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perovskite cathode using nickel as a sintering aid
for IT-SOFC
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Khurram Siraj,a Rizwan Raza, de Muhammad Sadiq,a Muhammad Ahsan,f

Abdul Ghaffarg and Amina Ashfaqa

In this research work, BaCo0.4Fe0.4Zr0.2�xNixO3�d (x¼ 0, 0.01, 0.02, 0.03, 0.04) perovskite cathode material

for IT-SOFC is synthesized successfully using a combustion method and sintered at low temperature. The

effects of nickel as a sintering aid on the properties of BaCo0.4Fe0.4Zr0.2O3�d are investigated through

different characterization methods. The addition of nickel increased the densification and grain growth

at a lower sintering temperature 1200 �C. XRD analysis confirms a single phase of BaCo0.4Fe0.4Zr0.2O3�d,

and an increase in crystalline size is observed. SEM micrographs show formation of dense microstructure

with increased nickel concentration. TGA analysis revealed that BaCo0.4Fe0.4Zr0.2�xNix cathode materials

are thermally stable within the SOFC temperature range, and negligible weight loss of 2.3% is observed.

The bonds of hydroxyl groups and metal oxides are confirmed for all samples through FTIR analysis. The

highest electrical properties are observed for BaCo0.4Fe0.4Zr0.2�xNix (x ¼ 0.04) due to increased

densification and electronic defects compared to other compositions. The maximum power density of

0.47 W cm�2 is obtained for a cell having cathode material BaCo0.4Fe0.4Zr0.2�xNix (x ¼ 0.02) owing to its

permeable and well-connected structure compared to others.
1 Introduction

In the last decade, rapid urbanization and industrialization
along with population growth have led to an exponential
increase in energy demand. Traditional energy resources like
coal, gas, and petroleum are used to fulll humankind's energy
needs. The extensive use of these energy resources is not only
creating a negative impact on the environment by the emission
of harmful gases but also causing their depletion at a rapid
pace.1,2 Researchers are devoting a lot of their efforts to develop
highly efficient, cost-effective, and eco-environment-friendly
alternative energy resources. Among different energy
resources, fuel cells have the potential in fullling these
requirements. The solid oxide fuel cell (SOFC), among other
types, is mostly preferred owing to its elevated energy
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y Engineering, Huazhong University of

University, Lahore, Pakistan

the Royal Society of Chemistry
conversion efficiency, inherent simplicity, less noise, fuel
diversity, and insignicant by-products.3,4 The drawback of
SOFC is its high operating temperature which causes little
chemical stability leading to high maintenance and production
cost.5 High temperature also causes a thermal mismatch with
other components. However, SOFC operating temperature
signicantly decreased (from 1000 �C to 400 �C) in the past
decade, by developing new and innovative materials without
affecting their conductivity. However, efforts are still needed to
create materials that can further reduce its operating
temperature.6–8

In SOFC, cathode must have adequate porosity and high
electronic conductivity for better oxygen reduction reaction
(ORR).9 At the cathode, the overall molecule used for the elec-
trochemical reaction is O2 (diatomic species) and it converts
into an electro-active ion through one or more processes, and
this reaction typically occurs near the TPBs.10 Micro-pattern and
composition of materials used for electrolyte and cathode can
also inuence the TPB aspects and distribution.11,12

Recently perovskite cathode materials gained signicant
importance due to their considerable oxide ion conductivity and
excellent electronic conductivity, makes them mixed ionic-
electronic conductors and have great signicance as cathode
material.13,14 Perovskite has the formula ABO3�d, where d indi-
cates the excess or deciency of the oxygen, and A-cation is
a metal with charge +2 or +3 larger than B-cation having charge
RSC Adv., 2021, 11, 14475–14483 | 14475
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+4 or +3. The positive valances of A and B cations are six and
exist as “A2+B4+O3, A

