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A B S T R A C T

Protonic ceramic cathodes have emerged as a vital component for enhancing the efficiency and performance of 
protonic ceramic fuel cells (PCFCs) due to their excellent protonic conductivity and intermediate operation 
temperature. In this work, the doping effect of transition metals in BaCe0.8X0.1Y0.1O3-δ (X = Ni, Co, and Cu, 
BCXY) perovskites was systematically investigated. The phase analysis via X-ray diffraction (XRD) studies 
confirmed the development of single-phase perovskite for all doped samples. Transmission electron microscopy 
(TEM) and Scanning electron microscopy (SEM) were employed to examine the surface morphology, revealing 
clear and well-defined crystallites. TEM mapping further demonstrated the uniform dispersion of dopants, 
indicating successful synthesis. X-ray photoelectron spectroscopy (XPS) further validates the elemental compo-
sition and purity of the samples. The lowest area-specific resistance (ASR) values were obtained for BCCuY at 750 
◦C, measuring 0.21 Ω⋅cm2 in dry air and 0.17 Ω⋅cm2 in wet air. The activation energies in wet air atmosphere 
were found to be in the order of BCCuY (0.64 eV) < BCCoY (0.76 eV) < BCNiY (1.12 eV), within the temperature 
range of 600 to 750 ◦C, suggesting that BCCuY has the lowest activation energy and potentially better catalytic 
activity in these conditions. Considering these results, BCCuY perovskite shows promise as a protonic ceramic 
cathode for PCFCs. The long-term chemical compatibility evaluation was performed at 800 ◦C for 100 hrs, which 
showed that all three electrode materials are chemically compatible with BCZY electrolyte. This work shows the 
strategy of doping transition metals in BaCeO3-δ-type oxides could be of great interest for the successful devel-
opment of novel oxygen electrodes for PCFCs.

1. Introduction

Solid oxide fuel cells (SOFCs) are environmentally friendly and 
highly efficient devices that convert a wide variety of fuels, such as 
biogas, natural gas, and hydrogen directly to electricity. Due to their low 
CO2 emissions, SOFCs are among the cleanest technologies [1]. Research 
on SOFCs has been conducted across the world. However, high cost and 
materials compatibility are challenging due to the required high oper-
ation temperature. Therefore, a lot of efforts have been made to 
construct low and intermediate-temperature range SOFCs [2–4]. Based 
on the charge carriers facilitated by the ion moment in the electrolyte, 

SOFCs are classified into two main categories: protonic ceramic fuel cells 
(PCFCs) and oxygen ion-conducting SOFCs (O-SOFCs). In O-SOFCs, the 
primary charge carriers are oxygen ions (O2-) while the charge carriers 
in PCFCs are proton ions (H+). Compared to O-SOFCs, the PCFCs are 
more suitable to operate at low and intermediate temperatures due to 
the smaller activation energy required for the diffusion of proton ions, as 
the size of proton ions is smaller than oxygen ions. Additionally, the 
water formation takes place at the anode in O-SOFCs which dilutes the 
fuel. While in PCFCs, the water produced at the cathode prevents the 
fuel’s dilution resulting in enhancing the fuel utilization and overall 
performance [5,6]. Developing suitable electrode materials for PCFCs is 

* Corresponding author.
E-mail address: zheng@agh.edu.pl (K. Zheng). 

Contents lists available at ScienceDirect

Electrochimica Acta

journal homepage: www.journals.elsevier.com/electrochimica-acta

https://doi.org/10.1016/j.electacta.2025.146127
Received 28 November 2024; Received in revised form 9 March 2025; Accepted 27 March 2025  

Electrochimica Acta 525 (2025) 146127 

Available online 29 March 2025 
0013-4686/© 2025 Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

https://orcid.org/0000-0002-8866-464X
https://orcid.org/0000-0002-8866-464X
mailto:zheng@agh.edu.pl
www.sciencedirect.com/science/journal/00134686
https://www.journals.elsevier.com/electrochimica-acta
https://doi.org/10.1016/j.electacta.2025.146127
https://doi.org/10.1016/j.electacta.2025.146127
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2025.146127&domain=pdf


always a challenge, as the PCFCs operate at low temperatures, causing a 
significant increase in the cathode’s polarization resistance [7]. The 
high polarization resistance limits the performance of the cell. To design 
high-performance cathode materials for PCFCs, two key aspects are 
pivotal: ensuring the efficient transport of both oxygen and proton ions 
within the cathode materials and enhancing the ORR activity at low 
temperatures. The introduction of dual proton and oxygen ions con-
ductivities into the cathode materials increases the active sites which 
has a direct effect on enhancing ORR activity [8].

In the recent decade, BaCeO3-based materials have attracted 
worldwide attention due to their potential application in PCFCs. At low 
temperatures, BaCeO3-based oxides possess high proton conductivity in 
the presence of humid hydrogen [9–11]. Therefore, BaCeO3 doped with 
transition metals can be applied as electrode candidates for PCFCs. 
However, the BaCeO3 core material exhibits poor chemical stability in 
the presence of atmospheric containing CO2 and H2O. Which limits such 
materials from being used in future SOFC applications [11]. The 
chemical reactions of BaCeO3 with the atmosphere containing CO2 and 
H2O are: 

BaCeO3 + CO2 → BaCO3 + CeO2                                                    (1)

BaCeO3+ H2O → Ba(OH)2 + CeO2                                                  (2)

To overcome the problems discussed above, researchers are using 
different approaches, either by making composite electrodes of BaCeO3- 
based materials or doping some transition metals in BaCeO3 to improve 
the performance of electrode materials for fuel cells. Significant research 
work has been done to develop novel oxygen electrode materials for 
PCFCs to enhance the performance of oxygen reduction reaction (ORR) 
and lower polarization resistance at low temperatures [12].

Sun et al. [13] fabricated a composite of BaCe0.8Sm0.2O3-δ with 
Ce0.8Sm0.2O2-δ and reported that the final composite has better chemical 
stability and smaller electronic conductivity compared to the pure 
BaCe0.8 Sm0.2O3-δ and Ce0.8Sm0.2O2-δ respectively. The stability of the 
composite (BaCe0.8Sm0.2O3-δ-Ce0.8Sm0.2O2-δ) is improved because 
Ce0.8Sm0.2O2-δ is used as protection from corrosion due to H2O and CO2 
for BaCe0.8Sm0.2O3-δ, and the lower electronic conductivity is due to the 
reduction of Ce0.8Sm0.2O2-δ and electron blocking effect of 
BaCe0.8Sm0.2O3-δ in the composite. Zhu et al. [14] developed and 
investigated a composite of BaCe0.8Y0.2O3-δ with Ce0.8Sm0.2O2-δ and 
reported that it exhibits both oxygen and hybrid proton ion conductiv-
ities. In (BaCe0.8Y0.2O3-δ-Ce0.8Sm0.2O2-δ) composite oxides, the oxygen 
ion conductivity arises due to Ce0.8Sm0.2O2-δ, and the protonic con-
ductivity originated from the BaCe0.8Y0.2O3-δ perovskite oxide. Raza 
et al. [15] prepared Sm/Zr-doped CeO2 (ZSDC)-K/Na2CO3 composite 
oxide and observed an ionic conductivity of 0.1 cm-1 at a lower tem-
perature of about 500 ◦C, and the cell’s power density reached up to 700 
mWcm-2.

