
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 6
/1

7/
20

26
 1

1:
48

:3
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Electrochemical
aDepartment of Physics, University of Engi

Pakistan. E-mail: muneebirshad@gmail.com
bDepartment of Physics, University of Sahiw
cDepartment of Physics, Faculty of Science, K
dCenter for Scientic Research and Entrepren

73213, Saudi Arabia

Cite this: RSC Adv., 2025, 15, 28121

Received 30th May 2025
Accepted 29th July 2025

DOI: 10.1039/d5ra03822g

rsc.li/rsc-advances

© 2025 The Author(s). Published by
evaluation of
Ni-BaZr0.8Y0.1X0.1O3−d (X=Co, Mn) perovskite anodes
synthesized through spinach (green) and oxalic
(chemical) assisted auto-combustion routes for
IT-SOFCs

Qurat ul Ain,a Muneeb Irshad, *a Muhammad Rafique, b Imen Kebailic and Ali El-
Rayyes d

The development of efficient and environmentally sustainable anode materials is essential for advancing

solid oxide fuel cells (SOFCs). In this study, we introduced a pioneering green synthesis approach

utilizing spinach leaves powder as a bio-derived chelating agent, alongside a conventional chemical

route using oxalic acid, to synthesize Ni-BZr0.8Y0.1X0.1O3−d (Ni-BZYX; X = Co, Mn) perovskite-based

anodes. This eco-friendly method leverages natural, renewable spinach powder to reduce the

environmental footprint of material synthesis, offering a sustainable alternative to traditional chemical

processes. Structural characterization via XRD and FTIR confirmed the formation of single-phase cubic

perovskite structures without secondary phases, demonstrating effective doping and phase stability in

both synthesis routes. SEM analysis revealed that oxalic-acid-synthesized samples exhibited superior

porosity, reduced particle agglomeration, and enhanced microstructural uniformity, facilitating efficient

gas diffusion and expanding the electrochemically active triple-phase boundary (TPB). Electrochemical

testing at 650 °C demonstrated that Ni-BZYCo (oxalic acid) delivered the highest power density of

0.56 W cm−2. Although greenly synthesized anodes exhibited slightly lower performance due to minor

residual impurities, the spinach-based approach represents a significant advancement toward sustainable

SOFC materials with comparable structural and functional properties. This work underscores the

environmental and practical potential of bio-derived synthesis strategies and positions Co-doped Ni-BZY

as a high-performance anode for sustainable SOFC technologies.
1 Introduction

A signicant portion of global energy demand continues to be
met through the consumption of fossil fuels, a practice that
contributes extensively to greenhouse gas emissions and the
escalation of climate-related concerns. In response to the
urgent need for sustainable and cleaner alternatives, solid oxide
fuel cells (SOFCs) have emerged as a promising solution for eco-
friendly power generation. This device converts chemical energy
directly into electricity with high efficiency and minimal
pollutant release, particularly when fueled by hydrogen or
renewable bio-based sources.1–6
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To enhance the practicality and commercial viability of SOFC
technology, considerable efforts are directed toward lowering
the operational temperature to an intermediate range of 400–
700 °C. Such a temperature reduction is desirable because it can
decrease material degradation, extend device lifespan, and
reduce overall manufacturing costs.7 Adopting protonic ceramic
fuel cells (PCFCs) is a compelling approach to achieving these
benets. PCFCs represent a promising technology for convert-
ing chemical energy into electricity, offering high efficiency and
minimal environmental impact.8–12 These fuel cells utilize
proton-conducting electrolytes, typically based on acceptor-
doped perovskite oxides such as BaCeO3, BaZrO3. These mate-
rials are particularly attractive for intermediate-temperatures
SOFC applications (400–700 °C) due to their superior proton
conductivity compared to traditional oxide-ion conducting
electrolytes. A notable advantage of PCFCs is their ability to
operate on a diverse range of fuels, including hydrogen,
hydrocarbons, methanol, and ammonia, making them highly
adaptable for various energy systems. Unlike conventional
oxygen-ion-conducting SOFCs, PCFCs transport protons
RSC Adv., 2025, 15, 28121–28130 | 28121
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through the electrolyte and generate water at the cathode. This
cathode-side water formation not only improves thermal
management and reaction kinetics but also prevents fuel dilu-
tion, thereby enhancing fuel utilization and system
efficiency.9,13,14

