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Protonic ceramic cells (PCCs) hold significant promise as energy conversion devices operating at lower

temperatures in comparison to traditional Solid Oxide Cells (SOCs). However, the widespread adoption

of PCCs depends on developing innovative, high-performing, electrode materials that exhibit enhanced

chemical compatibility with barium-based perovskite electrolytes. Here, a new cobaltite, Ba2Co9O14

(BCO), is employed for the first time as an electrocatalyst for oxygen reactions in PCCs in contact with

a BaZr0.852Y0.148O3−d (BZY15) + 4 mol% ZnO (sintering agent) electrolyte. BCO displays electrochemical

performance comparable to the current state-of-the-art oxygen electrode under wet conditions (pH2O ∼
10−2 atm). Furthermore, it demonstrates excellent chemical compatibility with the BZY15 electrolyte.

Thermogravimetric experiments reveal no significant oxygen loss below 800 °C and no noticeable

proton uptake. Conversely, X-ray photoelectron spectroscopy results highlight the formation of surface

oxygen vacancies and mixed valent Co3+/Co2+ states, as corroborated by bond valence sum calculations

from Rietveld refinement of the X-ray diffraction data. Consequently, due to the platelet-like

morphology of the BCO electrode grains, and considering its poor bulk ionic conduction, the surface

diffusion process becomes highly important in explaining the high-performing electrochemical

behaviour. Moreover, the impedance spectroscopy data analysis brings to light the existence of

electronic leakage within the electrolyte substrate, leading to a significant underestimation of the

electrode polarisation resistance and misconception of the electrode mechanism. To address this issue,

a data correction is applied, revealing that electrode kinetics is strongly rate-limited by oxygen diffusion

on the surface of the BCO grains towards the triple-phase boundary, where proton transfer occurs,

releasing water. In contrast, the adsorption and/or the oxygen dissociation steps are facilitated given the

predominantly electronic character of the BCO material, which is suggested to originate from a small

polaron hopping mechanism. Our results, thereby, introduce a new intergrowth series of cobaltites,

which present an exciting avenue for exploration in the context of PCCs.
1 Introduction

With the aim of increasing the longevity of ceramic fuel cells,
simplifying auxiliary systems, and enhancing the overall
affordability of solid oxide cell (SOC) technology, researchers
have developed protonic ceramic cells (PCCs) designed to
operate at lower temperatures (e.g., below 700 °C).1 Similarly to
the SOCs, the kinetics of the oxygen electrode is critical for the
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overall electrochemical performance of the cell.2 Oxygen-
electrode materials have been actively explored and opti-
mised, with notable advancements achieved through oxygen-
ion conducting electrolytes.3–5 However, despite demon-
strating favourable performance in SOCs, some materials
cannot be directly employed in the protonic counterpart
systems. This problem is mainly attributed to their chemical
incompatibility with state-of-the-art barium-zirconate/cerate-
based proton-conducting electrolytes,6–10 which has led to the
investigation of new compositions as a point of interest for
PCCs.11,12 Furthermore, an additional challenge associated with
SOC oxygen electrode materials, when employed in PCCs, is
their insufficient activity in water splitting/formation or their
instability under high steam conditions.

Barium-containing compositions are interesting cathode
options due to their high basicity, as discussed for doped
lanthanum nickelates.13 In this respect, Tarutin et al.14 studied
Ba-doped Pr2NiO4+d electrodes, indicating the Pr1.8Ba0.2NiO4+d
This journal is © The Royal Society of Chemistry 2024
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composition as the optimised sample when considering the
transport and electrochemical properties. Notably, they
observed a polarisation resistance (Rpol) of ∼2 U cm2 at 600 °C
(pH2O = 0.03 atm in air) using impedance spectroscopy in
a symmetrical cell conguration (BaCe0.5Zr0.3Y0.1Yb0.1O3−d

electrolyte). In a recent work by some current authors, the
double perovskite Ba2NiMoO6−d was proposed for application
in PCCs.15 Rpol of∼4U cm2 was obtained at 800 °C in wet oxygen
(pH2O ∼10−2 atm), using a BaCe0.7Zr0.1Y0.2O3−d electrolyte. The
electrode material BaGd0.8La0.2Co2O6−d on BaZr0.7Ce0.2Y0.1O3−d,
studied by Strandbakke et al.,16 exhibited a Rpol of ∼0.15 U cm2

at 600 °C, when exposed to a wet oxygen atmosphere (pH2O

∼0.03 atm). BaCo0.4Fe0.4Zr0.2O3−d was investigated by Shang
et al.17 on the BaCe0.7Zr0.1Y0.1Yb0.1O3−d electrolyte. At 600 °C,
the Rpol was ∼1 U cm2 in air (pH2O = 0.03 atm in air). Zou et al.18

reported the BaCe0.16Y0.04Fe0.8O3−d electrode on the BaCe0.7-
Zr0.1Y0.1Yb0.1O3−d electrolyte, demonstrating a Rpol value of 0.27
U cm2 at 600 °C in a 5 vol%-air atmosphere. In another work, an
excellent polarisation resistance of ∼0.09 U cm2 (at 600 °C) was
obtained for the Ba0.5Sr0.5(Co0.7Fe0.3)0.6875W0.3125O3−d electrode
on the BaCe0.7Zr0.1Y0.1Yb0.1O3−d electrolyte by Hu et al.19 (3 vol%
water-containing air). Because of this stronger basic character
and better chemical compatibility, other materials with barium
in the structure are of interest for developing oxygen electrodes
with higher electrochemical performance. On the other hand,
the basicity of barium-based oxides typically results in poor
stability under water vapour-containing atmospheres,20 thus,
creating additional challenges on the choice of the electrode
composition, where a compromise between basicity and
chemical stability needs to be achieved.