To enhance the overall performance of BaCeO3-based materials, 
some researchers built up an idea to replace partially Ce in BaCeO3 with 
single element Nb [16], Ti [17], Zr [18], In [19], etc. From these studies, 
it is observed that Zr-doped BaCeO3 showed the best comprehensive 
performance of chemical stability and conductivity. However, the 
enhancement in chemical stability of Zr-doped BaCeO3 was limited. 
Another serious problem is the sintering properties of BaZrO3 materials 
[18]. Bi et al. [19] Doped Indium in BaCeO3-based materials and 
observed enhancement in both chemical stability and the sintering 
performance but it had a little effect on the conductivity. When Y was 
doped in BaCeO3-base materials it improved the electrical conductivity, 
but the chemical stability remained poor [20–22].

Medvedev et al. [23] summarized a good strategy to enhance the 
overall electrochemical performances of BaCeO3-based materials to be 
used in SOFCs: (i) Co-doping of BaCeO3 by two different metals, (ii) 
co-doping of BaCeO3 by non-metal and metal, and (iii) Composite with 
BaCeO3 base materials in which the addition phase has high chemical 
stability. The co-doping approach in BaCeO3 is prevalent, in which one 

element improves chemical stability while the other element enhances 
the conductivity (ionic and electronic) of the perovskite structure. E.g., 
BaIn0.3-xYxCe0.7O3-δ (x = 0, 0.1, 0.2, and 0.3) [24], BaCe0.7Ta0.1In0.2O3-δ 
[25] and BaCe0.7Ta0.1Y0.2O3-δ [26] expressed good performance in 
chemical stability against atmospheres containing H2O and CO2. How-
ever, the protonic and electronic conductivities are still lower.

During the last two decades, traditional cathodes designed for O- 
SOFCs were predominantly employed for PCFCs, e.g. Ba0.5Sr0.5Co0.8-

Fe0.2O3-δ [27] and La0.6Sr0.4Co0.2Fe0.8O3-δ [28]. Although these mate-
rials demonstrated high kinetics for the ORR in O-SOFCs as cathodes, 
their performance as cathodes for PCFCs has not met the desired ex-
pectations. For example, the famous cathode (Sm0.5Sr0.5CoO3-δ) showed 
a much higher power density of 660 mWcm− 2 at 700 ◦C for O-SOFCs 
than 307 mWcm− 2 for PCFCs [29,30]. With continuous advancements in 
cathode research, nowadays specifically cathode materials are being 
designed for PCFCs. Duan et al. [31] designed a novel 
BaCo0.4Fe0.4Zr0.1Y0.1O3-δ cathode which exhibits triple conductivities 
(electronic, oxygen, and proton ion) and demonstrated high catalytic 
activity in ORR for PCFCs at both low and intermediate temperatures. 
Kim et al. [32] developed triple-conducting NdBa0.5Sr0.5Co1.5Fe0.5O5+δ 
as a cathode for PCFCs which showed a high-power output of 1370 
mWcm− 2 at 700 ◦C. Xia et al. [33] co-doped Sn and Bi in BaFeO3-δ 
material and developed BaFe0.5Sn0.2Bi0.3O3-δ as cathode for PCFCs, 
which showed a high peak power density of 1276 mWcm− 2 at inter-
mediate temperature. Wei et al. [34] co-doped Ce and Y in BaFeO3-δ and 
synthesized BaCe0.8Fe0.1Y0.1O3-δ as cathode for PCFCs, demonstrating a 
high-power density of 750 mW cm− 2 and low polarization resistance of 
0.05 Ω cm2 at 700 ◦C. Liang et al. [35] developed Ni-doped 
BaCo0.4Fe0.4Zr0.1Y0.1O3-δ and Ba(Co0.4Fe0.4Zr0.1Y0.1)0.95Ni0.05O3-δ as 
cathode materials for both PCFCs and O-SOFCs, which exhibit high ORR 
activities and very low polarization resistances of 0.607 and 0.038 Ω 
cm2 at 550 ◦C, respectively. A recent study by Ding et al. [36] reported 
that triple-conducting PrNi0.5Co0.5O3-δ material displayed high electro-
chemical performance in both electrolysis and fuel cell modes as elec-
trodes for PCFCs.

Perovskite materials, represented by a general formula ABO3 which 
comprises a 3D framework, the A site is inhabited by cations of larger 
size such as rare earth or alkaline earth metals while the B site is 
inhabited by transition metals of smaller cations. The O-site depicts the 
oxygen anions that form octahedral coordination around the B-site. 
These perovskite materials are famous for the flexibility they offer in the 
modification of their chemical compositions. The A and B sites can be 
doped by different elements while the overall perovskite structure re-
mains sustained. To date, doping has been broadly used to modify the 
overall (bulk and surface) properties of perovskites resulting in 
enhancing their physicochemical characteristics including ORR activity.

Based on the studied literature, BaCe0.8Y0.2O3-δ (BCY) perovskite 
material has only ionic conductivities (O2- and H+) and could be used as 
electrolyte materials. This work aims to enhance BCY by introducing 
electronic conductivity via doping transition metals and enabling them 
to be used as electrode materials for PCFCs. In this work, three transition 
metals Ni, Co, and Cu were doped into BaCe0.8X0.1Y0.1O3-δ perovskite, 
referred to as BCXY (where X = Co, Ni, or Cu), using the sol-gel method. 
The doping of these transition metals in BaCe0.8Y0.2O3-δ (BCY) perov-
skite can possibly introduce triple conductivities. When the B-site of the 
perovskite is occupied by the transition metal cations, the electronic 
conductivity can be introduced, while the ionic conductivities (O²⁻ and 
H⁺) originate from the parent (BCY) perovskites. Additionally, the 
presence of the metal cation in perovskite, which easily changes its 
valence, results in high catalytic activity. The phase analysis, structural 
and microstructural, elemental distribution, and electrochemical prop-
erties of BCXY cathode materials were studied and explained in detail.
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2. Experimental section

2.1. Cathode preparation

The BaCe0.8X0.1Y0.1O3− δ (BCXY; X = Ni, Co, Cu names as BCNiY, 
BCCoY, and BCCuY, respectively) powders were prepared using the sol- 
gel technique to ensure the homogeneity of the mixed nitrates. Pre-
cursors including Ba(NO3)2, Ce(NO3)3⋅6H2O, Y(NO3)3⋅6H2O, Ni 
(NO3)2⋅6H2O, Co(NO3)2⋅6H2O and Cu(NO3)2⋅3H2O were dissolved 
individually in deionized water, along with glycine and citric acid. These 
solutions were then combined with a molar ratio of 1:2:1 to ensure 
thorough mixing, followed by stirring for 2 h. The pH of the solution was 
balanced to 7 using an appropriate amount of ammonia solution. Next, 
the solution was heated on a stirrer at 90 ◦C until the water evaporated, 
yielding a blue viscous gel. This gel was subsequently dried in an air 
oven at 180 ◦C for 10 h to eliminate organic residues, resulting in the 
formation of brown ashes. Finally, the brown powders were heated in an 
air furnace at 1000 ◦C for 8 hrs to achieve complete crystallization of the 
BCXY perovskite structure, avoid secondary phases and decomposition, 
allow enough time for proper incorporation of the transition metal 
dopants into the BCY lattice, and obtain the proper phase homogeneity. 
During the calcination process, the heating and cooling rates were set to 
3 ◦C per minute to facilitate uniform grain growth and reduce the 

thermal stress. The calcined powders were then ground into fine powder 
using a mortar and pestle (Fig. 1).