Several anode materials have been explored for application
in protonic ceramic fuel cells (PCFCs), including Ni-based
composites such as Ni-BCY, Ni-BZY, and other formulations
incorporating combinations like Ba(Ce, Zr, Y, Yb)O3−d,
SrCe0.9Yb0.1O3−d, Ca(Zr,Y)O3−d, and Sr(Zr, Y)O3−d.15–20 Among
these, Ni-BCY has been widely studied due to its high proton
conductivity. However, its performance is signicantly
compromised in environments containing water vapor and
carbon dioxide, as the material is prone to decomposition
under such conditions.21 This limitation poses challenges for its
use with hydrocarbon or biomass-derived fuels. In contrast, Ni-
BZY-based cermets exhibit superior thermochemical stability in
H2O- and CO2-rich atmospheres, making them a more robust
and viable choice for long-term operation in practical PCFC
applications, particularly when alternative carbon-containing
fuels are used. The electrochemical performance of PCFC
cermet anodes can be effectively tuned by adjusting parameters
such as the nickel content, the protonic conductivity of the
ceramic matrix, and the overall porosity of the composite
structure.22,23

To attain optimal electrochemical performance in fuel cells,
anode cermets must exhibit an extensive triple-phase boundary
(TPB). However, redox cycling, repeated exposure to oxidizing
and reducing atmospheres, can signicantly compromise the
TPB length and integrity. In the case of Ni-YSZ anodes, widely
used in oxygen-ion-conducting SOFCs, the redox processes have
detrimental effects on the microstructure.24 It has been
observed that the original microstructural arrangement and
phase distribution oen fail to fully recover aer cycles of
oxidation and subsequent reduction.24–26 The mechanical and
electrochemical durability of such anodes is closely linked to
their internal structure and the distribution of metallic and
ceramic phases within the cermet.27 Research ndings consis-
tently show that Ni-YSZ anodes are particularly vulnerable to
redox-induced degradation, with the deterioration rate accel-
erating under low-porosity conditions. The oxidation of metallic
Ni to NiO results in a signicant volume expansion, which can
generate internal stresses, causing microcracks and delamina-
tion at the electrode–electrolyte interface. These structural
disruptions severely hinder electrochemical activity and
contribute to rapid performance loss in fuel cell systems.28–30

Due to persistent challenges such as carbon fouling, sulfur
contamination, and redox instability associated with traditional
anode materials when exposed to various fuels, there has been
growing interest in exploring oxide-based alternatives.19 These
oxides are generally classied by their crystal structures,
including uorite, pyrochlore, tungsten bronze, rutile, and
perovskite types. Among these, perovskite-structured oxides
have garnered signicant attention as viable anode candidates.
This is attributed to their excellent redox tolerance, satisfactory
electrical and ionic conductivity, and strong catalytic activity for
fuel reforming, along with their resilience against sulfur and
28122 | RSC Adv., 2025, 15, 28121–28130
carbon-based contaminants.19,20 Perovskite materials oen
function as mixed ionic-electronic conductors (MIECs),
enabling abundant oxygen vacancies within the lattice. These
vacancies enhance oxide ion transport and facilitate more effi-
cient fuel oxidation reactions at the anode interface. A key
advantage of MIECs lies in their ability to expand the electro-
chemically active triple-phase boundary (TPB) from a narrow
interface at the electrolyte to a broader region extending
throughout the anode surface. This expanded TPB region offers
a greater number of active sites for electrochemical reactions,
which can signicantly boost fuel oxidation kinetics and overall
anode performance.31–34

Composite and doping strategies have thus gained attention.
In particular, B-site substitution of perovskite oxides with active
transition metals (Co, Mn, Ni, Cu, Zn, etc.) can introduce
variable-valence states and oxygen vacancies that boost mixed
electronic/ionic conduction and catalytic oxidation activity.35–37