A new family of layered barium cobaltites emerges as
a promising choice for use in PCCs. The Ban+1ConO3n+3(Co8O8)
family exhibits a structural arrangement characterised by CdI2-
type and perovskite layers.21 Single crystals corresponding to n
= 1 (Ba2Co9O14) and n= 2 (Ba3Co10O17) have been prepared,21–23

but only Ba2Co9O14 (BCO) synthesised in pure phase. BCO can
be employed to mitigate undesirable cation diffusion and
minimise the concentration disparity of the alkaline-earth
element within the electrolyte. This compound demonstrates
rhombohedral symmetry under typical ambient conditions.23 In
terms of electrical properties, Delorme et al.24 reported positive
values for the Seebeck coefficient, indicating a p-type conduc-
tion mechanism. Additionally, they measured an electrical
conductivity of approximately 200 S cm−1 at a temperature of
600 °C.

Despite its good electrical properties, to our knowledge, no
reports currently exist on using the BCO material as an oxygen
electrode for PCCs. An investigation is conducted to correlate
the crystal structure, thermal behaviour, cobalt oxidation state,
surface oxygen-ion vacancy concentration, and electrochemical
properties of the BCO phase system under humidied atmo-
spheres (pH2O = 10−2 atm). The electrode mechanism is
underscored using a symmetric cell conguration on
BaZr0.852Y0.148O3−d (BZY15) electrolyte substrates, with minor
additions of 4mol% ZnO (as a sintering agent). Nevertheless, an
essential consideration in our work concerns the presence of
signicant electronic leakage current in typical proton-
This journal is © The Royal Society of Chemistry 2024
conducting perovskite electrolytes.25 When analysing a PCC
electrode under oxidising conditions, accounting for this aspect
is indispensable. Specically, BZY15 + 4 mol% ZnO demon-
strates signicant p-type electronic conductivity.26 This implies
the parallel transport of protons and oxygen-ions (ionic
current), accompanied by the simultaneous (parallel) transfer of
electronic holes (electronic current), through the electrolyte
substrate. In addition, these currents can also be extended
through the electrode in the case of bulk triple-conducting
compounds. Conversely, in the case of pure electronic-
conducting electrodes, these ionic currents should be
conned to the triple phase boundaries.16 This critical factor,
which substantially underestimates the magnitude of the
polarisation resistance,27 remains relatively underexplored in
the existing literature on electrodes for PCCs. Therefore, an
approach is implemented to allow for a correct mechanistic
interpretation of the electrochemical behaviour of the
Ba2Co9O14 electrode under varying oxygen partial pressures.
2 Experimental
2.1 Powder synthesis and chemical compatibility

The Ba2Co9O14 (BCO) powder was synthesised by the solid-state
reaction route.24 Co3O4 (Chem-Labs, 99+%) and BaCO3 (Merck,
$99%) were used as precursor materials during the high-energy
milling process (400 rpm), followed by calcination in air at 900 °
C for 8 h (5 °C min−1) to ensure the stability limit.21,24

BaZr0.852Y0.148O3−d (BZY15), synthesised as described below,
was used as an electrolyte substrate.

The BZY15 powder was prepared by high-energy milling of
stoichiometric amounts of precursor mixtures of barium
peroxide (BaO2, Riedel-de-Häen, 95%) with 8YSZ
((ZrO2)0.92(Y2O3)0.08 = Zr0.852Y0.148O1.926, Tosoh Co.). Seven
milling cycles were executed under ambient conditions at
a rotational speed of 650 rpm for 2 h per cycle.28 This was
achieved using tetragonal zirconia vials (from Retsch), along
with zirconia balls (Tosoh Co.). To prevent excessive heating
during milling, the process involved steps of 5 min of milling
followed by an equal pause duration. Finally, the powder was
compacted into a pellet to enhance the reaction, followed by
a calcination process at 1200 °C for 10 h (3 °C min−1).

A 50 : 50 wt% mixture of BCO with the electrolyte material
(BZY15) underwent heat treatment at 900 °C for 24 h under
ambient air conditions to assess the compatibility between the
electrode and the electrolyte components. To improve the
interphase connectivity and ensure the successful completion
of the reactivity test, a pellet was fabricated using the powdered
mixture. The temperature of 900 °C was based on the maximum
temperature used in the sintering process.
2.2 Powder analysis

Powder X-ray diffraction (XRD) analysis was performed using
a Rigaku SmartLab SE diffractometer with a Cu-Ka radiation
source operating at 40 kV and 30mA. XRD data were collected in
the range 20° # 2q # 80°, with a stepwidth of 0.02° and a scan
speed of 3° min−1. Rietveld renement was conducted with the
J. Mater. Chem. A, 2024, 12, 840–853 | 841
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SmartLab Studio II soware package (Rigaku). A structural
illustration for the BCO compound was drawn using VESTA
soware, with data obtained from Rietveld renement.

