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This work advances CozO4—NiO-based composite cathodes for intermediate-temperature solid oxide fuel
cells (IT-SOFCs). In this study, we investigate the potential benefits of combining two electronically
conducting phases in a composite system (CoszO4/NiO) and of doping this with Mn and Cu. The
undoped, Mn-doped, and Mn/Cu-doped composites were synthesised and subjected to comprehensive
structural, morphological, and electrochemical characterisation. X-ray diffraction confirmed phase purity,
with Mn preferentially incorporating into the CosO, lattice, reducing crystallite size and enhancing
surface area. Electron microscopy revealed that Mn doping suppressed particle agglomeration,
promoting uniform porosity, while dynamic light scattering confirmed the presence of nanoparticles in
this superior
performance for the Mn-doped composite, with distribution of relaxation time (DRT) analysis indicating

composition. Electrochemical impedance spectroscopy demonstrated catalytic

accelerated oxygen reduction kinetics. Humidification of the cathode gas slightly increased polarization

resistance, which is consistent with electronic conduction being dominant. Thermal stability tests

Received 11th May 2025 confirmed chemical compatibility with GDC and YSZ electrolytes during annealing at 800 °C for 100 h.

Accepted 7th August 2025
The Mn-doped composite emerged as the best candidate, balancing microstructural properties, rapid
DOI 10.1039/d5ta03764f charge-transfer dynamics, and thermal stability, positioning it as a competitive cathode material for

rsc.li/materials-a energy-efficient SOFCs.

SOFCs represent a very attractive technology for electrical
power generation because of their relatively high overall effi-
ciencies and very low environmental impact. SOFC systems
produce no, or low CO, emissions (depending on fuel used),

1. Introduction

According to the International Energy Agency, global demand
for energy is expected to increase by 50% by the year 2050, with

most of this growth expected to occur in developing countries.™*
At the same time, the sustainability of our energy systems is also
greatly challenged by air pollution, climate change, and other
environmental issues. In response to these challenges, there is
an urgent need for innovative technologies that can provide
clean, efficient, and reliable energy while reducing emission of
greenhouse gases and other environmental pollutants.> One of
the most promising technologies in this domain is the solid
oxide fuel cell (SOFC).
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generate little noise pollution, possess flexibility in terms of fuel
choice, and have been demonstrated to operate over long life-
times, up to 80 000 h.>* A SOFC employs a dense solid oxygen
ion-conducting electrolyte (typically yttrium-stabilized zirconia,
YSZ). At the cathode of the SOFC, oxygen molecules are adsor-
bed from an oxidant stream (usually air) and are reduced elec-
trochemically to form O* ions using electrons taken from the
external circuit (the Oxygen Reduction Reaction, ORR). These
ions then pass through the electrolyte (due to the chemical
potential gradient) to the anode, which is exposed to the fuel
stream. These oxygen ions oxidize the fuel electrochemically,
generating electrons that enter the external circuit. An elec-
tronic current is thus generated in any load included to the
external circuit.*

SOFC researchers are currently working to develop more
active electrode materials in order to decrease the operating
temperature of SOFCs,* allow them to be used more efficiently,
and with reduced carbon dioxide emissions.® For cathodes to be
employed at intermediate and lower temperatures, it is crucial

This journal is © The Royal Society of Chemistry 2025
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that the cathodic polarisation resistances have acceptably low
values.”

To improve the performance and compatibility of cathode
materials, specifically in terms of the polarisation resistance
and the thermal expansion coefficient, various strategies have
been employed. These include nano-structuring,®*** doping™>°
and composite formation.””*?* Composite formation in
cathode materials is mainly targeted at enhancing the oxygen
diffusion properties of the material by introducing an amount
of the ionically conducting electrolyte (which can also improve
thermal expansion compatibility with the electrolyte),” or to
enhance the ORR activity of a cathode material by the intro-
duction of other materials/phases (forming heterointerfaces)
possessing enhanced catalytic properties.**

The use of Coz0, to improve ORR performance has been
reported in several studies.>*” Because of its good catalytic and
electrochemical properties, it is employed in applications such
as batteries,***® supercapacitors,***" and SOFCs.*> Rehman and
coworkers used a composite of Co;0,/GDC (Gd doped ceria) as
a cathode for intermediate temperature SOFCs and reported
polarisation resistances in the range, 0.69-0.92 Q cm™ >, at 800 ©
C during the first 200 h of operation.** Similarly, Yang and
coworkers added Co;0, to BSCF (Bay 5Sr.5C00 sFe,03 ;) in
a proton-conducting SOFC using BCZY (BaCe, ;Zr1Y(.203_;) as
the electrolyte. Compared to the bare BSCF cathode, the BCZY/
Co3;0, composite not only improved catalytic activity but also
showed better adhesion to the surface of the electrolyte.** Chen
and coworkers introduced Co;0, in their LSCF (Lay ¢Sty 4C0g »-
Fe303_;) electrode used with an 8 mol% YSZ electrolyte and
found that the cathodic polarisation of the LSCF/Co;0, was
markedly lower, and electrode-electrolyte adhesion better,
compared to the bare LSCF.** Several other studies also
conclude that the introduction of Co;0, causes the cathodic
polarisation resistance to decrease the catalytic activity and the
overall performance of the cell to be remarkably enhanced.*%*

NiO is a p-type semiconductor which has also been intro-
duced as a secondary phase to improve the ORR and decrease
the polarisation resistance of SOFC cathode materials.**** Yang
and coworkers decorated the surface of their SrFeq gsTig -
Nig.0503_5 electrode with NiO, which showed superior ORR
activity and decreased polarisation resistance compared to the
bare electrode.*® Liang and coworkers synthesised cathode
material with the overall composition,
Bay.o5(C00.4F€0.4Z11Y0.1)0.05Nip.0505_swhich includes a NiO
phase. Their analysis concluded that this material showed
superior ORR activity compared to the Ni-free BaCo, 4Feg 4Zr
01Y 0.103_5.* Yao and coworkers found that introducing the
NiO phase in PrBaFe; Mo, 10s_s reduced cathode polarisation
resistance and activation energy, hence giving faster ORR
kinetics.** Lee and coworkers synthesised BaCog 4Fe 421 1Y0.1-
O3_;s (BCFZY) cathode material for protonic ceramic fuel cells
(PCFCs). Even though it is an impressive ionic and electronic
conductor itself, they found that the addition of NiO resulted in
reduced polarisation resistance and enhanced performance of
the cell.”” Nadeem and coworkers calculated the effective oxygen
chemical surface exchange coefficient for bare LSCF and NiO/
LSCF composite cathodes and found that at 800 °C, the value
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for the composite was almost double that of the bare LSCF. They
also reported a reduction in the polarisation resistance of their
electrode material and enhancement of the overall performance
of the cell with NiO addition.*