The selection of cobalt (Co) and manganese (Mn) as B-site
dopants for anodes was driven by their ability to enhance
mixed ionic–electronic conductivity, catalytic activity, and
structural stability. Co and Mn, with variable valence states
(Co2+/Co3+, Mn2+/Mn3+/Mn4+), introduce oxygen vacancies that
improve ionic transport and expand the triple-phase boundary,
facilitating efficient fuel oxidation.31,35 Their catalytic properties
enhance reaction kinetics, particularly for hydrogen and
hydrocarbon fuels.19,20 Additionally, their ionic radii (Co3+: 0.61
Å; Mn3+: 0.66 Å) ensure compatibility with the BaZrO3 lattice,
maintaining a single-phase cubic structure (Pm3m) while
inducing benecial lattice distortion.16,38 Co and Mn also act as
sintering aids, improving microstructure and conductivity
under reducing conditions. Thus, Co/Mn-substituted perov-
skites generally exhibit higher conductivity and redox stability
than undoped oxides.16,39,40

The present study targets B-site (Co- and Mn) doped Ni-BZY
anodes with composition BaZr0.8Y0.1X0.1O3−d (X = Co, Mn). We
employed an eco-friendly auto-combustion route using spinach
dry leaves powder as a bio-chelating agent and oxalic acid as
a chemical chelating agent to synthesize the powders.

Spinach leaves powder was selected as the green chelating
agent due to its rich organic composition, environmental
sustainability, and compatibility with the synthesis process.
Spinach contains natural chelating compounds, such as oxalic
acid, polyphenols, avonoids, etc., which effectively chelate
complex metal cations, ensuring homogeneous phase forma-
tion, as conrmed by XRD analysis.41 Its renewable, biode-
gradable nature aligns with green chemistry principles,
reducing the environmental footprint compared to synthetic
agents like oxalic acid.42 Additionally, spinach's high organic
content provides exothermic energy for auto-combustion,
facilitating perovskite phase formation at low temperatures.41

This novel use of spinach can advance sustainable SOFC
material synthesis, leveraging its abundance, low cost, and ease
of preparation.

The Ni-BZYX (X= Co, Mn) perovskite anodes, synthesized via
green (spinach leaves powder) and chemical (oxalic acid) auto-
combustion routes, were characterized to evaluate the impact
of Co and Mn B-site doping and synthesis method on their
© 2025 The Author(s). Published by the Royal Society of Chemistry
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structural and electrochemical properties. Structural analysis
(XRD, SEM) conrmed phase purity and microstructural
features, while functional characterization (FTIR) veried
chemical bonding. Electrical conductivity and electrochemical
performance in IT-SOFC conditions were measured to assess
the effects of doping and synthesis routes, providing insights
into the viability of the green synthesis approach for sustain-
able, high-performance anode development.
2 Experimentation

Ni-BaZr0.8Y0.1X0.1O3−d (Ni-BZYX), incorporating transition
metals as B-site co-dopants (X= Co, Mn) for use as SOFC anode,
was synthesized via an auto-combustion method. The synthesis
process employed two distinct chelating agents: oxalic acid and
spinach leaves powder in dry powder form. The stoichiometric
aggregate of barium nitrate (Ba(NO3)2, UNI-CHEM, 99.95%
purity), zirconium nitrate pentahydrate (Zr(NO3)4$5H2O, Sigma-
Aldrich, 99.99% pure), yttrium nitrate hexahydrate
(Y(NO3)3$6H2O, Sigma-Aldrich, 99.99% pure), manganese
Fig. 1 Flow chart for the Ni-BaZr0.8Y0.1X0.1O3−d (Ni-BZYX, X = Co, Mn) a