Thermal analysis of the BCO sample was also performed by
thermogravimetry/differential thermal analysis (TGA/DSC;
model STA449/6/G, Netzsch, Jupiter, Germany) up to 1000 °C
in oxygen (O2) and nitrogen (N2).

The powder morphology was studied by scanning electron
microscopy (SEM, TESCAN VEGA's 4th generation) integrated
with energy-dispersive X-ray spectroscopy (EDS detector model
Essence™) for analysing the elemental distribution.

X-ray photoelectron spectroscopy (XPS) measurements were
acquired in an Ultra High Vacuum (UHV) system using a SPECS
Phoibos 150 spectrometer equipped with a high-intensity
monochromatic Al-Ka X-ray source (1486.6 eV). XPS measure-
ments were carried out on the synthesised BCO powder. Charge
correction was performed utilising the C 1s peak of adventitious
carbon at 284.8 eV. Spectra were tted using the XPSPeak tting
program, version 4.1.

2.3 Preparation and microstructural characterisation of the
electrode–electrolyte symmetrical cell

Electrolyte substrates were prepared using the BZY15 powder,
with densication of cylindrical pellets achieved through the
incorporation of 4 mol% of ZnO (Merck) as a sintering aid,
followed by sintering at 1300 °C for 5 h in a bed of the same
BZY15 + 4 mol% ZnO powder, as studied by Soares et al.26 The
BCO lm was applied onto both sides of the pre-polished BZY15
+ 4 mol% ZnO substrate using the screen printing technique,
with a slurry prepared by mixing BCO powder with terpineol,
ethyl cellulose, and stearic acid.29 Initially, the electrode lm
was applied to one side of the BZY15 + 4 mol% ZnO substrate.
Subsequently, the second lm was deposited concentrically on
the opposite side, followed by a drying step at around 60 °C.
Electrodes were then sintered in air at 900 °C.30,31

The electrochemical cells comprised two symmetrical elec-
trodes, as detailed in previous works.29,31 The symmetrical cells
were fabricated using a BZY15 + 4 mol% ZnO substrate with
∼12 mm diameter and ∼1.6 mm thickness, with electrodes of
∼5 mm diameter on each side. Grazing incidence angle XRD
was employed on the symmetrical cell to conrm its phase
stability.

Cross-section analyses of the half-cell were performed with
a Hitachi SU-70 equipment coupled with energy dispersive
spectroscopy (EDS).

The thermal expansion coefficient (TEC) of the bar-shaped
Ba2Co9O14 sample, sintered at 900 °C, was measured using
a Linseis L75HS1600OE dilatometer. The measurement was
carried out in air, with the temperature reaching a maximum of
800 °C.

2.4 Electrochemical characterisation

Electrochemical properties were investigated by Impedance
Spectroscopy (IS) using an Electrochemie Autolab PGSTAT302N
analyser. Current collectors on the electrodes were imple-
mented using gold grids. The tests were performed between
842 | J. Mater. Chem. A, 2024, 12, 840–853
700 °C and 500 °C, with a step of 50 °C, a signal amplitude of
±50 mV, and a frequency range of (10−2 to 106) Hz. In this work,
BCO was investigated under oxidising conditions as a PCC
oxygen electrode, in wet O2–N2 mixtures (pH2O ∼10−2 atm; pO2

=

1 atm to 10−2 atm, 50 mL min−1). Humidity was achieved by
bubbling the gases through a KCl-saturated H2O solution at
room temperature. The impedance data were tted using
equivalent circuits, enabling the extraction of resistances and
capacitances associated with the electrochemical processes,
where the resistance values were multiplied by the electrode
area (0.1963 cm2) and then divided by 2, to account for the
symmetrical cell conguration.

3 Results and discussion
3.1 Powder morphology, thermal behaviour, and phase
compatibility

Fig. 1 presents the results of the powder analysis. The SEM
image of the BCO powder, Fig. 1a, reveals a platelet-like
morphology, with particle sizes ranging between approxi-
mately 1 mmand 4 mm. The energy-dispersive X-ray spectroscopy
(EDS) mapping images demonstrate that both barium and
cobalt are distributed homogeneously (Fig. 1b). Meanwhile, the
EDS spectrum shown in Fig. 1c indicates that the stoichiometry
of the synthesised BCO is close to the nominal composition of
Ba2Co9O14.

TG-DSC proles are provided in Fig. 1d in oxygen and
nitrogen atmospheres under dry and wet conditions. When
a ceramic protonic conductor is exposed to water vapour, water
is dissociatively incorporated into oxygen-ion vacancies ðV$$

O Þ,
previously generated by acceptor doping. One proton from the
water molecule is attached to a regular lattice oxygen-ion,
forming a protonic OH$

O defect (a hydroxide ion on an oxygen-
ion site), and the remaining hydroxide ion lls an oxygen
vacancy, forming the second OH$

O. This is an acid–base reaction
with an equilibrium expression given by:32

H2OðgÞ þ V$$
O þO�

O#2OH$
O (1)

The maximum water uptake is dictated by the oxygen
vacancy concentration. Nonetheless, no evident mass change
could be observed in the TG proles up to around 800 °C,
regardless of the humidity conditions (dry or wet) in both
atmospheres (O2 or N2), which points towards negligible proton
uptake in BCO in such conditions.