Owing to these properties as reported in the literature,
composites of NiO and Co;0, are expected to have superior
electrochemical performance and to be appealing candidates
for electrochemical applications. For instance, Jiang and co-
workers synthesised NiO/Co;O, as an electrode material for
supercapacitors and concluded that the electrochemical
performance of the composite was much superior to the
performance of NiO and Co;0, individually.** Several other
studies also show that incorporation of NiO/Co;0, composites
gives rise to enhanced electrochemical performance.**>" Wang
and co-workers synthesised and evaluated LSM (La, St ,MnO3)
electrodes in solid electrolyte cells and found that the incor-
poration of both NiO and Co30, in the electrode decreased its
specific polarisation resistance as well as enhancing the effi-
ciency of NO, removal.** Nayak and co-workers synthesised NiO/
Co3;0, composites in different ratios and evaluated their
electrochemical performance in terms of the ORR. They found
that NiO: Co30, in the ratio of 1:2 showed excellent electro-
chemical performance (as electrocatalysts for ORR) compared
to the other proportions.*® Wang and co-workers compared the
performance of undoped and Mn-doped Co;0, for application
as electrodes) in supercapacitors and found that addition of Mn
introduced oxygen defects in the structure which resulted in
improved electrochemical performance.”® Behera and co-
workers found that Cu doping in Co;0, enhanced its electro-
chemical bifunctionality (ORR and OER) for application in
Zinc-air batteries.>® Similarly, Yuan and co-workers found
improvement in the electrochemical performance of NiO with
Cu doping for application in supercapacitors.*®

Given the significance of NiO/Co;0, composites in energy
applications and the critical role of dopants in modulating their
properties, this study focuses on synthesising NiO/Co3;0,
composites alongside their Mn-doped and Mn/Cu co-doped
variants. In this study, we investigate the potential benefits of
combining two electronically conducting phases in a composite
system (C030,4/NiO) and of doping this with Mn and Cu. A
systematic structural analysis was conducted to evaluate phase
homogeneity and confirm the successful integration of dopants
within the biphase matrix. These materials were subsequently
investigated as potential cathode candidates for SOFCs, and
their performance related to their compositional uniformity
and dopant distribution.

2. Experimental

2.1. Materials synthesis

The nanocomposites were fabricated employing a citric acid-
based sol-gel method.*” Precise stoichiometric quantities of
the nitrate precursors, Al(NO3);-6H,0 (Sigma-Aldrich, =98%),
Co(NO3),-6H,O (Acros ThermoFisher Scientific, 98%),
Ni(NOs),-6H,O (Fluka, =97%) and Mn(NOj),-4H,0 (Acros
ThermoFisher Scientific, =98%), corresponding to the molar
ratios outlined in Table 1 and sufficient to prepare 0.033 moles

J. Mater. Chem. A, 2025, 13, 29486-29503 | 29487


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta03764f

Open Access Article. Published on 07 August 2025. Downloaded on 3/14/2026 11:45:08 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

Table1l Molar ratios of the precursors used to synthesise the undoped
and doped composites studied

Sample Co Ni Mn Cu
NiO/C0;0, 2 1 0 0
Mn-doped NiO/Co;0, 2 0.85 0.15 0
Mn/Cu doped NiO/C030,4 2 0.85 0.075 0.075

of total oxides, were dissolved in 200 mL of deionized water and
homogenized under continuous stirring for 30 min. Citric acid,
with Co: Ni:citric acid molar ratio = 2:1:4, was added, and
the solution was heated to 80 °C for 1 h. The temperature was
then raised to 110 °C until the formation of a viscous gel, which
was dried at 140 °C for 1 h in a box furnace. The resulting
xerogel was calcined at 800 °C in static air in a tube furnace.

Three distinct materials were synthesised: (a) undoped
Co3;0,/NiO composite, prepared with a Co : Ni molar ratio of 2 :
1; (b) Mn-doped Co03;0,/NiO: in which the Co ratio of the
undoped sample was modified by substituting 15% of Ni by Mn;
(¢) Mn/Cu co-doped Co;0,/NiO, in which equal molar amounts
of Mn and Cu dopants (7.5% each) were to be incorporated in
the composite. These details are summarised in Table 1.

2.2. Materials characterisation

The phase composition and crystallographic parameters of the
materials synthesised were analysed via powder X-ray diffrac-
tion (XRD) using a Panalytical X'Pert diffractometer with Cu Ko
radiation (1 = 1.5405 A). Scans were performed across a 26 range
of 10-90° at an angular increment of 0.008° under operating
conditions of 40 kV and 30 mA. Phase quantification was carried
out using *.cif files from the ICSD database, and fitting was
carried out using the Rietveld refinement function using the
Panalytical software, Highscore Plus. Fourier-transform
infrared (FTIR) spectra were recorded at 400-3500 cm ™' using
a Shimadzu IRAffinity 1S spectrometer.

The morphology and cross-section of the symmetrical
electrochemical cells were studied by obtaining high resolution
Scanning Electron Microscopy (SEM) images employing MIRA3-
TESCAN and JEOL JSM-7500 F instruments.

Quantitative particle size distribution profiles were obtained
using dynamic light scattering (DLS) measurements conducted
on a Malvern Panalytical Mastersizer 3000 system, with volu-
metric percentage distributions calculated in order to resolve
polydispersity and dominant particle size fractions.