2.2. Characterizations

X-ray diffraction (XRD) analysis was performed using a Panalytical 
X’Pert Pro instrument with Cu Kα radiation (λ = 1.5406 Å) operated at 
40 kV and 30 mA, and in a 2-theta range of 20–80◦ coupled with a 
goniometer (1/4 0.008

◦

step size) to study the crystal structure of the 
BCNiY, BCCoY, and BCCuY perovskite cathode materials. The Rietveld 
refinement of XRD measurement was carried out using X’Pert high score 
plus software. Scanning field emission electron microscopy (FE-SEM) 
using MIRA3-TESCAN; JEOL JSM-7500 F equipment and X-ray energy 
dispersive spectroscopy (EDS) using INCA PentaFetx 3 equipment were 
performed to study the surface morphology and constituent elements of 
BCNiY, BCCoY, and BCCuY cathode materials. The FE-SEM and EDS 
equipment are coupled with each other. To prevent charging during EDS 
and SEM analysis a very thin layer of Au was coated to the surface of 
BCNiY, BCCoY, and BCCuY cathode powders. Transmission Electron 
Microscopy (TEM) was performed using a scanning transmission elec-
tron microscope (S/TEM) and Titan Themis 200 keV (FEI) to obtain the 
high-resolution (HR) TEM images and TEM-EDS mapping of BCNiY, 
BCCoY, and BCCuY cathode materials. The sample preparation for TEM 

Fig. 1. Schematic illustration of obtaining BaCe0.8X0.1Y0.1O3-δ (BCXY; X=Co, Ni, and Cu) powders through the sol-gel method.
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analysis was done by suspending them in the acetone via ultra-
sonication. Eventually, the suspensions were applied carefully onto Au 
grids painted with holey carbon to ensure even distribution for precise 
analysis. Fourier transform infrared spectroscopy (FTIR) was performed 
using IRTracer–100FTIR Spectrometer to examine the functional groups 
and chemical bonds of BCNiY, BCCoY, and BCCuY cathode materials.

The X-ray Photoelectron Spectroscopy (XPS) studies were performed 
using a Kratos Axis Ultra DLD photoelectron spectrometer in a multi-
chamber Ultrahigh Vacuum (UHV) system coupled with a hemispherical 
analyzer (SES R4000, Gammadata Scienta). To generate the core exci-
tation, an X-ray source (non-monochromatized Mg Ka, 1253.6 eV) with 
an anode operating at 15 mA and 12 kV was employed. The energy 
resolution of the system operating at a fixed pass energy of 100 eV was 
0.9 eV. During the experiment, the pressure in the chamber was about 1 
× 10–9 mbar, and the base pressure was about 1 × 10–10 mbar. The 
analysis area of the sample was about 4 mm2. To fix the measured 
spectra for surface charging the binding energy of the involuntary car-
bon species was used (C 1 s line at BE = 285.0 eV). CasaXPS software 
version CasaXPS 2.3.23 was used to fit the obtained data from XPS 
measurements. Thermogravimetry (TG) and differential scanning calo-
rimetry (DSC) using Thermo Analyzer NETZSCH STA 449 F5 Jupiter was 
performed in artificial air (50 mL min-1) at a heating rate of 12 ◦C min-1 

to study simultaneously the thermal analysis and stability of BCNiY, 
BCCoY, and BCCuY cathode materials. For the reference substance, an 
empty a-Al2O3 crucible was used. For the assessments, ca. 12 mg of 
powdered sample was fired from 35 to 1200 ◦C in a corundum crucible.

Dynamic light scattering (DLS) technique was performed using a 
Mastersizer 3000 analyzer to examine the particle size distribution in 
terms of volume % of BCNiY, BCCoY, and BCCuY powder materials.

For the calculation of crystallite size, the Scherer Eq. (3) is used [37]. 

D =
Kλ

βCosθ
(3) 

Where K = 0.94 Scherer constant, D is crystallite size, θ is Braggs 
diffraction angle, and λ = 1.540562 Å wavelength of X-ray.

2.3. Cell preparation and electrochemical performance

BaCe0.875Mo0.025Y0.2O3-δ (BCM0.025Y) pellets served as electrolytes 
for electrochemical impedance spectroscopy (EIS) measurements. 
Whereas BCXY (X= Ni, Co, Cu) cathode powder pastes were screen- 
printed in a round shape on both sides (symmetric electrodes) of the 
BCM0.025Y pellets using a screen printer (Aremco 3230). These pastes 
were carefully mixed with the ink vehicle to obtain the required 

rheological properties. After three depositions on each side, the elec-
trodes underwent drying treatment in an oven at 90 ◦C for 15 min. 
Subsequently, the cells were sintered in an air furnace at 900 ◦C for 2 h 
with a 3 ◦C/min heating and cooling rate.

The silver paste (FuelCellMaterials) in the form of a mesh pattern 
was coated using a proper brush on both sides of the electrodes, heated 
at 750 ◦C for 30 min, and was used as the current collector. The sym-
metrical cells were examined to calculate the electrode polarization 
resistance between 600–750 ◦C in dry and wet (3 vol. % H2O) air 
atmospheres.

The electrochemical performance of the fabricated symmetrical cells 
was analyzed using the Solartron 1252A frequency response and 
Solartron SI 1287 electrochemical interface. Impedance spectroscopy 
was employed in the 0.1 Hz–1 MHz frequency range under open-circuit 
conditions with a 25 mV of perturbation amplitude. The total interfacial 
polarizations and ohmic resistance (RΩ) with cathode and anode con-
tributions (Rp = Rc + Ra) were refined relative to the l-RΩ-(RQ)HF-(RQ)LF 
equivalent circuit, where Q represents - capacitive constant phase 
element, R - resistance, L -inductance, LF - low-frequency and HF - high- 
frequency contributions respectively. The Z-view software was used for 
the EIS fitting.

2.4. Chemical compatibility assessment of BCNiY, BCCoY and BCCuY 
with typical electrolyte

The BCNiY, BCCoY, and BCCuY cathode materials were assessed for 
their chemical compatibility with BaCe0.6Zr0.2Y0.2O3-δ (BCZY, Fuel Cell 
Materials) proton conducting electrolyte. In the assessment, the BCNiY, 
BCCoY, and BCCuY cathode materials were mixed with BCZY electrolyte 
powder in a 1:1 wt ratio and ground with the help of a mortar and pestle 
for about 15 min to obtain a fine powder. After the proper mixing, the 
powders were annealed in an air furnace at 800 ◦C for 100 h. At last, the 
XRD studies were performed on the annealed powders at room 
temperature.

3. Results and discussion

3.1. Crystal structure properties of BaCe0.8X0.1Y0.1O3− δ compounds

The XRD pattern depicted in Fig. 2a illustrates the combined pattern 
of BCNiY, BCCoY, and BCCuY cathode material powders, showcasing 
prominent reflection peaks corresponding to BaCe0.8Y0.2O3-δ (BCY), 
such as (002), (022), (213), (422), and (024). These peaks confirm the 
orthorhombic symmetry and perovskite phase of BCY, consistent with 

Fig. 2. XRD patterns of BCNiY, BCCoY, and BCCuY are a) synthesized at 1000 ◦C for 8 h, b) along with the magnified XRD spectra.
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the JCPDS-82–2425 reference. The XRD patterns of BCCoY and BCCuY 
exhibit pure phase perovskite, while the BCNiY pattern reveals small 
impurity peaks attributed to the BaNi0.83O2.5 phase of rhombohedral 
symmetry, as indicated by JCPDS-01–082–1913. Such impurity phases 
are commonly encountered during the synthesis of BCY materials con-
taining Ni, reported in studies utilizing combustion nitrate-based [38,
39] and solid-state routes [40].