Conversely, at high temperatures, a small mass change can
be observed in both atmospheres, with the corresponding DSC
curves exhibiting endothermic peaks starting at different
temperatures for each atmosphere. In O2, this event starts at
∼950 °C and corresponds to a weight loss of∼0.4% up to 1000 °
C. Fig. S1† shows that the phase integrity was retained aer
exposure to dry and wet O2. Hence, it is likely that this weight
loss is attributed to a small loss of oxygen, as previously re-
ported in air at a lower temperature (∼900 °C to 915 °C).23,24

On the other hand, in the case of N2, a weight loss of ∼3.6%
was observed between ∼800 °C and 1000 °C, accompanied by
a sharp endothermic DSC peak. This phenomenon is attributed
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Morphology, chemical composition, thermal behaviour of Ba2Co9O14, and the XRD analysis of the interreaction between electrode and
electrolyte components: (a) SEM image; (b) EDS mapping images; (c) EDS spectrum with inset demonstrating the atomic percentage of each
element; (d) weight loss and DSC as a function of temperature; (e) XRD patterns of Ba2Co9O14, BaZr0.852Y0.148O3−d, and reactivity test between
both phases at 900 °C for 24 h; f, the weight fraction of each phase after the treatment at 900 °C.
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to the decomposition of Ba2Co9O14 into CoO, BaCoO2.23 and
Ba1.09CoO3 (Fig. S1†), with some possible oxygen loss.23 Such
decomposition process was previously observed in air by Ehora
et al.,23 starting at ∼1030 °C, with a similar weight loss of
around 3%.

Therefore, it is evident that the phase stability increases as
the partial pressure of oxygen increases. In addition,
a minimum oxygen partial pressure of ∼0.04 atm (O2–N2

mixture) was employed, which is two orders of magnitude
higher than the pO2

of pure nitrogen (∼10−4 atm). With this in
mind, the BCO electrode may favour the phase stability in
electrolyser mode, particularly under elevated localised pO2

levels, in the conditions of water-vapour dissociation for elec-
trolysis operation, where oxygen is formed. This factor aligns
with the observed trend of increased chemical stability under
more oxidising conditions in other cobaltites (e.g.,
Ca3Co4O9+d).33

X-ray diffraction (XRD) patterns of BCO, BZY15, and the
mixture BCO + BZY15 aer treatment at 900 °C in air are
This journal is © The Royal Society of Chemistry 2024
depicted in Fig. 1e. There is no evidence of any chemical
interreaction between BCO and BZY15 phases at the resolution
of XRD. This observation remains true when the weight fraction
closely approximates the nominal composition of 50 : 50 (wt%),
as illustrated in Fig. 1f.
3.2 Powder structural analysis and surface chemical
behaviour

Fig. 2 shows the Rietveld renement analysis for the room-
temperature XRD pattern of the synthesized Ba2Co9O14 (BCO)
powder. In Fig. 2a, the XRD pattern is represented by black
circles, the Rietveld prole tting is depicted by a continuous
red line, the corresponding difference by a continuous green
line, and the background by an orange line. In the present
study, a pseudo-Voigt peak prole function was used for the
prole tting, and the background was tted with a 5-coefficient
polynomial function. The crystal structure of BCO, as depicted
in Fig. 2b, is within the R�3m space group, composed of an
intergrowth of CoO2 brucite-like layers and Co3O12 octahedral
J. Mater. Chem. A, 2024, 12, 840–853 | 843
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Fig. 2 Rietveld refinement of the Ba2Co9O14 oxide: (a) room temperature XRD pattern; (b) crystal structure.
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trimers, interconnected by corner-sharing CoO4 tetrahedra.23,34

The lattice parameters of the synthesised samples are in the
expected range for similar compositions,21,23,28 with a = b =

5.695(1) Å and c = 28.911(6) Å for Ba2Co9O14 (Rwp = 3.45%, Rp =

2.61%, c2 = 1.83) and a = b = c = 4.2174(2) for BaZr0.852-
Y0.148O3−d (Rwp = 5.28%, Rp = 4.02%, c2 = 1.59).

The bond valence sum (BVS) calculation of the Co-ions that
is presented in Table 1 indicates a mixed Co3+/Co2+ charge
ordering at the different Co-site positions (Fig. 2b). The Co3+

ions adopting a low spin state occupy octahedral sites (Co1, Co2
Table 1 Average Co–O bond distance, Wyckoff position, and bond
valence sum (BVS) of Co-ions at room temperature. The BVS was
calculated from Bresse & O'Keeffe data39

Bond def. Co–O, Å Wyckoff BVS

Co1 (oct. LS Co3+)
Co1–O1 (×3) 1.9720(6) 6c 3.347
Co1–O3 (×3) 1.8673(1)

Co2 (oct. LS Co3+)
Co2–O1 (×6) 1.9856(5) 3b 2.773

Co3 (tet. LS Co2+)
Co3–O1 (×3) 1.8927(3) 6c 2.342
Co3–O2 1.9146(4)