1+B5+O3 or A
3+B3+O3”. Electrical conductivity

and electrocatalytic performance of perovskites cathode mate-
rial can be enhanced by using dopants at A and B sites of the
structure.15 In perovskite cathode materials, the A site is
comprised of the rare and alkaline earth metals that is La, Ba,
Ca, or Sr, while B site consists of transition metals such as Mn,
Ni, Co, or Fe, etc. B-site cations, therefore, give the catalytic
mechanism.16 Barium zirconate and barium cerate both have
perovskite structures. Barium cerate as a perovskite material is
preferred because of its high storage capacity of oxygen vacan-
cies and high conductivity compared to barium zirconate.17

The perovskites cathode material doped with rare-earth
elements like Sr, Ce, and Co, etc., have shown tremendous
advantages over conventional cathodes.14 These cathode mate-
rials provide better matching thermo-mechanical performance
with electrolytes and show mixed ionic and electronic conduc-
tivity.18,19 Therefore, perovskite-type MIECs having a composi-
tion of ABO3 are best for oxygen permeability because of their
excellent ionic and electronic conductivity over a different range
of temperature.20 Cobalt-based perovskite material is the most
suitable material in the family of MIEC materials. The substi-
tution in cobalt-based perovskite structure from A or B site
helps obtain materials that have good structural stability and
high oxygen permeability.

To use a sintering aid, it is crucial that dopant can increase
the point defects, and it can also enhance the transportation of
ions or electrons to promote sintering.21,22 Nickel is considered
as to be fast diffuser and it enhances the sintering rate of the
ceramic powders. It was also reported that during sintering the
addition of nickel suppresses the coarsening process of grains
to some extent.23 The substitution of nickel in BCFZ not only
helps in reducing the sintering temperature but it also increases
the oxygen concentration and permeability at an intermediate
temperature which is favourable for the transportation of O2

ions in bulk electrode, therefore resulting into enhanced elec-
trocatalytic performance. Furthermore, it also reduces the
reactivity of the electrolyte with the cathode and lead to the
excellent performance of the SOFC.24

In current work, nickel is used as a sintering aid in BCFZ to
observe the effect of sintering aid on sintering temperature,
crystal structure, surface morphology, grain size and shape,
temperature effects, conductivity, and electrochemical perfor-
mance. A series of BaCo0.4Fe0.4Zr0.2�xNixO3�d (x ¼ 0, 0.01, 0.02,
0.03, 0.04) perovskite cathode materials were synthesized
through cost and time effective auto-combustion method.

2 Experimentation of samples

BaCo0.4Fe0.4Zr0.2�xNixO3�d (x ¼ 0, 0.01, 0.02, 0.03, 0.04) perov-
skite cathode materials were synthesized through auto-
combustion method for IT-SOFC. The precursor materials
used for the synthesis of BaCo0.4Fe0.4Zr0.2�xNixO3�d were Ba
(NO3)3 (Sigma Aldrich, > 98%), Co(NO3)2$6H2O (Sigma Aldrich,
> 98%), Ni(NO3)$6H2O (Sigma Aldrich, > 98%), Zr(NO3)4$5H2O
(Sigma Aldrich, > 98%) and Fe(NO3)2$9H2O (Sigma Aldrich, >
98%). The homogenous solution was prepared by adding
14476 | RSC Adv., 2021, 11, 14475–14483
a stoichiometric amount of these materials in de-ionized water
under constant stirring and heating at 80 �C. Oxalic acid as
a chelating agent was used for auto combustion. The obtained
solution was then continuously stirred and heated at 120 �C
until gel formation took place. The gel was then placed within
the oven at 120 �C for auto ignition, and BaCo0.4Fe0.4Zr0.2�xNix
cathode powder was obtained, which was sintered at 1200 �C for
4 hours. The ne powder was obtained through grinding.
Pellets of BaCo0.4Fe0.4Zr0.2�xNixO3�d powder were prepared by
the hydraulic press at a pressure of 300 MPa.