Notably, Tong et al. [40] extensively investigated the formation of 
such impurities in Ni-based BZY materials, suggesting their occurrence 
at temperatures exceeding 900 ◦C, persisting even at temperatures up to 
1500 ◦C. These impurities have been associated with increased grain 
growth and density in BZY materials [40], albeit later studies revealed 
impediments to proton conductivity, resulting in elevated activation 
energy for conduction [41,42]. Despite the presence of Cu, Co, and Ni 
dopants in the materials, their metallic peaks are not observable in the 
XRD pattern, which indicates that Cu, Co, and Ni cations have been 
successfully incorporated into the BCY perovskite structure. This means 
the Cu, Co, and Ni atoms have replaced or occupied positions within the 
BCY lattice rather than forming a separate or secondary phase. The 
average crystallite sizes determined using Scherer’s Eq. (1) are calcu-
lated to be 54.52 nm, 51.26 nm, and 63.88 nm for BCNiY, BCCoY, and 
BCCuY, respectively. The magnified XRD spectrum of the (002) peak is 
shown in (Fig. 2b). Shifting of the Peak in XRD directly reflects the 
change in the crystal structure due to the difference in ionic radii. When 
larger cations replace smaller cations in the lattice, the unit cell expands, 
the interplanar spacing (d) increasing. According to Bragg’s law, this 
results in a shift to lower angles (θ). Conversely, when smaller cations 

replace larger cations, the unit cell contracts, decreasing the d spacing, 
causing the shift to higher angles. Peak shifting in the magnified 
diffraction peak (002) is due to the modified lattice parameters caused 
by the difference between the ionic radii of the doped metal cations (Ni 
(Ni2+ = 0.69 Å), Cu (Cu2+ = 0.73 Å), and Co (Co2+ = 0.745 Å and Co3+

= 0.61 Å)) relative to the other components (Ce, Y) in the B site of 
perovskite materials (BCY).

3.2. Spectral analysis and thermal stability of BaCe0.8X0.1Y0.1O3− δ 
materials

Fig. 3a displays the FTIR spectroscopy spectra of BCNiY, BCCoY, and 
BCCuY cathode materials, heated at 1000 ◦C for 8 h, in the 400–4000 
cm-1 range. All three cathode materials show similar spectra. A weak, 
broad peak at 3600–3300 cm-1 is related to the O–H stretching vibration 
due to the presence of OH groups and water adsorption on the surface of 
barium cerate. The formation of proton defects is associated with the 
filling of oxygen vacancies by the OH group resulting in enhancing 
proton conductivity [43].

The stretching vibration observed at ~415 cm-1 is assigned to MO6 
(metal octahedral oxygen). Prominent spectral peaks at positions 410, 
404, and 430 cm-1 for BCNiY, BCCoY, and BCCuY, respectively, corre-
spond to the stretching vibration modes correlated with the bridging 
bond M-O-M, indicating structural distortion due to differences in the 
size of Ni, Cu, and Co. The successful doping of transition metal- ions 
into the host material is confirmed by the substantially intense observed 
peaks in the case of BCCuY, aligning with the XRD results [44].

Fig. 3. a) Fourier Transform Infrared Spectroscopy (FTIR) spectra of BCNiY, BCCoY, and BCCuY calcined at 1000 ◦C for 8 h, b) mass change, and c) DSC mea-
surements for BCNiY (Blue curve), BCCoY (Black curve) and BCCuY (Red curve) compounds in air.
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Weak bands in the range of 1415–1430 cm-1 can be assigned to the 
C–Ostr vibrations of CO3

2- species (present in the system) and asym-
metric and bending stretching [43].

The oxygen content change and thermal stability of BCNiY, BCCoY, 
and BCCuY cathode materials powders were analyzed through different 
thermogravimetric analysis (TGA) (Fig. 3b) and differential scanning 
calorimetry (DSC) (Fig. 3c) in the temperature range 25–1200 ◦C in an 
air atmosphere. The observed mass loss in the 25–200 ◦C range is 
attributed to water evaporation absorbed on the powders’ surface, while 
the mass loss in the 200–700 ◦C temperature range is due to the creation 
of some oxygen vacancies in the cathode materials and dehydration of 
the perovskite lattices.

The total mass loss for BCNiY, BCCoY, and BCCuY was 1.8 %, 1.4 %, 
and 0.8 %, respectively. The higher mass loss in BCNiY compared to 
BCCoY and BCCuY was observed, possibly due to the amount of gener-
ated oxygen vacancies and the additional impurities as explained in XRD 
(Fig. 2). Overall, all three cathode materials present remarkable chem-
ical stability. DSC measurements supported the TGA results depicted in 
Fig. 3c. No exothermic and endothermic peaks were observed in the DSC 
graph, which indicates that there is no phase transition. The endo-
thermic and exothermic peaks in the DSC graph indicate phase transi-
tions, where heat is released or absorbed by the material. Therefore, the 

absence of such peaks suggests that no phase transitions occur within the 
tested temperature range, and during the experiment, the materials 
remain in a stable phase.

3.3. Surface topography and elemental analysis of BCNiY, BCCoY and 
BCCuY cathodes

Fig. 4 depicts the surface morphology of BCCoY (Figs. 4a and b), 
BCCuY (Figs. 4d and e), and BCNiY (Figs. 4 g and h) powders, providing 
a comprehensive view from lower to higher magnifications. The SEM 
images highlight the porous nature of these cathode materials, a char-
acteristic that can significantly enhance catalytic activities by providing 
more active sites for reactions. Throughout the images, particles are 
observed to be distributed relatively uniformly across all structures, 
indicating a well-connected network that can enhance electrochemical 
performance and conductivity [45]. Notably, BCCuY appears to have 
smaller particles with less agglomeration compared to BCCoY and 
BCNiY at similar magnification. This suggests an optimized micro-
structure, which is essential for achieving high-performance cathode 
materials for PCFCs. The Dynamic light scattering (DLS) technique was 
performed to examine the particle size distribution in terms of volume % 
of BCNiY, BCCoY, and BCCuY powder materials, and the obtained 

Fig. 4. Surface morphologies from lower to higher magnifications along with the EDS spectra of a-c) BCCoY, d-f) BCCuY, g-i) BCNiY cathode powders.
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results are shown in the supplementary file Fig. S3. The DLS results 
show that the BCCuY sample has a more significant smaller particle size 
contribution than BCCoY and BCNiY.

Furthermore, the SEM images also reveal differences in material 
densification among the three cathode materials. While BCNiY exhibits 
the most densified structure along with the particle agglomeration 
which may lead to a decrease in the electrochemical performance. 
Conversely, BCCoY shows an intermediate level of densification. These 
variations in microstructure underscore the importance of carefully 
optimizing synthesis parameters to achieve desired material character-
istics and performance outcomes. In addition to SEM analysis, the 
elemental analysis of the powder materials was measured using Energy- 
dispersive X-ray Spectroscopy (EDS). The EDS spectra (Figs. 4c, f, and i) 
confirm the presence of all elements expected based on the chemical 
formula, providing further validation of the synthesis process. The peaks 
in the spectra correspond to the elements listed in the formula, indi-
cating successful synthesis and adherence to the intended composition.