Co4 (oct. LS Co3+)
Co4–O2 (×2) 1.9849(5) 9e 3.272
Co3–O3 (×4) 1.8723(2)

Co5 (oct. HS Co2+)
Co5–O3 (×6) 2.103(2) 3a 2.018
Average BVS 2.750

844 | J. Mater. Chem. A, 2024, 12, 840–853
and Co4), whereas Co2+ ions occupy both tetrahedral (Co3) and
octahedral (Co5) sites. This conguration leads to a neutral
Ba2Co3

2+Co6
3+O14 formula with a nominal oxidation state of

+2.67 (that is close to the average oxidation state of +2.75
determined in this work, Table 1), in agreement with the data
from Ehora et al. using neutron powder diffraction.23 This
notable characteristic of the BCO material contrasts with that
observed in other CdI2-containing Co-oxides, which present
higher oxidation states, i.e., Co3+ and Co4+.21,23 In fact, when
decreasing the oxidation state, the ionic radius of Co increases,
which would, in principle, induce the formation of oxygen-ion
vacancies to compensate for charge neutrality. This factor
would also promote ionic conductivity and increase the elec-
trocatalytic activity. Nonetheless, we should call attention to the
non-evident changes in TG measurements up to around 800 °C
(Fig. 1d), therefore excluding the possibility for signicant
oxygen-ion vacancy formation in the bulk below this tempera-
ture. In such a scenario, the electrocatalytic activity of BCO as an
electrode material for operating at the intermediate tempera-
ture range (e.g., below 700 °C) may exclusively rely on its surface,
as previously established for other cobaltite compounds with
oxygen-ion diffusion limitations.35–38

In line with the assumption that the surface characteristics
of the BCO compound may have critical importance for the
oxygen reduction/evolution electrode reactions, we performed
X-ray photoelectron spectroscopy (XPS) measurements (Fig. 3
and Table 2), aiming to investigate the cobalt and oxygen
surface properties. Fig. 3a depicts the high-resolution spectrum
of the Co 2p3/2 region, which was tted to accommodate two
main components: Co3+ (779.619 eV) and Co2+ (781.135 eV), in
agreement with previous works.40,41 The presence of a Co3+/Co2+

ratio higher than unity (1.842) at the surface is in line with the
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 High-resolution X-ray photoelectron spectroscopy (XPS) spectrum obtained for (a) the Co 2p3/2 and (b) the O 1s regions.

Table 2 Data from the fitting of the X-ray photoelectron spectroscopy
(XPS) spectrum obtained for the Co 2p3/2 and the O 1s regions (GL
represents the Gaussian–Lorentzian function. When GL = 0%, it
signifies a pure Gaussian function, while GL = 100% corresponds to
a pure Lorentzian function)

Peak Position, eV Area FWHM, eV GL, %

Co 2p3/2
Co3+ 779.619 6967.998 1.853 15
Co2+ 781.135 3783.793 2.511 30

O 1s
Olatt 529.728 1693.551 1.452 10
Oad 531.439 2478.049 1.773 10
OH2O 532.950 1559.063 1.980 30
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average BVS estimated from Rietveld renement for the bulk
(Table 1), in which a higher oxidation state of Co was also
found.

Meanwhile, the high-resolution O 1s spectrum is shown in
Fig. 3b. The lower binding energy peak (528.63 eV) is usually
assigned to lattice oxygen (oxygen–metal bond, Olatt). In
contrast, the middle peak (Oad) corresponds to the highly
oxidative adsorbed oxygen species (O2

2− or O−). The peak at
approximately 532.95 eV can be ascribed to unavoidable
adsorbed water species due to interaction with the environment
(OH2O).

42,43 As previously reported,42,44 the concentration of
surface oxygen vacancies can be estimated from the Oad/Olatt

ratio, which, in our work, was determined to be 1.39. Previous
studies have reported the benets of increased catalytic activity
due to the signicant concentration of surface oxygen vacancies
over that of the bulk.44–46 Therefore, the high concentration of
surface-adsorbed oxygen species (i.e., [Oad] > [Olatt]) may have
a potential impact on promoting the electrocatalytic activity on
the BCO electrode.
Fig. 4 Linear thermal expansion/shrinkage (left) and thermal expan-
sion coefficient (TEC) (right) of the Ba2Co9O14 ceramic.
3.3 Thermal expansion coefficient and cell microstructure

Previous to the study of the electrochemical behaviour of the
symmetrical cells, the thermal expansion coefficient (TEC) of
the BCO electrode and the microstructure of the fabricated
This journal is © The Royal Society of Chemistry 2024
symmetrical cell have been evaluated. As observed in Fig. 4, the
TEC values demonstrate signicant variations below ∼350 °C
while reaching ∼23–24 × 10−6 °C−1 above this temperature.
This range of TEC values is typical of other Co-based oxide
systems.47,48 In our case, the change in thermal expansion
behaviour is likely associated with a temperature-dependent
spin state transition of Co3+ ions in the octahedral trimer
(Co3O12), shiing from a low to a high spin state congura-
tion.34,49 Consequently, the Co–O bond length expansion may
explain the increase in TEC values. Note that this phenomenon
is reversible when the temperature decreases.