Microstructural and elemental distribution studies were
conducted via Transmission Electron Microscopy (TEM) on
a Titan Themis S/TEM system (200 keV, FEI), incorporating
a spherical aberration corrector and an X-FEG Schottky emitter.
Elemental mapping and semi-quantitative composition anal-
ysis were achieved using the integrated Super-X energy-
dispersive X-ray spectroscopy (EDS) detector. Specimens for
TEM were prepared by ultrasonically dispersing powdered
samples in acetone, followed by deposition onto holey carbon-
coated copper grids (for samples with no Cu) and carbon-
coated gold grids (for samples containing Cu).
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Specific surface area and pore size distributions were ob-
tained via nitrogen adsorption-desorption isotherms using
a Micromeritics Tristar II instrument, with Brunauer-Emmett—
Teller (BET) and Barrett-Joyner-Halenda (BJH) models applied
to derive surface area and mesopore characteristics, respec-
tively. Prior to analysis, samples were subjected to degassing at
150 °C for 12 h under vacuum.

Chemical state analysis was performed by X-ray photoelec-
tron spectroscopy (XPS) using a Kratos Axis Ultra DLD spec-
trometer equipped with a monochromatic Al Ko source
(1486.6 eV, 15 kV, 4 mA). High-resolution spectra for Co 1s, Ni
2p, Mn 2p, Cu 2p, and O 1 s regions were acquired under
ultrahigh vacuum (~1 x 10~ '° mbar). Spectral deconvolution
and peak fitting were conducted using CasaXPS software
(v2.3.25), ensuring accurate identification of local chemical
environments.

To evaluate the chemical compatibility and thermal stability
of the synthesized Mn-doped Co0;0,/NiO composite for SOFC
applications, equal mass mixtures of the composite with
gadolinium-doped ceria (GDC) and yttria-stabilized zirconia
(YSZ) electrolyte powders were hand-milled and subjected to
thermal treatment at 800 °C for 100 h. Post-annealing XRD
patterns were then compared with those for fresh electrolyte
and cathode materials.

2.3. Cell fabrication and electrochemical evaluation

Gd-doped ceria (GDC) pellets were utilized as the electrolyte for
electrochemical impedance spectroscopy (EIS) measurements.
The GDC powder (fuel cell materials) was pressed into pellets
using a hydrostatic pressure of 400 MPa for approximately
1 min. These pellets were sintered at 1425 °C for 5 h in air. The
diameter and thickness of the resulting electrolyte disks were
13 mm and 0.5 mm, respectively. The synthesised composite
cathode powders were formulated into pastes and screen-
printed in a circular pattern on both sides of the GDC pellets
to create symmetrical electrode-electrolyte-electrode configu-
rations using an Aremco 3230 screen printer. The pastes were
optimised by thorough mixing with an ink vehicle to achieve the
desired rheological characteristics. After three successive
depositions on each side, the electrodes were dried in an oven at
90 °C for 15 min, after which the cells were sintered in air at
800 °C for 2 h, employing heating and cooling rates of 3 °
C min %,

To make current collectors, silver paste (from fuel cell
materials) was applied in a mesh configuration on both elec-
trode surfaces using an appropriate brush and heated at 750 °C
for 30 min with heating and cooling rates of 3 °C min™". These
symmetrical cells were subsequently assessed to determine the
electrode polarisation resistance over a temperature range of
550-800 °C in both dry and 3 vol% H,O-enriched air
atmospheres.

Electrochemical performance was characterised by Electro-
chemical Impedance Spectroscopy (EIS) using a Solartron 1252A
frequency response analyser in conjunction with a Solartron SI
1287 electrochemical interface. Impedance spectra were ob-
tained under open-circuit conditions within a frequency range

This journal is © The Royal Society of Chemistry 2025
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of 0.1 Hz to 1 MHz, using a perturbation amplitude of 25 mV.
EIS spectra were recorded on the symmetrical cells prepared as
above with GDC electrolytes and using each of the three
composite materials in turn to form both electrodes. Either dry
air or humidified air (3% water) was supplied to both electrodes
and spectra were obtained at operating temperatures between
650 and 800 °C. The overall interfacial polarisation and ohmic
resistance (Rp) were modelled. This was based on a L-Ro—(-
RQ)ur—(RQ)1r equivalent circuit, where Q represents a capaci-
tive constant phase element, R denotes resistance, L is
inductance, and the subscripts HF and LF correspond to the
high- and low-frequency components, respectively. The EIS data
were fitted using Z-View software (from Solartron) and were
further analysed in MATLAB to obtain Distribution of Relaxa-
tion Time (DRT) plots in order to study the physicochemical
processes occurring in the symmetrical cells in detail.

A long-term EIS study of the Mn-doped Co;0,-NiO cathode
material deposited on a GDC electrolyte was conducted for
a period of 100 h in air at 800 °C. A symmetrical cell with the
configuration, Mn-doped Co03;0,-NiO|GDC|Mn-doped Co;0,-
NiO, was prepared by depositing the Mn-doped Co;0,-NiO
paste (mixed with an ink vehicle) by screen-printing (Aremco
3230) it three times on each side of the GDC pellet, with a drying
treatment at 90 °C for 15 min in an oven after each application.
After deposition of the electrode layers, the cell was heated in
a furnace for 2 h at 800 °C. For the current collectors, silver
paste was deposited in the form of a mesh on both faces and the
cell again heated in a furnace for 30 min at 750 °C.