© 2025 The Author(s). Published by the Royal Society of Chemistry
nitrate dihydrate (Mn(NO3)2$2H2O, UNI-CHEM, 99.95% purity),
and cobalt nitrate hexahydrate (Co(NO3)2$6H2O, UNI-CHEM,
99.95% purity) were continuously mixed in distilled water at
80 °C for 30 minutes using amagnetic stirrer on a hot plate. The
mixture was then stirred and heated to 120 °C for an additional
60 minutes to obtain a homogeneous solution. Subsequently,
an aqueous solution containing 40 wt% nickel nitrate hexahy-
drate (Ni(NO3)2$6H2O, UNI-CHEM, 99.95% purity) was added to
this solution and stirred for an additional 30 minutes to ensure
uniformity. 20 wt% oxalic acid was added as a chemical
chelating agent to this homogeneous solution. The homoge-
neous solution was further stirred continuously at 80 °C,
resulting in the formation of a gel that gradually underwent self-
combustion, yielding a ne powder. This powder was then
sintered at 1200 °C for six hours. Aer cooling to room
temperature, the resulting precursor powder was ground using
a mortar and pestle to achieve a ne and uniform consistency.

Another homogenous solution was made using the same
stoichiometric amount of nitrate and a different chelating agent
(20 wt% spinach dry powder). The homogeneous mixture was
node synthesis.

RSC Adv., 2025, 15, 28121–28130 | 28123
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stirred again for 30 minutes at 80 °C, followed by 60 minutes at
120 °C. This process resulted in the formation of a gel that
spontaneously combusted into a powder. The obtained powder
samples were subsequently sintered at 1200 °C for 6 hours.
Following natural cooling to room temperature, the synthesized
powders were nely ground using a mortar and pestle to ensure
uniformity. This same procedure was applied consistently for
the synthesis of all samples (Fig. 1).
2.1 Cell fabrication

The overall electrochemical performances of cells having Ni-
BZYX (X = Co, Mn) anodes, synthesized with two different
chelating agents, i.e., oxalic acid and spinach leaves powder,
were assessed by fabricating 13 mm diameter pellets under
a pressure of 200 MPa through a hydraulic press. BZY served as
the electrolyte, while BSCF was utilized as the cathode. During
testing, saturated hydrogen (∼3% H2O) at a ow rate of 50
mL min−1 was provided as the fuel to the anode, while oxygen
was supplied as an oxidant at the cathode.
3 Results and discussions
3.1 Structural analysis

Fig. 2 depicts the XRD spectra of Ni-BZYX (X = Co and Mn)
SOFC anode, synthesized utilizing various chelating agents,
namely oxalic acid and spinach leaves powder, within the Bragg
angle range of 2q = 20°–80°.

The diffraction planes at (110), (111), (200), (211), (220),
(310), (311), and (222) correspond to the BZY with primitive
space group of Pm3m (ICDD # 980107880)35,38 and (111), (200)
(220), (311), and (222) correspond to the NiO (JCPD card no. 01-
1239)43 conrming the development of cubic perovskite
Fig. 2 XRD spectra of Ni-BZYX (X = Co, and Mn) SOFC's anode synthesiz
and enlarged (110) plane (b).

28124 | RSC Adv., 2025, 15, 28121–28130
conguration of all the synthesized materials. The absence of
secondary phases conrms the successful incorporation and
solubility of transition metals (Mn, Co) within the host lattice,
regardless of whether the synthesis was conducted through
chemical or green routes. The presence of distinct BZYX and
NiO peaks in the diffractogram and the absence of secondary
phases indicate that no chemical reactions occur during
synthesis.

The variation in ionic radii between the host element (Zr4+, r
= 0.72 Å) and the dopant (Y3+, r= 0.9 Å) results in a peak shi in
BZY towards lower angles compared to pure barium zirconate,
which exhibits a prominent diffraction peak at 2q = 30.44 In this
study, the observed peak shi occurs at 2q= 30.17° for the (110)
plane of BZYMn synthesized with spinach and oxalic acid, while
for BZYCo (oxalic acid) and BZYCo (spinach), the peak shi is
noted at 2q = 30.21°. The displacement of the peak to a higher
angle than BZY indicates a reduction in lattice parameters due
to lattice contraction. This contraction is attributed to the
incorporation of secondary dopants with smaller ionic radii,
such as Co3+ (0.61 Å) and Mn3+ (0.66 Å), in place of the larger
Zr4+ (0.72 Å) and Y3+ (0.9 Å). The average crystallite sizes of BZYX
(X = Co, Mn) synthesized utilizing spinach and oxalic acid were
determined using the Scherrer formula, given in eqn (1).