The microstructure of the half-cell is found in Fig. 5. The
BZY15 + 4 mol% ZnO electrolyte support exhibits high density,
whereas the BCO electrode layer displays porosity. This elec-
trode microstructure is expected to have enhanced gas-phase
diffusion of molecular oxygen. In addition, a uniform thick-
ness of∼38 mmwas achieved. SEMwas also performed on a top-
view section to better visualise the grain size distribution. A
statistical analysis of the grain size was also performed using
J. Mater. Chem. A, 2024, 12, 840–853 | 845
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Fig. 5 Microstructure of the electrochemical cell after tests: (a) cross section of the BCO-BZY15 + 4mol% ZnO half cell; (b) top view of the BCO
electrode; (c) relative/cumulative frequency histogram of the grain size distribution.
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a frequency distribution histogram with 140 measurements.
The mean grain size measured approximately 3.1 mm ± 1.5 mm.
The right-skewed distribution indicates that most data points
occur around smaller sizes (D90 < 4.5 mm). However, there is
a minority of grains with sizes signicantly above the average,
which leads to an extended tail on the right-hand side of the
distribution. The inset compiles the values corresponding to
25%, 50% and 75% of the cumulative distributions. Another
interesting point of the resultant microstructure is related to the
platelet-like morphology of the BCO compound. This feature
has been reported to be benecial for the electrode polarisation
processes, due to the large surface area available for oxygen
reaction.29,35,37

3.4 Impedance spectroscopy equivalent circuit model (EQM)
analysis

The results of electrochemical impedance spectroscopy (EIS)
and the corresponding equivalent circuits used for tting are
presented in Fig. 6. Fig. 6a presents typical impedance spectra
846 | J. Mater. Chem. A, 2024, 12, 840–853
acquired at 500 °C and 600 °C in a wet O2 environment. The
instrumental inductance (L) was omitted to provide a clearer
visualisation of the electrode arc (but the original impedance
data is in Fig. S2†). At lower temperatures (500 °C, Fig. 6a1), the
resistive component along the real axis (Z′), devoid of any
capacitive nature, is attributed to the electrolyte bulk resistance.
A minor contribution at middle frequencies represents the
electrolyte grain boundary process (capacitance ∼10−8 F
cm−2),50,51 which can be described by both a resistive (Rg.b.) and
a capacitive constant phase element (CPEg.b.) components. In
this regard, note that the Rg.b. ‖CPEg.b. process is only partially
resolved due to the large inductive contribution (Fig. S2†).
Hence, we will only discuss the total electrolyte resistance
(Relectrolyte = Rbulk + Rg.b.) in this work. From 600 °C (Fig. 6a2)
onwards, the grain boundary process is no longer observed, and
the high-frequency electrode intercept represents the total
electrolyte resistance (Relectrolyte). The arc observed in the low-
frequency region in both cases is, therefore, related to the
electrode response, being also represented by a resistance (Rpol)
This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Electrochemical impedance spectroscopy: (a) EIS spectra at 500 °C and 600 °C of the electrochemical cell fed with O2 (numbers indicate
the decades (log10) of themeasured frequency); (b) equivalent circuit model (EQM) used to fit the dispersions; (c) the temperature dependency of
the electrolyte and the electrode polarisation resistances in oxygen (activation energies were calculated from the logarithm of polarisation and
ohmic conductances, R−1, vs. the reciprocal of temperature, 1/T, multiplied by 1000); (d) the temperature dependency of the electrode
polarisation capacitance (Cpol) in oxygen.
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and a constant phase element (CPEpol) that together describe
the total electrode polarisation process (Rpol‖CPEpol).

Equivalent circuit models (EQMs) incorporating these
elements were used to t the EIS data (Fig. 6b), being used to
adequately describe the oxygen reduction reaction (ORR)
mechanisms that can occur at the electrode. Fig. S3† depicts the
residual plots resulting from tting the impedance data using
the EQMs from Fig. 6b. These plots illustrate the computed
differences between the real and imaginary values of the data
and the corresponding tting, plotted as a function of measured
frequency. The gures clearly demonstrate that both equivalent
circuits yielded a minimal error, specically less than 0.3%.
This low error rate indicates the high-quality nature of the
tting process – an outcome of utmost importance as it
underlines the reliability of the electrochemical parameters
extracted from the tting.
This journal is © The Royal Society of Chemistry 2024
As observed in Fig. 6a, the electrode contribution occurs at
very low frequencies, in a region typical of the following elec-
trode processes: adsorption, dissociation, or the surface diffu-
sion of intermediate oxygen species.52 Moreover, in contrast to
what has been previously observed in the SOC literature, where
one or more processes at high frequencies are typically attrib-
uted to interfacial charge-transfer phenomena,50–53 such
processes are not observed in our current study. This behaviour
is likely a consequence of the fast transfer of protons at the
electrode/electrolyte interface and electrons at the current
collector/electrode interface.33,54 In this regard, the coexistence
of the observed mixed valence Co3+/Co2+ states in the BCO
compound could be the origin of the electronic conductivity
resulting from small polaron hopping,23 in the studied
temperature range. Likewise, the absence of a gas-phase diffu-
sion contribution supports our previous assumptions that the
J. Mater. Chem. A, 2024, 12, 840–853 | 847
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Fig. 7 Electrochemical measurements at different oxygen partial pressures at 600 °C: (a) impedance spectra as a function of pO2
at 600 °C

