCZY.

The preparation of the cathode material involved several steps. Initially, the
homogeneous Bao 5Sr0.5C00.7Fe0.2Nio.103.5 (BSCF-Ni) powder was synthesized by a
combined EDTA-citric acid complexing sol-gel method. Analytically pure reagents
Ba(NOs3)2, Sr(NOs3)2, Co(NO3)2-6H20, Fe(NO3)3-9H>O and Ni(NO3)2-6H,0O (all from
ACROS) were weighed with a stoichiometric ratio and dissolved in deionized water to
form a homogeneous solution. Ethylenediaminetetraacetic acid (EDTA) and citric acid
(CA), served as complexing agents, were added into the solution and the pH of the
solution was adjusted to 6. A transparent gel was obtained after continuous heating and
stirring. This gel was then heated in an air oven at 150 °C for 15 h, yielding a black solid
precursor. The precursor was calcined in air at 900 °C for 5 h to form fine BSCF-Ni
powder. Secondly, the nanoporous anodic aluminum oxide (NAAO) template was
prepared through a two-step electrochemical anodization process, followed by sol-gel
template synthesis via spin coating, as outlined in [8,9]. Then, the NAAO templates were
fully dissolved in 0.5 M NaOH solution for 2 hours to get free individual BSCF
nanotubes. The nanotube suspension was thoroughly washed with deionized water until
the suspension reached pH 7 using pH indicator strips. Finally, the transition to a
heterogeneous structure by mixing as-prepared BSCF-Ni nanotubes with BSCF-Ni
powder at a ratio of 10 wt. % : 90 wt. %, respectively. The resulting heterogeneous BSCF-
Ni (BSCF-NijonTs:.00nps) Was then subjected to careful sonication under degas mode at
30°C for 2 minutes, followed by overnight drying in an oven at 80 °C.

An anode-supported single cell was then fabricated using the as-prepared powders. A
25 mm diameter, and 1.2 mm thick anode support pellet was manufactured using a dry
pressing method at a pressure of 9 tones for 7 min. After the sintering process, the anode
support was then layered with the prepared electrolyte using a spin-coating method and
sintered at 1450 °C for 5 h, followed by the cathode layers. The cell configuration of NiO-
BCZY|BCZY| heterogeneous BSCF-Ni was then treated at 900 °C for 2 h to produce a
complete single cell, which was labeled as shown in Figure 1.

- Heterogeneous BSCF-Ni Cathode

I:l BCZY Electrolyte

- NiO-BCZY Anode Supported Cell

Figure 1. Schematic configuration of an anode-supported single cell



Characterization

The electrochemical performance of the cell was tested using an in-house-developed
SOFC testing station, interfaced with a ZIVE SP2 Electrochemical Workstation (ZIVE
LAB WonATech) with a perturbation amplitude of 10 mV over a frequency range of 10
mHz-1 MHz, using Pt as the current collector. The cell was subjected to temperature 750
°C, with the anode exposed to 10% Hz + 90% N> as the fuel and stagnant air serving as
the oxidant on the cathode side. The fitting procedure was performed using an equivalent
circuit model (ECM) and analyzed via complex nonlinear least-squares (CNLS) using
Zman software.

The impedance data is further analyzed using distribution relaxation time (DRT) to
extract the chemical reactions occurring during the cell’s operation by using DRT tools
in Matlab software. The peak position and peak area in DRT profiles can reflect the types
of chemical processes and their corresponding values. The polarization resistance (Rp)
value from DRT is equal to the area under the peak. The regularization parameter was
carefully selected to achieve an optimal balance between accuracy and noise suppression
in the DRT calculation. A first-order regularization derivative and a Gaussian method
for discretization were applied using the DRTtools software.