D ¼ Kl

b cos q
(1)

The parameter K, commonly assigned a value of 0.9, represents
the shape factor. The symbol l denotes the X-ray wavelength (l
= 0.15406 nm), while b corresponds to the full width at half
maximum (FWHM), and the diffraction angle is symbolized as
q. The average crystallite sizes of Ni-BZYCo (spinach), Ni-BZYCo
(oxalic acid), Ni-BZYMn (spinach), and Ni-BZYMn (oxalic acid)
ed by utilizing spinach (SP) and oxalic acid (OA) as chelating agents (a)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The average crystallite sizes of Ni-BZYX (X = Co, and Mn)
synthesized materials using oxalic acid (OA) and spinach powder (SP)
as chelating agents

Materials Dopants Crystallite size (nm)

Ni-BZYX (SP) Mn 19.55
Ni-BZYX (OA) Mn 22.27
Ni-BZYX (OA) Co 26.04
Ni-BZYX (SP) Co 21.94
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are 21.94 nm, 26.04 nm, 19.55 nm, and 22.27 nm, respectively
(Table 1).
3.2 Surface morphological analysis

Fig. 3 depicts the SEM micrographs of Ni-BZYX (X = Co, and
Mn) SOFC's cermet anode utilizing various chelating agents,
namely oxalic acid and spinach leaf powder.

SEM micrographs reveal that samples synthesized with
oxalic acid (Ni-BZYCo (OA) and Ni-BZYMn (OA)) exhibit higher
porosity and reduced particle agglomeration compared to those
synthesized with spinach leaves powder (Ni-BZYCo (SP) and Ni-
BZYMn (SP)). While the formation of NiO during sintering,
acting as a sintering aid, contributes to densication in all
Fig. 3 SEMmicrographs of Ni-BZYX (X=Co, andMn) SOFC's anode synth
route.

© 2025 The Author(s). Published by the Royal Society of Chemistry
samples,36,40,45 the choice of chelating agent further inuences
the microstructure. Oxalic acid enhances cation solubility and
solution homogeneity, promoting a well-connected, porous
particle network that facilitates gas diffusion and enhances TPB
reactivity. In contrast, spinach-synthesized samples show
denser morphologies, likely due to residual metallic impurities
in the spinach powder that promote particle agglomeration.42

However, pre-reduction of NiO to Ni metal in a hydrogen-rich
atmosphere during SOFC operation can increase porosity by
creating gas diffusion channels, potentially improving TPB
accessibility and electrochemical performance, particularly for
denser spinach-synthesized samples.23,24

Among the synthesized samples, those prepared using oxalic
acid are expected to exhibit higher reactivity at the TPB due to
their enhanced porosity and well-connected particle network.
This structural advantage facilitates better gas diffusion and
charge transfer, ultimately improving overall performance.46

The ionic radii difference between host (Zr) and dopants
(Mn, Co) ions caused structural disorder which results in
particle agglomeration. Because Mn and Zr have smaller ionic
radius differences, which causes lesser structural distortions
and hence the formation of comparative dense structure.41 The
micrographs of Ni-BZYMn reveal a denser morphology
compared to Ni-BZYCo, irrespective of the chelating agent used
esized by chemical (oxalic acid, OA) (a and b) green (spinach, SP) (c and d)

RSC Adv., 2025, 15, 28121–28130 | 28125
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(oxalic acid or spinach). However, Ni-BZYMn synthesized with
spinach exhibits greater agglomeration, likely due to the pres-
ence of metallic impurities in spinach that causes agglomera-
tion. In contrast, oxalic acid helps minimize agglomeration
during heat treatment, enhances cation solubility, and ensures
better homogeneity of the solution, leading to improved struc-
tural uniformity.42