3. Results and discussion

3.1. X-ray diffraction

X-Ray diffractograms of the synthesised composites are shown
in Fig. 1, and are compared with ICSD reference patterns for the
individual oxides, Co;0, and NiO (36256 ** and 9866,* respec-
tively). All the diffractograms confirmed the presence of both
phases. Co;0, and NiO crystallise in cubic Fd3m and cubic
Fm3m phases, respectively. Doping with Mn and Cu did not
introduce any impurity phases in the composites, confirming
the successful incorporation of the dopants into the host pha-
ses. Phase quantification, using Rietveld refinement, and the
average crystallite sizes, calculated from the prominent peaks
using Scherrer's equation® for both oxide phases, are sum-
marised in Table 2. The strong decrease in the crystallite size of
the Co;0, phase and the increase in its quantification (%) with
Mn doping indicate that Mn is more favourably incorporated in
the Co;0, phase (also confirmed in EDS mapping - see below).
A strong decrease in the crystallite size of Co;0, with Mn-
doping has been reported previously.*

3.2. Fourier transform infrared spectroscopy

Fig. 2 shows the FTIR spectra obtained for the synthesised
composites. The peaks in the region, 550-600 cm ™" and 620~
690 cm ™, correspond to the bending vibration modes of Co(u)-
0 and Co(m)-0, respectively. Hence, the presence of both Co**
and Co”" supports the presence of spinel-structured Co;0,. The

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 X-ray diffractograms of the synthesised composites together
with reference patterns for CozO4 and NiO from the ICSD.

band in the range 450-550 cm " confirms the presence of Ni-
0. The stretching vibration of Ni-O at 663 cm ™" is also re-
ported in the literature,*® but here this overlaps with, and is
obscured by, the bending mode of Co(i)-O.

3.3. Nitrogen physisorption and dynamic light scattering

Fig. 3(a) presents the N, physisorption isotherms, which
present the amount of N, adsorbed on the surface of the
nanocomposites as a function of both increasing and
decreasing applied relative pressure, from 0 to 1 (representing
atmospheric pressure). All of the materials gave a type-III
isotherm, which is obtained when the adsorbent-adsorbate
interaction is weak. The Mn-doped Co3;0,/NiO material shows
the highest values for N, adsorption. Fig. 3(b) shows the pore
size distribution for the composites. All composites show two
main peaks: one in the region, 17-40 nm, which indicates that

Table 2 Phase quantification and crystallite size estimates for the
synthesised composites

Quantification Crystallite size
(%) (nm)
Composite C030,4 NiO C030,4 NiO
C030,-NiO 65.3 34.7 44.9 36.7
Mn-doped Co30,-NiO 75.8 24.2 28.9 42.6
Mn/Cu-doped Co;0,-NiO 69.0 31.0 37.2 38.4

J. Mater. Chem. A, 2025, 13, 29486-29503 | 29489
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Fig. 2 FTIR spectra of the synthesised hanocomposites.

the materials are mesoporous, and the second peak, at 96—
128 nm, which most likely corresponds to interparticle voids.
The BET surface area, pore width, and pore volume obtained by
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BET and BJH analysis of these data are listed in Table 3. The
pore widths relate to the mesopore range only and are consis-
tent with the peaks seen in Fig. 3(b) at around 25 nm.

Fig. 4 presents particle size distribution plots for all three
composites obtained using the dynamic light scattering tech-
nique. The Mn-doped composite has an extra peak in the lower
particle size region, which shows that a large volume fraction
relates to particles in the range 10-287 nm (with its peak
maximum at 38 nm). This reduction in particle size could be
due to the reduction in the crystallite size of the Co;0, phase,
resulting in finer particles. A reduction in the particle size of
Co030, on doping with Mn has been reported previously.**

3.4. Transmission electron microscopy and energy
dispersive spectroscopy

Figures 5-7 present analyses obtained using the S/TEM micro-
scope with Energy Dispersive Spectroscopy (EDS) detector of the
three composite samples in turn. Electron images obtained in
High-Angle Annular Dark-Field (HAADF) mode show the density
distribution across particles of each sample. EDS maps and
corresponding line-scans show the variation of the relevant
elements as a function of position. EDS spectra of relatively
large areas of each sample are also included to give general
compositional information.

Fig. 5 shows the HAADF image of particles of the Co;0,/NiO
sample (Fig. 5(a)) together with corresponding elemental maps
of the individual constituent elements, Co, Ni, and O (Fig. 5(b-
d)), and of Co and Ni together (Fig. 5(e)). It is obvious from these
maps that Co and Ni form separate phases rather than any
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(a) N, physisorption isotherms and (b) pore size distributions for the synthesised nanocomposites.

Table 3 BET surface area, pore width and pore volume of the synthesised composites

Pore width (nm)

Pore volume (x10%, cm® g7")

Sample BET surface area (m* g~ *) Adsorption Desorption Adsorption Desorption
C03;0,/NiO 1.66 15.8 22.0 6.83 10.9
Mn doped Co;0,/NiO 3.20 27.9 31.0 19.3 25.2
Mn/Cu doped Co30,4/NiO 2.07 18.9 27.2 8.65 12.9
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Fig. 4 Particle size distributions obtained with the dynamic light scattering technique for (a) Co304/NiO, (b) Mn-doped Coz04/NiO, and (c) Mn/

Cu-doped Coz04/NiO.

mixed phase. The EDS maps also confirm excellent distribution
and mixing of these two phases, and good interconnection
between the particles of each phase. The EDS spectrum
(Fig. 5(f)) confirms the presence of Co and Ni in the ratio ex-
pected, and the absence of impurities. The Cu and C detected
originate from the Cu/C TEM grid used to support these
samples.

In the HAADF image and corresponding EDS maps for the
Mn-doped Coz;0,/NiO material, it is obvious again that the Co
and Ni are present in completely separate phases, and that the
nanoparticles of these two phases are well distributed and
mixed (Fig. 6(e)). Importantly, the Mn (Fig. 6(f)) shows the same
spatial distribution as Co. The fact that Mn and Co are coinci-
dent implies the selective doping of Mn into the Co;0,, rather
than the NiO phase. This is consistent with the discussion of the
XRD results above (Section 3.1), and is further demonstrated in
the combined maps of Co and Mn and of Ni and Mn in Fig. 6(g)
and (h), respectively. Fig. 6(i) shows the variation in elemental
composition along the arrow drawn in Fig. 6(e) to show the

mixing of Co, Ni and Mn. This plot shows the sharp changes
between the Co and Ni-containing phases. It also shows that the
Mn exactly follows the trend in Co and opposes the trend in Ni,
which again implies the incorporation of Mn in the Coz0,
phase over the NiO phase. The EDS spectrum in Fig. 6(j) shows
the presence of all the constituent elements of Mn-doped
C030,4/NiO (with Cu and C originating again from the TEM
grid).