Different characterization techniques were employed to
observe the structural improvement of BCFZ perovskite cathode
material cells using NiO as a sintering aid. XRD was used for
structural analysis, and crystallite size was determined using
the Scherer equation. The surface morphology of synthesized
cathode materials was observed through SEM (HITACHI S-
3000H). Weight loss was followed by thermo-gravimetric anal-
ysis (TGA Q500). FTIR analysis was used to investigate the
functional groups and presence of metal oxide in the cathode
material. Four probe DC methods were employed to determine
the conductivities of the samples. The relation between
conductivity and temperature was determined by the Arrhenius
equation given by,25

s ¼ A

T
exp

�
� Ea

KT

�
(1)

The electrochemical performance is evaluated by fabricating
ve anode supported button cells having conguration
BaCo0.4Fe0.4Zr0.2�xNixO3�d/SDC/Ni-SDC. The cathode slurry
was printed on the SDC and was calcined at 1000 �C for 4 hours.
Each button cell is prepared in the form circular disk with
a diameter of 16 mm and thickness of 0.5 mm. The silver paste
is used on both cathode and anode to collect current and is then
treated at 500 �C for 1 hour. The humidied hydrogen (�3%
H2O) is provided at the anode as a fuel with a ow rate of 50
mL min�1, and at cathode, ambient air as an oxidant is used.

3 Result and discussion
3.1 Surface morphology

Fig. 1(a–e) shows the SEM micrographs of
BaCo0.4Fe0.4Zr0.2�xNixO3�d cathode materials. It is clear from
the micrographs that BaCo0.4Fe0.4Zr0.2�xNixO3�d structure
becomes dense and less porous with increased content of
nickel. Composition (x ¼ 0) shows the least dense structure
while composition (x ¼ 0.04) shows the most dense structure. It
can be deduced from SEM micrographs that pores reduced
because nickel melted during sintering and diffused into the
lattice of host Zr4+, and it also acted as a sintering aid due to its
high surface energy.26 The increased concentration of Ni in
BaCo0.4Fe0.4Zr0.2�xNixO3�d also resulted into increased particle
size and agglomeration which lead to further densication and
grain growth.27,28 BaCo0.4Fe0.4Zr0.2�xNixO3�d for (x ¼ 0.01, 0.02)
exhibit moderate porous structure and well-connected network
along with increased TPB compared to other compositions,
which is favorable for the enhanced electrochemical
© 2021 The Author(s). Published by the Royal Society of Chemistry
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performance of cathode.29 It can also be deduced from these
micrographs that microstructures of BaCo0.4Fe0.4Zr0.2�xNixO3�d

cathode materials became more compact and less permeable
even at 1200 �C. Therefore, for these compositions, the sintering
temperature can be further lowered to avoid agglomeration and
to obtain porous and well-connected structures. The lowering of
sintering temperature will make the synthesis process more
cost-effective.30 The SEM analysis validates the fact that NiO
played its role as a sintering aid and resulted in increased
densication of BCFZ at much lower sintering temperatures.
3.2 Structural study

Fig. 2 represents the XRD spectra of BaCo0.4Fe0.4Zr0.2�xNixO3�d

cathode materials within a 2q range of 20�-70�. Single-phase
perovskite planes (210), (111), (002), (110), (114), (400), (�322)
and (003) are observed for all samples (JCPDS 75-0227, BCFZ).
The sintering temperature is an important factor for the
formation of perovskite phases because doped and undoped
material shows the same crystal structure.31 The dominant
phases before doping were monoclinic due to the zirconia,
whereas doping of a small amount of nickel oxide suppressed
the monoclinic structure and tetragonal phases get enhanced.32