(please note that the high-frequency responses associated with ohmic resistances and inductive responses have been removed for the sake of
clarity); (b) electrolyte (total, ionic, and electronic) and electrode polarisation resistances, along with the electronic transport number for BZY15 +
4 mol% ZnO obtained from ref. 26 (for the Rion, the line represents an average value); (c) schematic illustration of the electronic short-circuit
across the BZY15 + 4 mol% ZnOmembrane (highlighting the diffusion of both ionic (oxygen-ions and protons) and the electronic (holes) charge
carriers through the electrolyte); (d) equivalent circuit including a parallel resistor for the compensation of the electronic short-circuiting.
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obtained electrode microstructure would offer sufficient
porosity to facilitate the diffusion of molecular oxygen.

The temperature dependence of the polarisation and the
ohmic resistances in oxygen is illustrated in Fig. 6c. The
calculated electrode polarisation resistance, Rpol, of 0.5U cm2 at
600 °C is very competitive with other PCC oxygen
electrodes.14,16,50,55–58 However, a direct estimation of this value
requires attention, given the electronic transport number of the
electrolyte substrate. We will delve deeper into this aspect in the
upcoming section.

To gain insight into the behaviour of the BCO electrode, the
capacitance normalised by the electrode area is shown in Fig. 6d
as a function of the temperature. We can observe that the
capacitance values decrease with decreasing temperature,
falling within the range of 0.1 F cm−2 and 1.6 F cm−2. This range
is notably higher than the pure double-layer capacitance values,
around (10−6 to 10−4) F cm−2,59 reinforcing that Rpol‖CPEpol is
not primarily governed by interfacial charge transfer processes.
Therefore, additional works were carried out as a function of
848 | J. Mater. Chem. A, 2024, 12, 840–853
oxygen partial pressure (pO2
) to offer deeper insights into the

electrode kinetics.
3.5 Oxygen partial pressure (pO2
) dependence: short-

circuiting correction

EIS measurements as a function of the oxygen partial pressure
(pO2

) within the range (10−2 to 1) atm were also performed, as
presented in Fig. 7. The spectra (Fig. 7a) reveal an increase in
magnitude with decreasing oxygen partial pressure. As observed
in Fig. 7b, the Relectrolyte exhibits a dependency on pO2

, with m =

0.11 ± 0.01, which concurs with the presence of signicant
electronic conductivity through the BZY15 + 4 mol% ZnO elec-
trolyte.26 Depending on the temperature and the partial pres-
sures of oxygen (pO2

) and water vapour (pH2O), water can be
dissociatively incorporated into oxygen-ion vacancies in the
electrolyte, resulting in the creation of protonic defects at lower
temperatures, as described in eqn (1). Nevertheless, in oxidising
conditions and higher temperatures, they can also be occupied
by oxygen, thereby promoting the formation of electronic holes
This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Schematic of the possible reaction steps for the Ba2Co9O14

cathode.
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(hc), which may be localised on the oxygen-ions, creating hole
polarons.60–62 This is a redox reaction with an equilibrium
expression given by:

1

2
O2ðgÞ þ V$$

O#O�
O þ 2h$ (2)

Keeping this consideration in view, in the case of a mixed
ionic electronic conductor such as the BZY15 + 4 mol% ZnO
substrate, direct calculation of Rpol is precluded due to the
inuence of an internal short-circuiting through the substrate
(Fig. 7c). As detailed by Strandbakke et al.,16 in measurements
conducted under high oxidising conditions, currents from
various charge carriers run simultaneously, resulting in an
overall polarisation that reects a parallel connection of these
currents (ionic and electronic). Therefore, to accommodate
such a phenomenon, a parallel resistor can be incorporated
(Fig. 7d) in order to model the electronic leakage (Reon).27,63

In this scenario, the electrolyte total electrical resistance
presented in Fig. 6b corresponds to the parallel combination of
the ionic (Rion) and electronic (Reon) resistances, given by:

1

Relectrolyte

¼ 1

Rion

þ 1

Reon

(3)

Conversely, the low-frequency intercepts of the EIS spectra
(Fig. 7a) represent the total resistance (Rtotal) of the cell, which
can be expressed as follows:

1

Rtotal

¼ 1

Rion þ Rpol;corr:

þ 1

Reon

(4)

Using this method, we can then determine the corrected
total polarisation resistance of the electrode (Rpol,corr) using the
following equation:

Rpol;corr: ¼ Rtotal � Reon

Reon � Rtotal

� Rion (5)

where

Reon ¼ Relectrolyte

teon
(6)

where the corresponding electronic transport number (teon,
Fig. 7b) was retrieved from the work of Soares et al.26 The
calculated Reon has a pO2

dependency of m = −0.28 ± 0.01,
which is close to the corresponding dependency of the elec-
tronic hole conductivity on the oxygen partial pressure (sh f

pO2

0.25).26 In contrast, Rion remains effectively constant across
the entire depicted pO2

range, as expected due to the xed
concentration of oxygen-ion vacancies from the acceptor doping
of barium zirconate.26