Figs. 5a, d, and g show the transmission electron microscopy (TEM) 
images of the powder samples of BCNiY, BCCoY, and BCCuY materials. 
The Fast Fourier Transform (FTT) was performed on the indicated areas 

of the TEM images. The spots in the FTT images correspond to the 
interplanar distances present in these indicated areas. The measure-
ments of these distances allowed phase confirmation and determination 
of the particle’s orientation. The distances between the lattice fringes are 
shown in the zoomed region from HR-TEM images. The diffraction spots 
in BCNiY correspond to the lattice spacing of 3.51 Å and 4.35 Å which 
could be indexed to (111) and (200) miller planes. In BCCoY the 
diffraction spots correspond to the lattice spacing of 4.38 Å which could 
be indexed to (200) miller plane and the diffraction spots in BCCuY 
correspond to the lattice spacing of 4.35 Å and 3.05 Å which could be 
indexed to (011) and (020) Miller planes. The high-resolution images of 
BCNiY, BCCoY, and BCCuY shown in Fig. 5b, e, and h directly reveal 
these lattice planes, respectively.

The presence of the perovskite-type structure is proven by the HR- 
TEM, with all the observed spots in the FTT pattern assigned to the 
Pcmn space group (Fig. 5c-i).

Figs. 6a-f show the TEM-EDS mapping of the powder samples of a, b) 
BCNiY, c, d) BCCoY, and e, f) BCCuY cathode materials. The dopant 
materials are uniformly dispersed in the corresponding crystal structure, 
showing the successful incorporation of dopant elements into the crystal 

Fig. 5. TEM images a, d, g) of the powder samples of BCNiY, BCCoY, and BCCuY cathodes respectively, b, e, h) HR-TEM images measured for ground powder, and c, 
f, i) the zoomed region with the inset showing the corresponding FTT pattern with indexed spots assigned to the perovskite structure.
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lattice. The synthesized materials are well prepared without any clus-
tering or segregation of the dopant materials in the parent structure. 
This indicates that no secondary phase was present in the as-prepared 
single-phase BCY, as confirmed by XRD results (Fig. 2). As confirmed 
by the EDS spectra, the absence of impurities suggests that the synthesis 
and doping processes were well-controlled, free from contamination, 
and ensuring high material purity which is essential for high electro-
chemical performance.

3.4. Valence state analysis of transition metals in BCNiY, BCCoY, and 
BCCuY compounds

The XPS studies give information about the chemical bonding, 
oxidation state, and chemical composition of the individual elements. 
Figs. 7a, d, and g show the XPS full spectra of BCNiY, BCCoY, and 
BCCuY, respectively. Ni 2p spectrum was resolved in two characteristic 
Ni 2p1/2 and Ni 2p3/2 peaks, located at 851.18 eV and 859.74 eV, 
respectively, as shown in Fig. 7b These peaks could be related to the 
Ni2+ oxidation state which may exist in the form of Ni(OH)2 or NiO [46]. 
In Fig. 7e, the Co 2p1/2 and Co 2p3/2 core level spectra are deconvoluted 
to peaks at a binding energy of 794.55 eV and 779.15 eV for Co3+, which 
are accordant with those studied in the literature [47]. The splitting of 

the spin-orbital between the 2p1/2 and Co 2p3/2 peaks is 15.8 eV, 
showing the coexistence of the Co2+ and Co3+ species [47]. Neverthe-
less, it should be noted that this does not exclude the occurrence of Co2+, 
as the peaks for Co2+are commonly appraised to overlap with the peaks 
for Ba2+ and Co3+ [48]. Therefore, it is very difficult to fit the Co 2p 
peaks to determine quantitatively the surface of Co valence. Besides this, 
it can be concluded that Co3+ could be the main valence state which is 
consistent with the reported literature data [49].

Fig. 7h shows the XPS core level spectra of Cu 2p at 2p1/2 and 2p3/2 
of the BCCuY cathode material. The first peak corresponds to Cu (0) or 
metallic copper which can be assigned to the presence of a surface CuO, 
and this could be due to the exposure of the sample to air. However, the 
binding energies (BE) of the Cu2+and Cu+ for the Cu 2p3/2 peaks are 
934.31 eV and 932.81 eV, respectively. The satellite peak at around 
941.80 eV can be assigned to the Cu2+species [50,51]. Interestingly, no 
spin-state transitions in Cu+/Cu2+ cations exist, demonstrating the 
absence of spin-state transition of Cu+/Cu2+, which contributes to the 
decrease in the thermal expansion coefficient of the BCCuY cathode 
material. The redox cycles of the cathode material are favored by mixed 
valences.

Considering that the reactive species of oxygen have primarily 
participated in the oxygen reduction reactions (ORR) on the cathode 

Fig. 6. TEM-EDS mapping of the powder samples: a-b) BCNiY, c-d) BCCoY, and e-f) BCCuY cathodes.
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side, the response of O 1 s might indicate a combination of different 
oxygen reaction processes and oxygen-related species (Figs. 7c, f, and i). 
The peaks at BE of 532.51 eV, 531.14 eV, and 528.51 eV, can correlate 
with hydroxyl groups (-OH or CO3

2− ) surface adsorbed oxygen (O2,ad), 
and lattice oxygen (O2− ), respectively [52]. The enhanced electro-
catalytic performance in the case of BCCuY cathode material (Fig. 7i) 
may be ascribed to the enhancement of proton (H+/OH− ) conduction 
and oxygen ion transport on the surface of the cathode [53,54]. The O 1 s 
peak at 532.51 eV might be due to impurities (hydroxyl/carbonyl 
groups) on the surface of the cathode.

3.5. Electrochemical impedance spectroscopy and activation energy 
studies

The shape of the graphs obtained from Electrochemical Impedance 
Spectroscopy (EIS) measurements is temperature-dependent, which 
could consist of three distinct semicircles in the high-frequency (HF), 
low-frequency (LF) regions, and medium-frequency (MF), [55,56]. The 
HF region often corresponds to the intrinsic properties of the bulk ma-
terial, such as the transport of charge carriers (ions or electrons) through 
the bulk of the ceramic grains. The MF region often includes contribu-
tions from grain boundary resistance (Rgb) and the associated capaci-
tance. These grain boundaries can significantly impact the overall 

impedance by introducing higher resistance than the bulk material [57]. 
Meanwhile, in the LF region, impedance is often dominated by elec-
trochemical reactions occurring at the electrode-electrolyte interface, 
such as charge transfer reactions and mass transport (diffusion) pro-
cesses [57]. To analyze the impedance spectra, they are fitted using 
equivalent electrical circuits (EECs). The selected EEC model consists of 
three subcircuits which are connected in series, each consisting of a 
parallel combination of a resistor and a constant phase element (CPE). 
The impedance of a CPE is expressed by the formula: 

ZCPEi =
1

2πfoCi

(
fo

jf

)α

(4) 

whereas, 

f= Frequency, fo= Reference frequency (fo= 1000 Hz), j = Imaginary 
unit
Ci = Capacitance at the reference frequency, i = Number of pairs of 
(R, CPE)
α = Coefficient but its values vary between 0.5 and 1, for capacitor, it 
is 1 and for diffusion, it is 0.5 [58].