Defect chemistry and the hydroxylation degree are the main
aspects that dominate the properties of tetragonal structure of
ZrO2. The phase change and stability of tetragonal phase is
strongly dependent upon the dopant used. In the current work,
the formation of the tetragonal phase depends upon the
concentration of the nickel added. The small particle size of the
nickel compared to the zirconia increases the reactivity and led
to the stabilization of the tetragonal phase. The addition of
nickel suppresses the monoclinic phases and enhances the
tetragonal phase.33 It can be further deduced that aer doping
of nickel up to 4 mol%, the perovskite structure remains intact,
which is also in agreement with the reported results. However,
the secondary phase of BaO is observed for all samples while the
NiO phase is observed for BaCo0.4Fe0.4Zr0.2�xNixO3�d. The
existence of BaO phase can be ascribed to low sintering
temperature as researchers have reported that high sintering
temperature can result in the volatilization of BaO.1

It is also clear from the spectra that besides the NiO phase's
appearance due to nickel, peak shiing also occurred for the
samples doped with nickel. Fig. 3 represents the peak shiing of
the (210) plane of BaCo0.4Fe0.4Zr0.2�xNixO3�d. It can be observed
that plane moved to a higher angle with an increased ratio of
nickel. The increased concentration of nickel within
BaCo0.4Fe0.4Zr0.2�xNixO3�d disturbed the perovskite structure
symmetry due to disparity in the ionic radii of host and dopant
that resulted in peak shiing towards the higher angle.34 The
shiing toward a higher angle can be ascribed to the small ionic
radius of Ni2+ ions (1.62 Å) compared to Ba2+ (2.78 Å) and Zr4+

(2.16 Å) that resulted in the shrinkage of lattice parameter and
led to a decreased unit cell.35

XRD spectra further reveal that the intensity of peaks
increased with the augmented concentration of nickel because
nickel improved the sinterability of
BaCo0.4Fe0.4Zr0.2�xNixO3�d.36 When NiO doped at B-position in
© 2021 The Author(s). Published by the Royal Society of Chemistry
the perovskite structure, there is a reduction of oxygen vacan-
cies which resulted in shrinkage of lattice and increased the
intensity of the peaks.

The crystallite size was determined by the Debye–Scherrer
formula.35

D ¼ Kl

b cos q
(2)

Table 1 shows that crystallite size increased with increased
concentration of nickel which can be attributed to an increase
in grain growth and aggregation. The increased concentration
of nickel resulted in increased nucleation of crystallites and
enhanced grain growth. Earlier reported results also conrm
the same behavior when nickel is used as sintering aid.37,38

3.3 FTIR analysis

Fig. 4 shows the FTIR transmittance spectra of
BaCo0.4Fe0.4Zr0.2�xNixO3�d cathode material in a range of 4000–
600 cm�1.

The peaks around 1600 cm�1 show N–H bindings due to the
amines group, while peaks at 1400 cm�1 represent the C–C
stretching in the rings due to aromatics compounds and water
adsorption.39 These peaks get broader with increased concen-
tration of nickel in BaCo0.4Fe0.4Zr0.2�xNixO3�d. Peak shiing is
also observed, which can be attributed to the shrinkage of
lattice parameter, decreased unit cell volume, and trapping
effects of charges between host Zr4+ and nickel dopant.40 The
shiing of peaks can also be related to the structural disorder
and stresses that are produced due to the difference in ionic
radii dopant Ni and host Zr4+, therefore, resulting in displace-
ment and tilting of zirconium oxide structure.41 Stability and
structure disorder are inversely proportional to each other.42

Also due to this difference, the metal oxide bonds which change
the internal motion of molecules, resulted in increased bond
length for cathode materials.43,44

3.4 Thermal analysis

Fig. 5 shows the TGA plot of BaCo0.4Fe0.4Zr0.2xNxO3�d in a range
from room temperature to 850 �C. A minimal weight loss of
about 2.3% is observed from 100 �C to 140 �C approximately.
This weight loss is due to the evaporation of water present
within the sample due to ambient moisture. No weight loss is
observed beyond 140 �C because the thermal analysis is done
aer sintering; therefore, metal nitrates and residual
compounds were already decomposed. It is also clear that no
thermal process decomposition or evaporation occurred within
the SOFC operating temperature range, which depicts that it is
thermally stable for SOFC operating temperature.45

3.5 Conductivity

Fig. 6 depicts the Arrhenius plot between ln sT and 1/T for
BaCo0.4Fe0.4Zr0.2�xNixO3�d cathode material within the
temperature range of 500–900 �C.