RESULTS AND DISCUSSION

The morphological study of the heterostructure BSCF-Ni is shown in Figure 2. It reveals
the presence of fine nanospheres shape around the nanotube structure. The coexistence
of these two structures indicates the successful formation of the intended heterogeneous
morphology. The porous nanotube network is expected to enhance gas diffusion, while
the nanoparticles provide additional active reaction sites.

structure)

Figure 3 shows the electrochemical impedance spectra of the single cell for
heterogeneous BSCF-Ni and homogeneous BSCF-Ni in the form of a Nyquist plot at a
temperature 750 °C. The spectra exhibit depressed semicircles, indicating non-ideal
capacitive behavior, a phenomenon commonly associated with distributed
electrochemical processes at electrode—electrolyte interfaces. The impedance response
can be qualitatively divided into three overlapping contributions: i) a high-frequency arc
attributed to bulk ionic transport and contact resistance; ii) a mid-frequency arc associated



with charge-transfer processes at the electrode surface, and iii) a low-frequency arc
related to gas diffusion and surface adsorption [18,19].
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Figure 3. Impedance spectrum of the single cell for (a) Heterogeneous BSCF-Ni (b)
Homogeneous BSCF-Ni

The impedance data that was analyzed using CNLS contains five impedance elements
with a combination in series of inductor (Ls), distributed elements resistance (R) and
constant phase elements (Q) connected in parallel, which is LsRs (R101) (R202) (R303)
(R40Q1) (R505) [20]. Although CNLS fitting captures the overall impedance trend (ohmic
and polarization resistances) as listed in Table 1, the strong overlap between arcs
introduces uncertainty in the physical assignment of individual circuit elements. In
systems where microstructural heterogeneity is reduced, and electrochemical processes
occur on similar timescales, the impedance response tends to merge individual relaxations
into a composite feature rather than distinct, isolated peaks. Overlap can result when
charge transfer, mass transport, and surface exchange steps are tightly coupled, or when
the physical pathways for these processes (e.g., electronic and ionic conduction networks)
are highly interconnected, resulting in a distribution of relaxation times that smears
individual contributions into overlapping signals [21].

To elucidate the underlying reaction mechanisms and to decouple the electrochemical
responses originating from the cathode and anode, the impedance spectra were further
analyzed using the Distribution of Relaxation Times (DRT), as shown in Figure 4. In a
heterogeneous structure (Figure 4(a)), different phases (mixed ionic-electronic
conducting BSCF, metallic Ni particles, grain boundaries, and triple-phase boundary
regions) contribute unique resistive and capacitive elements with disparate kinetics,
leading to resolvable peaks each attributable to a particular physical process [21,22]. By
contrast, the homogeneous BSCF-Ni sample (Figure 4(b)) shows overlapping peaks that
are broader and less well separated along the frequency axis, reflecting a more uniform
microstructure and closely spaced time constants for the contributing processes [21].



Table 1. Ohmic resistance (R,) and polarization resistance (Rp) extracted from CNLS

Sample Ohmic resistance Polarization resistance (Rp), Q.cm?
(Ro), Q.cm? Ry Ry R; Ry Rs Total
Rp
Heterogeneous 13.27 545 2.07 132 1.02 034 10.20
BSCF-Ni
Homogeneous 23.84 921 239 205 125 047 1537
BSCF-Ni
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Figure 4. DRT plot for a) heterogeneous BSCF-Ni and b) homogeneous BSCF-Ni with
sub-process at different frequency regions

Table 2. Ohmic resistance (R,) and polarization resistance (Rp) extracted from DRT

Sample Ohmic resistance Polarization resistance (Rp), Q.cm?
(Ro), Q.cm? Ry Ry R; Ry Rs Total
Rp
Heterogeneous 13.27 6.00 256 1.17 0.62 045 10.80
BSCF-Ni
Homogeneous 23.84 11.14 449 231 1.51 1.87 21.32
BSCF-Ni