Fig. 7 presents the HAADF image and corresponding EDS
maps for the Mn/Cu-doped Co30,/NiO sample. It can be seen
that Mn behaves in the same way as in the Mn-doped composite
and is incorporated exclusively into the Co;0, phase. However,
the Cu is incorporated into both the Co;0, and NiO host pha-
ses, which is clear from the maps of the individual elements as
well as in the combined map of Mn, Ni and Cu together
(Fig. 7(h)). Fig. 7(i) shows a higher magnification EDS map and
an EDS line scan obtained from the area selected on this map
(shown in Fig. 7(j)) which shows that Mn is again following the
same trend as Co, but that Cu is present in both host phases.

10
Energy (kev)

Fig. 5 Co0304/NiO sample: (a) HAADF electron image; (b—e) EDS elemental distribution maps for Co, Ni, and O, and Ni and Co combined,
respectively; (f) general EDS spectrum of the Cos04/NiO heterostructure.
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Fig. 6 Mn-doped Coz04/NiO sample: (a) HAADF electron image; (b—e) EDS elemental distribution maps for Co, Ni, and O, and Co and Ni
combined, respectively; (f—-h) EDS maps for Mn, Mn and Co, and Mn and Ni, respectively; (i) EDS line scan along the arrow drawn in panel e; and (j)

EDS spectrum of Mn-doped Cos04/NiO nanocomposite.

Fig. 7(k) presents the EDS spectrum of a relatively large area of
the sample and confirms the presence of the constituent
elements (since the sample contains Cu, an Au/C TEM grid was
used, giving an EDS peak for Au).

3.5. X-ray photoelectron spectroscopy

Fig. 8(a) presents XPS analysis of all three composite samples in
wide, survey scans and in high resolution scans in Co 2p, Ni 2p,
Mn 2p, Cu 2p, and O 1s regions. For Co 2p in Fig. 8(b), the peaks
in the regions 779.2-781.4 eV and 794.3-796.9 eV correspond to
Co 2pi, and 2psp,, respectively. The deconvoluted peaks
assigned to Co>* and Co*" are positioned at 779-780.3 eV and
781-782 eV, respectively.®* There is a shift to lower binding
energy of the Co peak on going from the undoped to both of the
doped composites, indicating a shift from Co*" (tetrahedral
sites) to Co®>* (octahedral).®® The Ni 2p spectra in Fig. 8(c) show
four distinct peaks: the peaks at 850-869 eV and 870-885 eV
correspond to Ni 2p;/, and 2p,,, respectively. The deconvoluted
peak corresponding to Ni*" and Ni** occurs at BE values of
854.8-855.5 eV and 855.5-856.5 eV, respectively.®® The XPS peak
for Mn (Fig. 8(d)) in the Mn-doped and Mn/Cu-doped samples is
observed at 642.6 eV and corresponds to Mn>**.%* The Mn peaks
overlap with the Ni Auger LMM relaxations® which are seen in

29492 | J Mater. Chem. A, 2025, 13, 29486-29503

all the samples including the undoped composite. Fig. 8(e)
shows the XPS spectra for Cu 2p. The peaks at 934.3 eV and
954.2 correspond to Cu 2ps;, and 2p4,, respectively (S1 and S2
are satellite peaks corresponding to Cu 2p3,, and 2p4,, respec-
tively).®® Table 4 contains the atomic ratios corresponding to the
Ni**/Ni** and Co*'/Co™" oxidation states calculated from the
areas of the respective deconvoluted peaks. With Mn doping,
these results show a marked shift from Co>" (in tetrahedral
spinel sites) to Co®" (octahedral) in the Co;0, in the Mn-doped
material. This is related to the incorporation of Mn®", The Ni in
the NiO phase also gains electron charge. This is consistent with
charge migrating from Co;0, to NiO (Co sites are oxidised and
Ni sites reduced). Conversely, co-doping with Cu and Mn
reverses this trend (i.e., Ni loses electron charge while Co gains
electron charge). These opposing trends with Mn and Mn/Cu
doping suggest some charge exchange between the two pha-
ses of the composite materials (when dopants are incorporated
into their crystal structures). The slight shifting of the cation
features (for Co 2p and Ni 2p in this case) towards lower BE on
Mn and Cu doping also suggests an increase in the local elec-
tron density due to the formation of oxygen vacancies.*”* Such
vacancies would be expected to contribute to the enhancement
of electrochemical performance, specifically related to the

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Mn/Cu-doped Co3z04/NiO sample: (a) HAADF electron image; (b—e) corresponding EDS elemental distribution maps for Co, Ni, and O,
and Co and Ni combined, respectively; (f—h) EDS maps for Mn, Cu, and combination of Mn, Ni and Co, respectively; (i) high magnification map
showing Co and Ni distribution; (j) EDS line scan along arrow drawn in (i) (Mn and Cu signals x2 for clarity); (k) general EDS spectrum.
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Fig. 8 XPS analysis of the composites: (a) wide-scan survey spectrum revealing the presence of Co, Ni, Mn, Cu, and O; (b—f) high-resolution
core-level spectra of (b) Co 2p, (c) Ni 2p, (d) Mn 2p, (e) Cu 2p, and (f) O 1s regions, highlighting their respective chemical states and deconvoluted
profiles.
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Table 4 Atomic ratios of Ni2*/Ni** and Co?*/Co** calculated from
XPS spectra

Atomic ratios of Atomic ratios of
deconvoluted Ni 2p;/, deconvoluted Co 2p3,

Sample Ni** Ni** Co** Co**
C0;0,/NiO 1.59 1 1 3.82
Mn-doped Co30,4/NiO 1.75 1 1 5.13
Cu/Mn-doped Co;0,/NiO 1.59 1 1 2.68

combination of vacancies and oxygen ions, as is indeed shown
in the analysis of the impedance spectroscopy results, discussed
below. The XPS feature for O 1s, as shown in Fig. 9(f), is
deconvoluted into several peaks. The lattice oxygen peak in the
undoped, Mn-doped, and Mn/Cu-doped samples is present at
529.2 eV, 529.6/528.4 €V and 529.6 eV, respectively. A small peak
at 528.4 eV in the Mn-doped sample can be assigned to lattice
oxygen in the NiO with increased Ni**/Ni*" ratio.” The peak at

View Article Online
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530.6 eV in the Co3;0,/NiO sample can be assigned to surface
oxygen species’ and is seen at 531.1 €V in the Mn- and Mn/Cu-
doped materials.” The remaining deconvoluted peaks at
531.5 eV,”*7* 532.1 eV,”® 532.7 eV,***” and 533.4 eV”® can be
assigned to adsorbed oxygen-containing surface species, such
as hydroxyl groups and water molecules.