It can be observed from the gure that electronic conduc-
tivity increased with the increased concentration of NiO. When
RSC Adv., 2021, 11, 14475–14483 | 14477
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Fig. 1 Surface morphology of BaCo0.4Fe0.4Zr0.2�xNixO3�d, x ¼ (a) 0, (b) 0.01, (c) 0.02, (d) 0.03 and (e) 0.04.
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NiO doped by decreasing the zirconium concentration, the ions
of zirconium reduced in host BaCo0.4Fe0.4Zr0.2�xNixO3�d, which
produces distortion in the lattice of host materials.46

The materials' conductivity depends upon two parameters
mobility of charge carriers and their concentration.47 Charge
carriers mainly depend upon occupied and available sites. They
14478 | RSC Adv., 2021, 11, 14475–14483
are also dependent upon the energy gap and grain shape ob-
tained aer the sintering process.25 Porosity reduces, and grain
size increases at higher sintering temperatures resulting in
increased charge carriers' fraction.48,49 For metal oxide cath-
odes, there is molecular oxygen adsorption, and diffusion at the
surface of the electrode, and oxygen ions transfer from TPB to
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra00789k


Fig. 2 XRD spectra of BaCo0.4Fe0.4Zr0.2�xNixO3�d.

Fig. 3 Magnified plane (210) peak BaCo0.4Fe0.4Zr0.2�xNixO3�d.

Fig. 4 FTIR spectra of BaCo0.4Fe0.4Zr0.2�xNixO3�d.

Fig. 5 Thermogravimetric analysis (TGA) curves of
BaCo0.4Fe0.4Zr0.2�xNixO3�d.
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electrolyte, and electronic conductivity increases at electrodes.
Therefore, BaCo0.4Fe0.4Zr0.2�xNixO3�d (x ¼ 0.04) exhibited
better conductivity compared to other compositions. The high
concentration of nickel (x ¼ 0.04) resulted in increased elec-
tronic defects and increased grain size, thus forcing the electron
to transfer from one grain to another through conduction
hopping.50 It can also be deduced that increased grain size leads
to the oxygen permeation ux which caused the faster rate of
Table 1 Crystalline Size of BaCo0.4Fe0.4Zr0.2�xNixO3�d

Cathode materials
(BaCo0.4Fe0.4Zr0.2�xNixO3�d)

x ¼ 0 x

Crystallite size (nm) 32 3

© 2021 The Author(s). Published by the Royal Society of Chemistry
diffusion of oxygen ions by grain boundaries thus enhancing
the surface reaction rate. The activation energy for ranges from
0.26–0.27 eV which is comparable to the cathode materials
sintered at higher temperature. The low activation energy
makes BaCo0.4Fe0.4Zr0.2�xNixO3�d cathode suitable for inter-
mediate temperature SOFC. Moreover, activation energy is also
linked directly to the grain growth.51 The obtained conductivity
for the nickel BCFZ sintered at low temperature 1200 �C is much
better than because nickel acted as sintering aid.
¼ 0.01 x ¼ 0.02 x ¼ 0.03 x ¼ 0.04

4 42 45 60

RSC Adv., 2021, 11, 14475–14483 | 14479
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Fig. 6 Arrhenius plot of BaCo0.4Fe0.4Zr0.2�xNixO3�d.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 1

/1
7/

20
26

 1
:0

2:
25

 A
M

. 
 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
4 Electrochemical performance