The micrographs of Ni-BZYCo synthesized using oxalic acid
and spinach exhibit higher porosity and reduced agglomeration
compared to Ni-BZYMn synthesized with the same chelating
agents. It is well-recognized that surface area and porosity are
key factors in improving SOFC performance. As electrochemical
reactions primarily occur at the TPBs, the dense microstructure
of Ni-BZYMn (oxalic acid and spinach) and Ni-BZYCo synthe-
sized with spinach may hinder gas diffusion toward the TPB,
potentially limiting performance. In contrast, Ni-BZYCo
synthesized with oxalic acid, due to its porous and well-
interconnected particle network, is expected to exhibit higher
reactivity at TPBs compared to other samples, thereby
improving electrochemical performance and making it a prom-
ising material for SOFC anodes.
3.3 Spectroscopic analysis

Fig. 4 represents the FTIR absorption peaks for Ni-BZYX (X =

Co, and Mn) SOFC anode, utilizing various chelating agents i.e.
dry spinach leaves powder and oxalic acid in 4000–450 cm−1

wavenumber range.
The absorption peaks in the range 1700–1400 cm−1 and

3800–3200 cm−1 occur due to O–H bending and stretching,
respectively. These bands depict water adsorption into the
lattice, possibly due to air or moisture. The absorption peaks at
2981, and 2340 cm−1 are associated with C–H stretching
vibration and the peak at 1061 cm−1 is attributed to C–H
bending vibration.47 The absorption bands within the 1400–
1100 cm−1 range indicate the presence of metal–oxygen–metal
Fig. 4 FTIR Spectra of Ni-BZYX (X = Co, and Mn) SOFC's anode
synthesized by using spinach (SP) and oxalic acid (OA) as chelating
agents.

28126 | RSC Adv., 2025, 15, 28121–28130
(M–O–M) bonds, including Ba–O–Ba, Co–O–Co, Mn–O–Mn, and
similar structural linkages.48 The absorption peaks observed in
the 770–850 cm−1 range correspond to C]C bending vibra-
tions, characteristic of the alkene functional group. The bands
at about 1598 and 1560 cm−1 correspond to the carbonate
absorption bands.49 This shows that carbonate species
remained in all samples even aer the sintering. The band
around 686 cm−1 corresponds to the asymmetric stretching
mode of metal–oxygen bond (O–Mn or Co–O) bonds.50 These
characteristic peaks further validate the presence of a perovskite
structure and are associated with the vibrational modes of the
B-site cation, specically zirconium (Zr). The observed vibra-
tional frequencies indicate the interaction of Zr within the
perovskite lattice, conrming its successful incorporation and
structural stability.51 The absorption peaks observed near
530 cm−1 are attributed to the Ni–O vibrational stretching
mode, indicating the presence of nickel oxide within the
material's structure.52 Therefore, the FTIR spectrum conrms
the formation of NiO particles, which is consistent with the XRD
ndings.

There is no peak shiing or change in the peak intensity,
which indicates the ordered structure of all the synthesized
samples irrespective of the utilization of different chelating
agents.
3.4 Conductivity

Fig. 5 represents the Arrhenius plot showing the relation between
conductivity and temperature for Ni-BZYX (X = Co, and Mn)
SOFCs' anode synthesized by two chelating agents, i.e., green
(spinach) and chemical (oxalic acid), within temperatures range
of 300–800 °C, under Hydrogen–Argon atmosphere.

The data shows that all anodes have considerable conduc-
tivities, irrespective of the synthesis method and dopants. This
effect is attributed to the incorporation of Co and Mn as sin-
tering aids, which lower the sintering temperature while
Fig. 5 Conductivity of Ni-BZYX (X = Co, and Mn) SOFC'S anode
synthesized utilizing spinach powder (SP) and oxalic acid (OA) as
chelating agents.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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enhancing conductivity, as reported in previous studies.40

Moreover, conductivity exhibits an increasing trend at elevated
temperatures and declines as the temperature decreases, likely
due to the formation of oxygen vacancies at higher
temperatures.