The EIS measurements were conducted under dry and wet air 

Fig. 7. XPS Spectra of a-c) BCNiY, d-f) BCCoY, and g-i) BCCuY.
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atmospheres, with temperatures, ranging from 600 to 750 ◦C. Wet air 
refers to "humidified air" with 3 vol. % water at room temperature. The 
airflow rate was well controlled by a mass flow meter (controller). 
Figs. 8a-c display the experimental and fitted EIS data for BCNiY, 
BCCoY, and BCCuY electrodes under dry air, while Figs. 8d-f present the 
corresponding data for these electrodes under wet air. The BCNiY, 
BCCoY, and BCCuY electrodes exhibit good results in both dry and wet 
air atmospheres at 750 ◦C. All three electrodes demonstrate low polar-
ization resistance at intermediate temperature, with lower area-specific 
resistance (ASR) values observed under wet air conditions compared to 
dry air, indicating the presence of proton conductivity in the 

investigated cathodes. Among them, the BCCuY electrode shows the 
lowest polarization resistance in both environments. The ASR values of 
the BCNiY, BCCoY, and BCCuY electrodes at 750 ◦C under dry air are 
4.89, 2.45, and 0.20 Ω⋅cm2, respectively. In the wet air condition, those 
values are reduced to 3.19, 1.04, and 0.17 Ω⋅cm2, respectively, at the 
same temperature. In the wet air atmosphere, the presence of water 
vapor leads to the formation of a hydrated layer on the electrolyte and 
electrode surfaces. The formed hydrated layer facilitates the movement 
of ions especially protonic ions, by providing pathways that lower the 
energy barrier for ion transport. Also, the catalytic activity of electrode 
surfaces increases due to interaction with water molecules resulting in 

Fig. 8. EIS spectra of BCNiY, BCCoY, and BCCuY cathodes measured from 650 to 750 ◦C. The spectra are shown for a-c) the dry air atmosphere, and d-f) the wet air 
atmosphere. Additionally, the Arrhenius plot representing the activation energy is presented for g) dry air atmosphere, and h) wet air atmosphere.

Table 1 
Comparison of ASR values for various proton ceramic symmetrical cathodes at 750 ◦C temperatures.

Cathode Abbreviation Electrolyte T ( ◦C) / Atmosphere ASR (Ω⋅cm2) Ref

BaZr0.1Co0.4Fe0.4Y0.1O3-Sm0.2Ce0.8O2 BZCFY-SDC BZCY 700 (Dry Air) 0.32 [73]
La2NiO4+δ- BaCe0.2Zr0.7Y0.1O3− δ LN-BCZY BZCY 700 (Wet Air) 3.70 [74]
Nd1.9Ba0.1NiO4+δ NBN0.1 BZCYYb 700 (Wet Air) 1.70 [75]
Nd1.95Ba0.05NiO4+δ NBN BCZD 750 (Dry Air) 5.00 [76]
La2NiO4+δ–LaNi0.6Fe0.4O3− δ LNO–LNF BZCY 700 (Ambient Air) 1.99 [77]
La5.5WO11.25− δ/La0.8Sr0.2MnO3+δ LSM - LWO LWO 750 (Wet Air) 1.40 [69]
Sr3Fe1.3Co0.2Mo0.5O7− δ SCFMO BZCY 800 (Dry Air) 0.51 [78]
La0.5Sr0.5Fe0.9Mo0.1O3− δ LSFMO BZCY 700 (Wet H2) 0.23 [79]
Sr3Fe1.5Mo0.5O7− δ SFMO BZCY 800 (Dry Air) 0.39 [78]
SrCo0.8Nb0.1Ta0.1O3− δ SCNT BZCY 750 (Wet Air) 0.33 [80]
Nd1.95NiO4− δ-BaZr0.1Ce0.7Y0.1Yb0.1O3− δ NNO-BZCYYbO BZCY 750 (Wet Air) 0.43 [81]
La1.4Sr0.6Ni0.5Fe0.5O4 

/ 
La5.6WO11.4

LSNF-LWO LWO 750 (Wet Air) 2.00 [82]

Sr3Fe1.5− xCoxMo0.5O7- BZCY SCFMO-BZCY BZCY 800 (Dry Air) 0.24 [78]
BaCe0.8Cu0.1Y0.1O3-δ BCCuY BCMY 750 (Wet air) 

750 (Dry air)
0.17 
0.20

[This study]

BaCe0.8Co0.1Y0.1O3-δ BCCoY BCMY 750 (Wet Air) 
750 (Dry air)

1.04 
2.45

[This study]

BaCe0.8Ni0.1Y0.1O3-δ BCNiY BCMY 750 (Wet Air) 
750 (Dry air)

3.19 
4.89

[This study]

Notes: where BZCYYb = BaZr0.1Ce0.7Y0.1Yb0.1O3–δ, LWO = La5.5WO11.25− δ, BZCY = BaZr0.1Ce0.7Y0.2O3− δ, BCZD = BaCe0.5Zr0.3Dy0.2O3–δ, BCZD =

BaCe0.5Zr0.3Dy0.2O3–δ and BCMY = BaCe0.875Mo0.025Y0.2O3-δ.
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faster electrochemical reactions and lower polarization resistance. The 
lowest polarization resistance recorded for BCCuY might be due to some 
factors like Cu enhancing the catalytic activity for oxygen reduction 
reactions, improving ionic and electronic conductivities, and contrib-
uting to the formation of stable and compatible phases with BCY. 
Additionally, from the SEM study, we observed more uniform and finer 
grain structures of BCCuY, which increase the active surface area for 
electrochemical reactions and facilitate better mass transport. The 
equivalent circuit used for fitting in ZView software is shown in the inset 
of each EIS graph (Fig. 8a-f).

Figs. 8 g and h show the Arrhenius plots representing the activation 
energy for the BCNiY, BCCoY, and BCCuY cathodes under dry and wet 
air atmospheres. The calculated activation energies for BCNiY, BCCoY, 
and BCCuY in dry air are 1.10 eV, 0.88 eV, and 0.54 eV, respectively. 
Under wet air, these values are 1.12 eV (BCNiY), 0.76 eV (BCCoY), and 
0.64 eV (BCCuY), respectively. Under dry air, the activation energies for 
BCNiY, BCCoY, and BCCuY are relatively lower compared to those 
measured in wet air. In dry air, the predominant conduction mechanism 
is typically oxygen ion conduction. The lower activation energies in this 
condition suggest that the oxygen ions’ movement through the elec-
trolyte encounters fewer barriers, leading to more efficient conduction. 
In contrast, under wet air conditions, the presence of water vapor in-
troduces protonic conduction. Protons have different transport proper-
ties compared to oxygen ions, often encountering higher activation 
barriers due to interaction with the lattice and defect sites. This results in 
higher activation energies for the same materials under wet air condi-
tions [59,60]. In the case of BCCoY, the lower activation energy in wet 
air may be due to the efficient hydration process. The cobalt doping in 
BCY might improve the ability of the material to integrate water into the 
crystal lattice, resulting in increasing the concentration of proton defect 
which facilitates the movement of proton ions [61,62].