The electrochemical performance of ve button cells having
conguration (BaCo0.4Fe0.4Zr0.2�xNixO3�d/SDC/Ni-SDC) is eval-
uated at temperatures 600 �C, 500 �C and 400 �C. Fig. 7(a–c)
gives the I–V and power density curves of button cells. It can be
Fig. 7 (a–c) Electrochemical performance of BaCo0.4Fe0.4Zr0.2�xNixO3�

14480 | RSC Adv., 2021, 11, 14475–14483
observed that the maximum power density of 0.47 W m�2 was
observed for perovskite cathode material having nickel
composition (x ¼ 0.02) at 600 �C and OCV of 0.86 V. The power
density observed for cells having cathode with concentration (x
¼ 0, 0.01, 0.03, 0.04) were 0.29 W m�2, 0.31 W m�2, 0.40 W m�2

and 0.34 W m�2. The similar pattern is observed at 500 �C and
400 �C i.e. cells having cathode with nickel composition (x ¼
0.02) exhibited maximum power density while minimum power
density is observed for composition (x ¼ 0).

It was evident from SEM micrographs that cathode material
with nickel concentration (x ¼ 0.02) had moderate porosity and
well-networked structure compared to other compositions
therefore cell with a cathode having a nickel composition (x ¼
0.02) exhibit good performance compared to other cells. It can
also be observed although cathode (x ¼ 0.04) had the highest
electronic conductivity compared to other compositions, but
due to its dense structure, lesser gas diffusion occurred there-
fore reduced the oxygen reduction reaction at the cathode and
decreasing its electrochemical performance.24 The obtained
electrochemical performance conrms that
BaCo0.4Fe0.4Zr0.2�xNixO3�d (x ¼ 0.02) perovskite cathode mate-
rial is the best composition at low sintering temperature that
can be used as suitable cathode material for application in IT-
SOFCs.

Based on the better electrochemical performance of cell
having composition (x¼ 0.02), its stability is observed for the 10
hour operation shown in Fig. 8. It can be observed that the cell
has shown no apparent degradation with the passage of time at
d.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Stability of BaCo0.4Fe0.4Zr0.2�xNixO3�d (x ¼ 0.02) cell.
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intermediate temperature. The addition of nickel as sintering in
cathode will not have signicant effect on degradation of cell
performance because unlike anode where hydrocarbon is fed
which signicantly decreases the performance of cell due to
carbon coking or sulphur poisoning, air or oxygen is fed at
cathode.
5 Conclusion

The BaCo0.4Fe0.4Zr0.2�xNix perovskite cathode material using
nickel as sintering aid was successfully synthesized using a cost-
effective auto combustion method. BaCo0.4Fe0.4Zr0.2�xNixO3�d

showed improved sinterability and conductivity at low sintering
temperature (1200 �C) with nickel as a sintering aid. Morpho-
logical studies conrmed that densication steadily with
increased content of nickel and BaCo0.4Fe0.4Zr0.2�xNixO3�d (x ¼
0.04) exhibited denser structure compared to other composi-
tions. From structural analysis, increased crystallite size was
observed with increased concentration of nickel content and
presence of a secondary phase of BaO was attributed to lower
sintering. Thermal stability within the SOFC operating
temperature range was observed for all compositions. The
highest conductivity of BaCo0.4Fe0.4Zr0.2�xNixO3�d (x ¼ 0.04)
was attributed to increased grain size and electronic defects that
resulted in the enhanced surface reduction reaction. The peak
power density of 0.47 W cm�2 was obtained for a cell having
BaCo0.4Fe0.4Zr0.2�xNix (x ¼ 0.02) cathode at 600 �C, due to its
moderate porosity compared to other composition that led to
better diffusion of gas and increased electrochemical reaction at
the TPB. Therefore, BaCo0.4Fe0.4Zr0.2�xNixO3�d perovskite
cathode material with the composition (x ¼ 0.02) sintered at
a sintering temperature of 1200 �C can be a promising candi-
date for IT-SOFC.
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