3.6. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) spectra were
recorded on symmetrical cells based on GDC electrolytes and
using each of the three composite materials in turn as both
electrodes. Generally, the EIS spectra typically consisted of up to
three discernible semicircular arcs in the high-frequency (HF),
medium-frequency (MF), and low-frequency (LF) domains. The
HF region predominantly reflects the intrinsic characteristics of
the bulk material, including charge carrier transport (electronic
or ionic conduction) through the ceramic grain matrix. The MF
region typically encompasses contributions from grain
boundary phenomena, particularly grain boundary resistance

P
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Fig.9 Electrochemical impedance spectroscopy analysis of symmetrical cells employing each of the three composites at both electrodes: (a—c)
Nyquist plots for Coz04/NiO, Mn-doped Coz04/NiO, and Mn/Cu-doped Cos04/NiO, respectively, measured in dry air; (d—f) corresponding
Nyquist plots in humidified air. (g) Comparison of Nyquist plots at 800 °C under dry air; (h) Arrhenius-type plots for all composites in dry air. (i)

Arrhenius-type plots in humidified air.
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and its corresponding capacitance, which can substantially
influence and elevate the overall impedance due to their
inherently higher resistive nature compared to the bulk. The LF
region is predominantly governed by interfacial electrochemical
processes at the electrode-electrolyte boundary, such as charge
transfer kinetics and diffusional mass transport processes.”®””
To facilitate quantitative interpretation, the impedance spectra
are modelled using equivalent electrical circuits (EECs). The
adopted EEC framework comprises three in-series subcircuits,
each consisting of a resistor in parallel with a constant phase
element (CPE).

The impedance corresponding to a CPE is expressed by the

formula:
1 S\
Zer = G <;7>

where f= frequency, f, = reference frequency, set to 1000 Hz, j =
imaginary unit, C; = capacitance at reference frequency, i is CPE
number, a = coefficient with a value between 0.5 and 1.7®

The EIS measurements were performed in both dry and
humidified air (3 vol% H,0) at temperatures between 550 and
800 °C, with precise gas flow regulation via a mass flow
controller. Fig. 9(a—c) illustrate the experimental and fitted
impedance spectra for Co;0,/NiO, Mn-doped Co0;0,/NiO, and
Mn/Cu co-doped Co3;04/NiO cathodes under dry conditions,
while Fig. 9(d—-f) presents the corresponding data obtained in
humidified air. All three cathode materials exhibited favorable
electrochemical performance at 800 °C, with notably reduced
area-specific resistance (ASR) values in dry air. The impedance
spectra were fitted using the equivalent circuit model depicted
in the insets of Fig. 9(a-f) in order to extract individual ASR
values. Both doped composites — the Mn-doped and Mn/Cu-
doped composites - showed lower polarisation resistance
than the undoped material. The Mn-doped Co3;0,/NiO electrode
demonstrated the best performance, achieving the lowest
polarization resistances in both atmospheres (0.38 Q cm” in dry
air; 0.44 Q cm? in wet air, at 800 °C). If any material were to have
both protonic and electronic conductivity, it would be expected
to show reduced ASR values in humidified air compared to dry
air. Such a decrease in ASR under humidified conditions is
attributed to the formation of a hydrated surface layer on the
electrode and electrolyte, promoting proton mobility by
lowering H' ion transport activation barriers. Furthermore,
adsorbed water is reported to enhance catalytic activity at the

Table 5 Comparison of ASR values with relevant literature

View Article Online

Journal of Materials Chemistry A

triple-phase boundaries, accelerating oxygen reduction kinetics
and reducing polarization losses.” But in the current study, all
three samples showed slightly higher ASR values in wet air than
in dry air, implying that these samples do not have significant
protonic conductivity.

The exceptional performance of the Mn-doped Co3;0,/NiO
may arise from the catalytic role of Mn in the oxygen reduction
reaction and/or its role in refining the microstructure of the
composite. Microstructural analysis by SEM, N, physisorption
and DLS revealed a more homogeneous and finer grain
morphology in the Mn-doped composite, which would act to
expand the electrochemically active surface area and may also
improve gas diffusion pathways. In the comparison of the EIS
spectra for all three composites at 800 °C (Fig. 9(g)) the reduc-
tion in overall impedance is clearly visible for the co-doped and
especially Mn-doped composite electrodes. The Arrhenius-type
plots in Fig. 9(h) and (i) make clear that the Mn-doped sample
has the lowest polarisation ASR at all experimental tempera-
tures. The doubly-doped material is next, followed by the
undoped material which generally has the highest Rys,
although there is some overlap with the doubly-doped material
at the lowest temperatures.

The ASR values of these Co3;04-based composites at
temperatures of 700-800 °C are presented together with recently
reported work on Coz;0,/GDC composite cathodes for SOFCs™
in Table 5, and can be seen to compare favourably.

In Table 6 the ASR values of these composites are also
compared with some other reported studies carried out under
similar conditions, to demonstrate the importance of the study.
This comparison shows that Mn-doped Co3;0,/NiO exhibits the
lowest ASR value, implying that it has the better electrochemical
performance and is a promising cathode material for IT-SOFCs.