The ASR values of relevant reported studies of different symmetrical 
electrodes with different electrolytes at 750 ◦C are compared with the 
cathodes of the present study in Table. S1, and symmetrical electrodes with 

proton conducting electrolyte (see Table 1) to illustrate the importance of 
this study. If the literature data is not available at 750 ◦C, then the corre-
sponding measurement temperature is included. BCCuY exhibited lower 
ASR values of 0.20 Ω⋅cm² compared to (La0.65Bi0.1Sr0.25Cr0.5Fe0.5O3- 
Sm0.2Ce0.8O1.9) [63], La0.8Sr0.2MnO3-δ-Gd0.2Ce0.8O2− δ (LSM-GDC) [64], 
(La0.8Sr0.2FeO3− δ) [65], (CaFe0.4Ti0.6O3− δ) [66], (La0.8Sr1.2FeO4) [67], 
whose ASR values are 4 Ω⋅cm2 and 0.37 Ω⋅cm2, 0.31Ω⋅cm2, 1Ω⋅cm2 and 
0.43Ω⋅cm2 in dry air atmosphere, respectively. Under wet air and a wet H2 
atmosphere the symmetrical cathodes such as SmBaMn2O5+δ (SBM) [68], 
La5.5WO11.25− δ-La0.8Sr0.2MnO3+δ (LWO-LSM) [69], (La0.8Sr0.2)0.9 
Sc0.2Mn0.8O3− δ (LSSM) [70] Ca3Co4O9 (C349) [71], Ca3Co4O9− δ + PrOx 
(C349 – PrOx) [71], and Ca3Co4O9− δ [72], also have higher ASR values 
which are 4.16, 1.40, 3.5, and 25.0 Ω⋅cm2, respectively, compared to our 
synthesized BCCuY cathode as shown in Table. S1. In this study, the ASR 
value of BCCuY is the lowest, with BCCoY and BCNiY also showing 
competitive values compared to the literature in both dry and wet air at-
mospheres. Compared to symmetrical electrodes with proton-conducting 
electrolytes, the BCCuY also exhibited lower ASR values in dry and wet 
air atmospheres as shown in Table 1. Additionally, the comparison study of 
the Rp values of BCNiY, BCCoY, and BCCuY cathodes at 750 ◦C in dry and 
wet air atmospheres is plotted in Figures S1a and b (in Supplementary 
data). The comparison EIS plots at 750 ◦C clearly show that the BCCuY 
cathode has the lowest Rp values in dry and wet air atmospheres compared 
to BCNiY, and BCCoY cathodes. There are several key factors that are 
responsible for the low Rp value observed in BCCuY cathode compared to 
BCNiY and BCCoY cathodes. The presence of Cu in BCCuY may significantly 
enhance the catalytic activities for ORR reactions, as high catalytic activity 
in ORR reactions is essential for improving electrochemical performance. 
The Cu dopant may contribute to improving the electronic conductivity by 
amending the electronic structure of the BCY perovskite resulting in 
effectual charge transport which is essential for the ORR process. Also, the 
oxidation state of Cu alternates between Cu2+ and Cu1+ (observed in XPS 
studies) which can help in the reduction of oxygen molecules and further 
promote the ORR activity. Additionally, Cu supports the formation of stable 

Fig. 9. Distribution of Relaxation Times (DRT) analysis of a-b) BCNiY, c-d) BCCoY, and d-e) BCCuY in dry and wet atmospheres.
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and compatible phases with BCY, helping to maintain operational stability 
and structural integrity. Besides that, BCCuY is more chemically stable 
compared to BCCoY and BCNiY according to TGA results (Fig. 3b). Cu 
doping leads to a more refined microstructure of BCY and has a more porous 
network that can significantly enhance catalytic activities by providing 
more active sites for ORR reactions [8] as well as smaller particles with less 
agglomeration compared to BCCoY and BCNiY according to the SEM study 
(Fig. 4), which is essential for achieving high-performance cathode mate-
rials for PCFCs. From the cross-section study of the electrodes, the BCCuY 
electrode has a smaller particle and grain size with less agglomeration 
compared to BCCoY and BCNiY electrodes (Fig. 11) which has an impact on 
the electrochemical performance. The small particle and grain sizes 
contribute more grain boundaries and larger surface area which improve 
electrochemical reactions by providing more active sites for reactions and 
pathways for ion migration that result in lower polarization resistance and 
enhance the overall performance. All these factors as discussed above 
together contribute to decreasing the Rp values and increasing conductiv-
ity. Therefore, it is concluded that BCCuY is a prominent cathode material 
for PCFCs.

The Distribution of Relaxation Times (DRT) analysis of EIS mea-
surements was conducted to gain a deeper insight into polarization 
processes, as shown in Figs. 9a-f, at a temperature from 650 to 750 ◦C 
range. The DRT curve is divided into three spectral regions corre-
sponding to high (~105–106 Hz), medium (~105–102 Hz), and low 
frequencies (102–10⁻1 Hz). Each peak represents a specific sub-process, 
with the peak area reflecting the resistance of that process. The low- 
frequency response corresponds to oxygen diffusion and adsorption, 
while the medium and high-frequency responses are associated with 
charge transfer and oxygen ion migration. Five DRT peaks, ranging from 
low to high frequency, are labeled P1 to P5. The intensities of the peaks 
P1 to P5 decrease as the operating temperature increases due to the 
higher reaction rate at high temperatures. In some cases, the peaks P1 to 
P3 shift to lower frequencies, while peaks P4 and P5 shift to higher 
frequencies. According to relevant research literature [83–85], the P1 to 
P5 peaks may correspond to specific reaction steps. P5 may show the 
diffusion process of protons to the electrolyte and their incorporation 
into the electrode lattice. P4 and P3 may show the processes of disso-
ciation, H2 adsorption, and formation of protons at the electrode. P3 and 
P2 are typically associated with the cathodic reaction, including the 
dissociation and adsorption of O2 on the surface of the cathode, O2 
reduction, and O2 diffusion to the boundary, and P1 is commonly related 
to the electrode porous structure for BCNiY, BCCoY, and BCCuY. Addi-
tionally, one peak between P2 and P1, represented as Padd was detected 
in the low-temperature section, which might be attributed to the oxygen 
reduction process (O⁻ → O2⁻). The oxygen reduction reaction, linked to 
Padd, is the slowest step in the electrode reaction at low temperatures, 
limiting the overall performance of the cell. The DRT results are 

consistent with the EIS spectra, where higher polarization resistance was 
observed for BCCoY and BCNiY.

3.6. Electrical and proton conductivities of BCNiY, BCCoY and BCCuY

From the EIS data, the electrical and temperature-dependent elec-
trical conductivities of BCNiY, BCCoY, and BCCuY cathodes in dry and 
wet air atmospheres were calculated, as shown in the supplementary file 
Figure S2a-d using Arrhenius type plots. The calculated electrical 
conductivity values in both dry and wet air atmospheres are summarised 
in Table S2. Figures S2a and b show the temperature-dependence 
electrical conductivity, representing Arrhenius-type plots, of BCNiY, 
BCCoY, and BCCuY cathodes in dry air and wet air atmospheres, 
respectively. From the figures, it is observed that the BCNiY, BCCoY, and 
BCCuY cathodes have high electrical conductivity in wet air and low 
electrical conductivity in dry air atmospheres. In a wet-air atmosphere, 
the BCNiY, BCCoY, and BCCuY cathodes have higher conductivity than 
in a dry-air atmosphere due to several phenomena. In a wet atmosphere, 
the presence of water facilitates the moment of ions (proton and oxygen) 
by creating oxygen and proton vacancies resulting in enhancing ionic 
mobility. Additionally, the presence of water vapor prevents the for-
mation of the oxide layer on the surface of the cathode resulting in better 
conductivity. Such effect is limited in dry air atmosphere resulting in 
lower conductivity. In conclusion, the higher conductivity in wet air 
atmosphere is due to the water vapor which facilitates both electronic 
and ionic conductivities. In comparison to BCNiY and BCCoY cathodes, 
the BCCuY cathode has a higher conductivity in both dry and wet air 
atmospheres which is due to lower polarization resistance as discussed.