The conductivity plot demonstrates that Ni-BZYMn (OA) and
Ni-BZYCo (OA) exhibit superior conductivity compared to SOFC
anodes synthesized using spinach powder as a chelating agent.
This enhanced performance can be ascribed to the improved
purity and better cation solubility facilitated by oxalic acid
during synthesis. In contrast, the lower conductivity observed in
Ni-BZYMn (SP) and Ni-BZYCo (SP) can be associated with the
presence of metallic impurities inherent in spinach leaves
powder. These impurities, in combination with the dopants (X
= Co, Mn), may have adversely affected the ionic transport
pathways, thereby reducing overall conductivity. Furthermore,
the materials synthesized using spinach leaves powder may
exhibit lower cation solubility and hindered crystallization,
leading to the crystal structure's defects or irregularities. Such
structural inconsistencies can disrupt charge transport mech-
anisms, resulting in a signicant drop in ionic conductivity.53

The higher conductivity observed in Ni-BZYCo may be due to
the signicant ionic radii difference between Co and Zr
compared to Mn. This disparity induces greater lattice distor-
tion within the crystal structure, leading to an increased level of
disorder in the material. Such structural modications inu-
ence the electronic conguration, thereby altering the charge
transport dynamics. The enhanced lattice distortion promotes
the creation of more oxygen vacancies, which act as active sites
for ion migration. Additionally, the increased disorder disrupts
the regular arrangement of atoms, facilitating the movement of
charge carriers and ultimately improving electron transport
throughout the material. This synergistic effect of structural
deformation and improved charge carrier mobility contributes
to the superior conductivity exhibited by Ni-BZYCo compared to
its Mn-doped counterpart.54
3.5 Electrochemical performance

Fig. 6 depicts the electrochemical performance at 650 °C of four
button cells synthesized Ni-BZYX (X= Co, and Mn) SOFC anode
with spinach leaves powder and oxalic acid as chelating agents.
Pellets with a diameter of 13 mm and 1.5 mm thickness,
approximately, were manufactured using a uniaxial press under
pressure of around 200MPa to fabricate button cells. To prevent
breakage and minimize potential losses, nickel foil was applied
to the anode side. Humidied hydrogen (∼3% H2O) was deliv-
ered to the anode as fuel at a regulated ow rate of 50mLmin−1,
while oxygen was utilized as the oxidant at the cathode.

The Ni-BZYX (X = Co, Mn) anodes synthesized using oxalic
acid exhibited peak power densities of 0.56 W cm−2 and 0.53 W
cm−2, with corresponding OCV of 0.91 V and 0.90 V, respec-
tively. Notably, Ni-BZYCo (OA) achieved a maximum power
density of 0.56 W cm−2 with an OCV of 0.91 V. The superior
performance can be attributed to the improved TPB and the
optimized structure porosity, which contribute to enhanced
electrochemical activity and charge transport.49 The SEM
© 2025 The Author(s). Published by the Royal Society of Chemistry
micrograph revealed a well-developed microstructure of Ni-
BZYCo (OA) and its appropriate porosity. Its high performance
can be attributed to large oxygen vacancies with a maximum
trapping effect, substantial charge compensation, and
enhanced oxygen reduction reaction.53 A higher degree of crys-
tallinity contributes to a more ordered crystal structure, which
can enhance the transport pathways for both oxygen ions and
electrons, ultimately improving the performance of the SOFC.
Additionally, the Ni-BZYCo anode synthesized using oxalic acid
exhibited superior performance, as a highly crystalline structure
provides a well-dened surface that enhances catalytic activity
and reduces polarization resistance. This improved crystallinity
leads to better electrochemical properties, facilitating more
efficient charge transfer and reaction kinetics within the fuel
cell.