3.7. Distribution of relaxation time study

Electrochemical processes often manifest as overlapping
features in Nyquist plots, appearing as single semicircular arcs
that obscure several individual mechanistic contributions. To
address this limitation, the DRT method has emerged as
a pivotal analytical tool, enabling the deconvolution of physi-
cochemically distinct processes through their characteristic
relaxation times () - parameters intrinsically linked to reaction
kinetics and charge-transfer dynamics. Unlike is often the case
in conventional equivalent circuit modelling, the number of

Cathode Electrolyte Temperature (°C) ASR (Q cm?) Ref.
C030,/GDC YSZ 700 1.19 79
Co030,/GDC YSZ 750 0.88 79
Co030,/GDC YSZ 800 0.68 79
C030,4/NiO GDC 800 0.83 This work
Mn/Cu-doped Co30,/ GDC 800 0.57 This work
NiO

Mn-doped Co30,4/NiO GDC 700 0.98 This work
Mn-doped Co3;0,/NiO GDC 750 0.58 This work
Mn-doped Co3;0,/NiO GDC 800 0.38 This work
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Table 6 Comparison of performance of Coz04/NiO materials from this work with literature reports of other composites evaluated under similar

conditions

Atmosphere -
Electrode (abbreviation) Electrolyte temperature (°C) ASR (Q em?) Ref.
Lag,e5Bio.1ST0.25Cro.5Fey s03/SDC (LBSCF/SDC) LSGM Air-800 2.90 80
Lay gSTo,MnO;_s/GDC (LSM/GDC) YSZ Air-800 1.44 81
Lag, 5T »5Cro sMny 505 _/YSZ (LSCM/YSZ) YSZ Air-800 0.43 82
Las sWO, 1 55_s/Lag §ST0.MNO;, 5 (LWO/LSM) LWO Wet air-750 1.4 83
Lay, 5Sr; sMnO,,5/SDC (LSM/SDC) LSGM Air-800 0.813 84
(Lag.5Sr1.5Mn)Nig ;04,4/SDC (LSMN/SDC) LSGM Air-800 0.676 84
C030,/NiO GDC 800 0.83 This work
Mn/Cu-doped Co;0,/NiO GDC 800 0.57 This work
Mn-doped Co30,/NiO GDC 700 0.98 This work
Mn-doped Co30,4/NiO GDC 750 0.58 This work
Mn-doped Co3;0,/NiO GDC 800 0.38 This work

peaks in the DRT plots corresponds to the number of processes
taking place.*

DRT plots were obtained from the deconvolution of the EIS
spectra in order to identify the different physio-chemical
processes, and examine their contribution to the overall resis-
tance of the cell. All DRT plots showed five distinct physio-
chemical processes as shown in Fig. 10. Zhang and co-workers
got similar results for their symmetrical cell and made assign-
ments of their peaks to different physio-chemical processes.*®
For the system described in the current work, the assignment of
these peaks is presented in Table 7.

The DRT plots of all the samples under dry and wet air
conditions are shown in Fig. 10. Notably, the intensities and
positions of these peaks vary with composition, suggesting that

the dopants and structural modifications in the cathode mate-
rial influence the rates and energetics of each process. These
findings underscore the importance of carefully tuning cathode
formulations to improve their electrochemical performance, as
even minor compositional differences can significantly alter the
overall polarisation behaviour. In addition, the sensitivity of
certain peaks to the operating atmosphere (dry vs. wet air)
further emphasizes the role of moisture content in modulating
key reaction pathways. Taken together, the DRT analyses
provide crucial insights into the underlying mechanisms that
govern cell performance, thereby offering a valuable framework
for designing next-generation SOFC cathodes with enhanced
stability and catalytic efficiency.
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Fig. 10 Distribution of Relaxation Time (DRT) analysis derived from electrochemical impedance spectra of the composites: (a—c) DRT profiles of
Co0304/NiO, Mn-doped Coz04/NiO, and Mn/Cu-doped Coz04/NiO in dry air, resolving constituent electrochemical processes; (d-f) corre-
sponding DRT profiles in wet air, illustrating humidity-dependent relaxation behaviour.
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Table 7 Peak assignment (P1 to P5) in the DRT graphs
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Peak Frequency (Hz) Process

P1 0.005-1 Molecular oxygen adsorption on the cathode

P2 1-17 Dissociation of O, into adsorbed oxygen atoms

P3 20-10 000 Formation of adsorbed oxygen ion

P4 2500-54 000 Combination of oxygen ions and oxygen
vacancies

P5 >28 000 Oxygen vacancy diffusion

As the temperature increases, the relaxation processes asso-
ciated with the ORR (P3) for these composite cathodes become
progressively faster, as evidenced by the systematic shift of this
peak towards higher frequencies (i.e., shorter relaxation times).
In addition, the relative peak intensities for P3 tend to diminish,
suggesting a significant reduction in the contribution to the
overall resistance from the respective processes. These observa-
tions collectively indicate that elevated temperatures enhance
the electrochemical activity by promoting more efficient charge
transport and faster reaction rates, a desirable effect for opti-
mizing SOFC cathode performance. Along with enhanced ORR
kinetics at higher temperatures, the other processes contributing
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to the overall performance of the cell also show improvements in
the adsorption of oxygen molecules on the surface of the
composites (P1), its dissociation into oxygen atoms (P2), occu-
pation of vacancies by oxygen ions (P4) and diffusion of the
oxygen vacancies (P5), as the temperature is increased from 550
to 800 °C.