Figures S3c-d show the temperature versus electrical conductivity of 
BCNiY, BCCoY, and BCCuY cathodes in dry air and wet air atmospheres, 
respectively. It is observed from the figure that the electrical conduc-
tivity is increasing with increasing temperature. Because at high tem-
peratures the charge carriers are thermally excited which reduces the 
overall impedance and increases the thermal energy, and such factors 
enhance the mobility of charge carriers and move freely throughout the 
material.

The calculated electrical conductivities in both dry and wet air at-
mospheres allowed to estimate the proton conductivity as well as the 
proton transference number. The estimation of proton conductivity was 
done by taking the difference between the electrical conductivity mea-
surements between wet air and dry air atmospheres. The proton trans-
ference numbers were estimated by taking the ratio of proton 
conductivity to the total electrical conductivity measured in the wet air 
atmosphere. The proton conductivity and proton transference numbers 
are summarised in Table S2. Interestingly, for BCNiY and BCCoY sam-
ples, the proton transference number has achieved its highest value at 
650 ◦C. With the increase in temperature (above 650 ◦C), the possible 

Fig. 10. a) Arrhenius plot represents temperature-dependence proton conductivity and b) Temperature versus proton conductivity plot of BCNiY, BCCoY, and 
BCCuY cathodes.
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appearance of oxygen ionic conductivity in samples decreases the pro-
ton transference numbers. In the case of BCCuY, the highest proton 
transference number is recorded at 600 ◦C (with a value of 0.29).

Figs. 10a-b show the Arrhenius plot represents temperature- 
dependence proton conductivity and temperature versus proton con-
ductivity plots of BCNiY, BCCoY, and BCCuY cathodes, respectively. The 
figures show that BCCuY cathode has high proton conductivity 
compared to BCCoY and BCNiY cathodes. The high proton conductivity 
in the case of BCCuY cathode might be due to some factors like Cu 
enhancing the catalytic activity for oxygen reduction reactions which 
results in improving both ionic and electronic conductivities and 
contributing to the formation of stable and compatible phases with BCY 
perovskite. The proton conductivity increases with increasing temper-
ature because the high temperatures reduce the barriers to the proton 
moment and increase proton mobility.

3.7. Post-mortem analysis of studied electrodes

Figs. 11a-i show the surface, EDS mapping, and cross-section of the 
BCNiY (Figs. 11a-c), BCCoY (Figs. 11d-f), and BCCuY (Figs. 11 g-i) 
electrodes after the EIS measurements. The deposition layer thickness of 
all three symmetrical electrodes is about 35 μm. As we can see the 
surface and the cross-section of the three electrodes show excellent 
porosity, and these porosities were maintained during the EIS mea-
surement. No chemical reaction or intermediate layer between the 
electrodes and the electrolyte is observed after the sintering and EIS 
testing, and all three electrodes are firmly bonded with the electrolyte. 
In comparison, the BCCuY electrode has a smaller grain size and particle 
size and less agglomeration compared to BCCoY and BCNiY electrodes 
(Figs. 11a-i and Figure S5a-f) which have an impact on the electro-
chemical performance. The determination of the grain size analysis was 

Fig. 11. SEM studies of the surface, EDS mapping, and cross-section of a-c) BCNiY, d-f) BCCoY, and g-i) BCCuY electrodes after the EIS measurements.
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performed by the line intercept technique using ImageJ software, the 
obtained results show that BCCuY has a smaller grain size compared to 
BCCoY and BCNiY cathode materials, supplementary file (Figures S4a- 
c). Therefore, according to the EIS measurement, the BCCuY electrode 
has a smaller polarization resistance compared to BCCoY and BCNiY 
electrodes. The EDS mapping, clearly shows that all three dopants (Ni, 
Co, and Cu) are uniformly distributed in the corresponding oxides, 
showing the successful incorporation of dopant elements into the crystal 
lattice. Overall results show that all three BCNiY, BCCoY, and BCCuY 
electrodes have good compatibility with the electrolyte.

3.8. Long-term chemical compatibility evaluation with BCZY solid 
electrolyte

The long-term chemical compatibility evaluation studies of BCNiY, 
BCCoY, and BCCuY cathode materials with proton conducting BCZY 
solid electrolyte were conducted for 100 hrs. The chemical compatibility 
evaluation studies were performed by mixing the BCNiY, BCCoY, and 
BCCuY powders by a 1:1 wt ratio with BCZY powder and properly mixed 
it via grinding. The ground powders were annealed in an air furnace at 
800 ◦C for 100 hrs. The XRD measurements of the annealed powders 
were performed at room temperature. Figs. 12a-c show the XRD patterns 
of the BCNiY (Figs. 12a), BCCoY (Figs. 12b), and BCCuY (Figs. 12c) 
powders with BCZY powder after annealed at 800 ◦C for 100 hrs. No 
secondary phase or impurities peaks were observed in the XRD pattern 
after the long-term compatibility studies, showing that BCNiY, BCCoY, 
and BCCuY cathodes are stable and chemically compatible with BCZY 
electrolyte.

4. Conclusions

The Ni, Co, and Cu-doped BCY cathode materials for proton- 
conducting solid oxide fuel cells (PCFCs) were synthesized via the Sol- 
gel technique, and their microstructural and electrical conductivity 
properties were systematically investigated. The crystal structure, sur-
face morphology, microstructure, elemental composition, oxidation 
state, chemical bonding, oxygen content change, and electrode polari-
zation properties of the cathode materials were characterized by XRD, 
SEM, TEM, EDS, XPS, TGA/DSC, FTIR, and EIS studies, respectively. 
TGA/DSC study indicated that all three materials possess excellent 
chemical stability, with BCCuY exhibiting a very low weight loss of 0.8 
% compared to BCNiY and BCCoY, which may indicate a rather low 

content of oxygen vacancies generated in this oxide, showing the further 
increase of doping content could be of great interest. The SEM and TEM 
analysis shows that all the particles are well connected, which results in 
improving the catalytic activities of materials. The EDS study confirmed 
the presence of dopants and the corresponding elements with no im-
purities in all three materials. Preliminary results from electrochemical 
impedance spectroscopy showed that all three cathodes have low po-
larization resistance at 750 ◦C in dry and wet air atmospheres. BCCuY 
demonstrated the lowest polarization resistance (0.21 Ω⋅cm2 in dry air 
and 0.17 Ω⋅cm2 in wet air) and activation energy (BCCuY: 0.64 eV, 
BCCoY: 0.76 eV, BCNiY: 1.12 eV). Long-term chemical compatibility 
evaluation showed that all three electrode materials demonstrated 
excellent chemical compatibility with BCZY electrolytes. Overall, 
BCCuY showed superior electrochemical performance compared to 
BCCoY and BCNiY, featuring its potential as a novel cathode material for 
PCFCs. This work shows the strategy of doping transition metals in 
BaCeO3-δ-type oxides could be of great interest for the successful 
development of novel oxygen electrodes for PCFCs. Future research 
work should focus on increasing the concentration of Cu or co-doping Cu 
with other transition metals, as this might further enhance catalytic 
activity in oxygen reduction reactions. Additionally, full fuel cell per-
formance and long-term stability measurements are essential to opti-
mize the applicability in commercial PCFCs.
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