The Ni-BZYCo and Ni-BZYMn anodes synthesized using
spinach leaves powder exhibit power densities of 0.47 W cm−2

and 0.44 W cm−2, with corresponding OCV of 0.89 V and
0.88 V, respectively. The Ni-BZYCo and Ni-BZYMn anodes
synthesized using spinach leaf powder exhibit lower power
densities (0.47 W cm−2 and 0.44 W cm−2, respectively)
compared to their oxalic-acid-synthesized counterparts (0.56 W
cm−2 and 0.53 W cm−2, respectively). This performance differ-
ence is partly attributed to the denser microstructure of
spinach-synthesized samples, which may hinder gas diffusion
to the TPB due to residual impurities such as potassium,
calcium, iron, etc. present in spinach powder and increased
agglomeration.42 These impurities may introduce lattice
distortions or secondary phases that disrupt ionic and elec-
tronic transport pathways.53 In contrast, oxalic acid promotes
a more porous microstructure and higher cation solubility,
enhancing TPB reactivity and charge transport.42,49 However,
during SOFC operation, pre-reduction of NiO to Ni metal in
a hydrogen-rich atmosphere can enhance porosity by forming
gas diffusion channels, potentially improving TPB accessibility
and electrochemical performance.23,24 The superior
RSC Adv., 2025, 15, 28121–28130 | 28127
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performance of oxalic-acid-synthesized Ni-BZYCo (0.56 W cm−2,
OCV 0.95 V) is attributed to its optimized porosity, enhanced
oxygen vacancy concentration, and improved charge transport,
as conrmed by SEM and conductivity analyses.49,53 The supe-
rior power density of Ni-BZYCo in both sets can also be attrib-
uted to its distinct microstructural characteristics. SEM
micrographs reveal that it possesses moderate porosity
compared to other samples, which facilitates improved gas
diffusion and enhances electrochemical reactions at the triple-
phase boundary,55 thereby increasing the overall performance.
Ni-BZYMn (spinach) has lower power density due to the
increased content of Mn in spinach, which acts as a secondary
phase and reduces the overall performance. Based on the
electrochemical performance, all Ni-BZYX (X = Co, Mn) anodes
demonstrate suitability for IT-SOFC applications, with the
oxalic-acid-synthesized anodes exhibiting superior power
density and the spinach-based green synthesis method showing
promising potential that can be further enhanced through
optimization of microstructure and impurity reduction.

4 Conclusion

Ni–BZr0.8Y0.1X0.1O3−d (Ni-BZYX, X = Co, Mn) perovskite anodes
with B-site transition metal sintering aids have been success-
fully synthesized for the rst time using a sustainable method
incorporating spinach powder as a chelating agent. This envi-
ronmentally friendly synthesis approach preserves the essential
properties required for SOFC anode applications without
signicant compromise. XRD analysis conrmed the formation
of a cubic perovskite structure, with no signicant secondary
phases detected, apart from minor shis attributed to varia-
tions in ionic radii between dopants, the host matrix, and
residual impurities. FTIR further veried the presence of a well-
structured perovskite phase. SEM analysis revealed a uniformly
distributed porous structure. Conductivity assessments
demonstrated that chemically synthesized Ni-BZYX (X = Co,
Mn) anodes exhibited superior electrical properties compared
to their green-synthesized counterparts. Among the tested
compositions, the Ni-BZYCo anode achieved the highest
conductivity in both synthesis approaches, indicating its
enhanced charge transport capability. Electrochemical perfor-
mance measurements further conrmed the effectiveness of
this synthesis method, with the Ni-BZYCo anode produced via
the sustainable approach achieving a maximum power density
of 0.47 W cm−2. These ndings demonstrate the viability of the
novel, eco-friendly spinach-based synthesis route for producing
high-performance Ni-BZYX (X = Co, Mn) perovskite anodes,
achieving power densities close to that of chemically synthe-
sized counterparts (0.47 W cm−2 vs. 0.56 W cm−2 for Ni-BZYCo).
The slightly lower performance of spinach-synthesized anodes
is attributed to denser microstructures and residual metallic
impurities (e.g., K, Ca, Fe) that promote agglomeration and
reduce conductivity. Future optimization, such as impurity
reduction through pre-treatment of spinach powder or
enhanced combustion processes, could further close the
performance gap. Additionally, pre-reduction of NiO to Ni
during operation enhances porosity, improving TPB
28128 | RSC Adv., 2025, 15, 28121–28130
accessibility. This sustainable approach offers a promising
pathway toward environmentally friendly, not only for high-
performance SOFC but also for other perovskite material-
based applications.
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