Fig. 11(a and b) compares the DRT plots for all three
composites at 750 and 800 °C. Considering the ORR process
(P3) and the combination of adsorbed oxygen ions and oxygen
vacancies (P4), the Mn-doped Co03;0,/NiO clearly shows a much
smaller contribution than the other composites towards the
overall impedance at both temperatures, indicating lower
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Fig. 11 Comparative Distribution of Relaxation Time (DRT) analysis of the composites under varying conditions, showing contributions from
processes P1-P5 (see text for details): (a) DRT profiles of the 3 composites in dry air at 750 °C; (b) corresponding DRT comparison at 800 °C in dry
air. Comparison of DRT plots in dry vs. wet air for Mn-doped Coz04/NiO at (c) 750 °C, and (d) 800 °C, emphasizing the effect of humidity on

relaxation processes.
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Fig. 12 Structural and morphological characterisation of the composite/GDC interface regions of the symmetrical cells after electrochemical
testing by SEM: (a, c and d) High magnification micrographs of the composite electrodes (GDC excluded), revealing distinct grain morphology
and porosity; and (b, d f) cross-sectional images of Coz04/NiO, Mn-doped Coz0,4/NiO and Mn/Cu-doped Coz04/NiO, respectively (with GDC).
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Fig. 13 Phase stability evaluation of Mn-doped Coz0,4/NiO after thermal aging at 800 °C for 100 h. Comparison of XRD patterns for Mn-doped
Co304/NiO aged with (a) GDC; and (b) YSZ, demonstrating chemical compatibility under prolonged high-temperature conditions. In each case,
aged mixtures (top pattern) are compared with fresh electrolyte (middle) and fresh cathode materials (bottom).
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energy barriers for these processes. Also, at both temperatures,
there is a clear shift towards higher frequency (or small time
constant for the relaxation process) for the Mn-doped
composite, implying faster reaction kinetics, and making this
material a potential candidate for SOFC cathodes. Fig. 11(c and
d) is a comparison of the DRT graphs of Mn-doped C03;0,/NiO
obtained in dry and wet air conditions at 750 and 800 °C. Very
clearly, the results obtained in the dry air show less contribution
towards the overall impedance for all processes, P1-P5, and
display faster kinetics, for processes P1-P3, compared to the
results in wet air. Adsorption of water on the surface of the
composites can limit the number of available surface sites for
the adsorption of molecular oxygen (P1), which can act as a rate-
limiting step in this case and so adversely affect all the other
processes, at steady state.

3.8. Post-test analysis of symmetrical cells

Fig. 12 shows the scanning electron microscopy images of the
cross-section of symmetrical cells in which the three composites
are deposited on both surfaces of GDC electrolytes after they
had been used in the electrochemical experiments. All the
samples showed good contact between the electrode and the
electrolyte. In the undoped Co0;0,/NiO (Fig. 12(a)) and the Cu/
Mn-doped Co;0,/NiO materials (Fig. 12(g)) the composite
electrodes are observed to contain agglomerates. In compar-
ison, the Mn-doped Co0;0,/NiO electrode shows a more

View Article Online

Journal of Materials Chemistry A

uniform, less agglomerated porous structure in good contact
with the GDC electrolyte.

3.9. Long-term chemical compatibility study of the
composite electrode with selected electrolytes

To evaluate the chemical compatibility and thermal stability of
the synthesized Mn-doped Co;0,/NiO composite for application
as an SOFC cathode, equal mass mixtures of the composite with
GDC and YSZ electrolytes were subjected to thermal treatment at
800 °C for 100 h. Post-annealing X-ray diffraction (XRD) analysis,
as illustrated in Fig. 13(a) and (b), revealed no detectable inter-
facial reactions or secondary phase formation. The diffraction
patterns exclusively exhibited peaks corresponding to the parent
composite and the electrolyte phases, confirming the absence of
undesirable chemical reactions. Furthermore, the Mn-doped
C0304/NiO composite retained its original phase composition
under these conditions with no evidence of decomposition or
impurity peaks. This demonstrates excellent phase stability and
compatibility with both GDC and YSZ electrolytes at SOFC
operating temperatures, fulfilling critical material requirements
for long-term device reliability.

3.10. Extended electrochemical study of symmetrical cell

A long-term electrochemical test of a symmetrical cell, Mn-
doped Co03;0,-NiO|GDC|Mn-doped Co030,-NiO, was performed

Mn-K

[ 5um

Ce-L

Fig. 14
test.
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in air at 800 °C for a period of 100 h. The EIS results obtained
showed that the cell remained relatively stable over this time
period, with an increase in polarization resistance, R, of
around 18% after 100 h, as shown in Fig. S2.

After the long term electrochemical test, the used symmet-
rical cell was studied in cross-section using SEM and EDS
mapping (Fig. 14). The SEM images of the cross-section and
surface of the electrode show excellent porosity and small
particle size were retained over the 100 h test. The electrode
layer remains tightly bonded, and no evidence for intermediate
layers or products of chemical reaction was observed between
the electrolyte and the electrode in the used cell. The EDS study
shows the expected distribution of the elements - Co, Ni and
Mn in the cathode layer and Ce and Gd in the electrolyte — with
no impurities or inter-diffusion, after the long-term test.

4. Conclusions

The integration of Mn into Co;0,-NiO composites significantly
enhances their viability as SOFC cathodes through structural
refinement and catalytic activation. XRD and EDS mapping
confirmed the preferential substitution of Mn in the Co;0, phase,
which reduced crystallite sizes and increased surface area, while
co-doping of Mn and Cu introduced microstructural heteroge-
neity. Electrochemical assessments revealed the Mn-doped
composite's exceptional performance, with ASR values 56%
lower than for the undoped material at 800 °C, attributed to its
porous morphology and optimized triple-phase boundaries. DRT
analysis further elucidated humidity-dependent kinetics, indi-
cating suppressed oxygen adsorption in wet air and the domi-
nance of electronic conduction. Stability studies confirmed
excellent compatibility with GDC and YSZ, critical for long-term
operation. Compared to literature benchmarks, the Mn-doped
variant's ASR (0.38 Q cm?) surpasses recent Co;0,/GDC compos-
ites (0.68 Q cm?®), underscoring its superiority. These results
advocate for Mn-doped Co;0,-NiO as a practicable and active
cathode material. Future work will focus on integration of these
composite materials into full SOFC cells, including the selection
and optimization of a chemically and mechanically compatible
anode, selection of interconnect materials, and cell architecture,
as well as exploration of a third, proton-conducting phase to form
a triple-conducting composite, with the aim of moving towards
real world SOFC applications. The study will also encompass long-
term load-cycling experiments and comprehensive evaluation of
electrochemical durability to ensure sustained operational
reliability.

This study advances the rational design of doped transition-
metal oxide composites for next-generation energy conversion
technologies.
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