The comparable ohmic resistance (R,) values obtained from both DRT (Table 2) and
CNLS (Table 1) analyses indicate that R, is primarily governed by bulk electrolyte and
contact resistances, which are accurately determined from the high-frequency intercept
of the impedance spectrum and are largely independent of the analysis method [14]. In
contrast, the polarization resistance (R;) derived from DRT is consistently higher than
that obtained from CNLS fitting, particularly for the homogeneous BSCF-Ni cathode,
because CNLS relies on predefined equivalent circuit models that can oversimplify
complex electrode behavior by merging or underestimating overlapping electrochemical
processes with similar time constants [23,24,25]. DRT analysis provides a model-free
deconvolution of the impedance response, enabling clearer resolution of multiple
relaxation processes (P1—Ps) associated with charge transfer, oxygen surface exchange,
solid-state diffusion, and mass transport, which are often masked in CNLS analysis
[14,26]. As a result, DRT captures additional resistive contributions from electrode



kinetics and transport limitations, making it more sensitive to microstructural differences
between heterogeneous and homogeneous BSCF-Ni electrodes and providing a more
physically representative interpretation of their electrochemical behavior.

The DRT analysis clearly resolves five relaxation processes (P1-P5), which are
consistently observed in both heterogeneous BSCF-Ni and homogeneous BSCF-Ni, as
commonly observed in well-defined SOFC electrodes [27,28]. In both configurations, the
high-frequency peak P: (10°—10° Hz) is attributed to charge transfer across the electrolyte
cathode interface; however, its lower magnitude in the heterogeneous cathode indicates
reduced interfacial resistance and improved electronic percolation arising from spatially
optimized Ni and BSCF domains [29,30,31]. The intermediate-frequency peaks P2 and P3
(10°-10° Hz), associated with oxygen surface exchange and near-surface oxygen
diffusion, are better resolved and less intense in the heterogeneous structure, suggesting
accelerated ORR kinetics and weakened kinetic coupling due to hierarchical nanotube—
nanosphere morphology [30,32,33]. In contrast, the homogeneous cathode exhibits
broadened and overlapping P>—P. features, indicating convergence of surface exchange,
adsorption, and diffusion time constants, a hallmark of microstructurally constrained
mixed ionic and electronic conducting cathode (MIEC) cathodes [29,34]. Furthermore,
the reduced low-frequency contribution (Ps) in the heterogeneous electrode confirms
enhanced gas transport enabled by interconnected porosity, whereas the homogeneous
structure displays a stronger gas-diffusion-related response [29,30,34]. The DRT peak
denotation and mechanism interpretation are tabulated in Table 3.

Table 3. DRT peak denotation and mechanism interpretation

Peak Frequency Dominant process Heterogeneous BSCF- Homogeneous
range (Hz) Ni BSCF-Ni
P 10°>-10° Charge transfer at ~ Sharp, lower intensity =~ Higher intensity
the electrolyte— — fast interfacial — localized
cathode interface  kinetics and good electronic
electronic pathways bottlenecks
P> 10107 Oxygen Reduced magnitude Stronger, broader
incorporation/ — enhanced ORR — slower surface
surface exchange  activity and abundant  exchange
active sites
P3 10*-10* Near-surface Well-resolved — Overlapping with
oxygen diffusion  shortened diffusion P»/P+ — coupled
length via hierarchical kinetics
morphology
P4 ~10>-10° Oxygen Small contribution —  Noticeable peak
adsorption/desorpt  efficient gas—solid — limited
ion interaction adsorption
dynamics
Ps <102 Gas-phase Minimal — good pore Larger — gas
diffusion/pore connectivity transport
transport limitation




CONCLUSIONS

In conclusion, Ni-doping and tailoring the homogeneous BSCF structure into a
heterogeneous structure in the cathode result in lower resistance at T=750 °C. This
indicates that the Ni doping and structural tailoring function well as an oxygen reduction
electrode by enabling oxygen vacancy formation, along with fast oxygen incorporation
and diffusion kinetics, thereby enabling superior electrochemical activity for ORR. The
lowest R, of the cell obtained is 10.80 Q cm? for the heterogeneous BSCF-Ni cathode.
Although this polarization resistance remains higher than that reported in previous study,
the present study provides valuable insight into the influence of Ni incorporation and
heterogeneous nanostructuring on cathodic reaction mechanisms. Furthermore, DRT has
demonstrated its ability to differentiate between anode and cathode processes, providing
a deeper understanding of the cell’s electrochemical behavior. The indispensable role of
DRT as a complement to CNLS is highlighted by these advancements, paving the way
for further progress in PCFC technology.
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