Fig. 7b compares the data of the total polarisation resistance
as a function of oxygen partial pressure, with and without
correction. The uncorrected pO2

dependency of m = −0.40 ±

0.05 has been reported to be due to limitations related to either
(i) oxygen adsorption/desorption processes:16,64

O2(g) # O2(ad) (7)
This journal is © The Royal Society of Chemistry 2024
and/or (ii) oxygen dissociation/recombination,

O2(ad) + 2e− # O2(ad)
2− (8)

O2(ad)
2− # 2Oad

− (9)

Oad
− + e− # Oad

2− (10)

although (i) and (ii) would be very unlikely rate-limiting, given
the large surface area of the BCO grains (Fig. 5) and the high
bulk electronic conductivity values reported for BCO at high
temperatures.24 This point is also in agreement with the high
Oad/Olatt ratio estimated by XPS (Fig. 3b), where the higher
presence of surface oxygen vacancies may be able to enhance
the electrocatalytic activity of the BCO electrode, by facilitating
the adsorption and/or the oxygen dissociation steps on the
surface of the electrocatalyst material.

On the other hand, a signicant disparity is evident between
corrected and uncorrected polarisation resistances, resulting in
a change in the dependence on the oxygen partial pressure to m
= 0.26 ± 0.05 (Fig. 7b). The corrected pO2

dependence is now
close to that reported by Uchida et al.65 (i.e., m = −0.25) on
platinum electrodes (a material that can also be considered
a predominant bulk electronic conductor). Comparably to their
work, the Rpol‖CPEpol process observed in the BCO electrode
must be linked to the diffusion of adsorbed (and possibly
charged) oxygen species, arising from the fast oxygen dissocia-
tion over the large area provided by the BCO platelets (Fig. 5),
according to,

O2(g) + 2e(BCO)
− # 2Oad

− (11)

followed by the rate-limiting diffusion of adsorbed oxygen
species (Oad

−) towards the electrode/electrolyte interface –

a region known as triple phase boundary (TPB). This behaviour
agrees well with the predominant bulk electronic behaviour
reported for BCO, when studied with oxygen-ion conducting
analogues30,31 – a point that is also corroborated by its very low
oxygen diffusion coefficient of 5 × 10−12 cm−2 s−1 at 700 °C,66
J. Mater. Chem. A, 2024, 12, 840–853 | 849
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Fig. 10 Grazing incidence X-ray diffraction (GIXRD) analysis of the
BCO film deposited on the BZY15 + 4 mol% ZnO substrate after
electrochemical measurements.
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when compared to that of a mixed ionic and electronic
conductor with a high bulk oxygen-ion conductivity, e.g., La0.6-
Sr0.4CoO3−d (2 × 10−8 cm2 s−1, at 680 °C).67 Consequently, the
transfer of protons from the electrolyte should be conned to
the TPB region (as also no evident water uptake could be
conrmed by TG measurements, which again suggests no
signicant proton conductivity in the BCO phase, Fig. 1d).
Hence, the electrode process occurring at the TPBs can now be
comprehensively described by the following possible reaction
steps:16,64

2H(electrolyte)
+ # 2H(TPB)

+ (12)

2H(TPB)
+ + Oad

2− # H2O(TPB) (13)

H2O(TPB) # H2O(g) (14)

Overall, the electrode mechanism may involve surface
diffusion of dissociated oxygen along with proton and charge
transfer at the TPBs, leading to steam release. The overall
electrode reaction can be described by:

1
2
O2(g) + 2H(electrolyte)

+ + 2e(BCO)
− # H2O(g) (15)

To try to compile the above information, a tentative global
electrode mechanism of the Ba2Co9O14 cathode is schematically
illustrated in Fig. 8.
3.6 Structural and microstructural-chemical analysis aer
electrochemical tests

To assess any possible interreaction at the electrode/electrolyte
interface, which could have had a critical impact on the
Fig. 9 Analysis of the electrode/electrolyte interface: (a) SEM image; (
mapping for representative constituent elements, including Zr, Y and Co

850 | J. Mater. Chem. A, 2024, 12, 840–853
electrochemical performance, energy-dispersive spectroscopy
(EDS) analysis was further employed (Fig. 9a). The line scan
proles (Fig. 9b) indicate that there was no element diffusion
between the electrode and electrolyte during the entire sintering
process and throughout the electrochemical measurements as
a function of temperature and oxygen partial pressure. The total
duration of the cell test was approximately 80 h. This
b) EDS line scan profile along the red arrow shown in (a); (c–f), EDS
.

This journal is © The Royal Society of Chemistry 2024
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observation is paramount in preserving each component's
electrochemical stability. Such a nding holds great promise,
particularly considering that cobalt diffusion is a commonly
reported issue.68,69 EDS mapping (Fig. 9c–f) of representative
elements (Co, Zr, Y) for each component further validates this
discussion, indicating that they are homogeneously distributed
in the area of each component.

Grazing incidence angle XRD was also employed on the
tested symmetrical cell to investigate the presence of secondary
phases related to the chemical compatibility of BCO and BZY15
+ 4 mol% ZnO (Fig. 10). The diffraction peaks revealed the
presence of only BZY15 + 4 mol% ZnO and BCO patterns. These
results further conrm that no chemical interreaction occurred
at the electrode–electrolyte interface during measurements.

4 Conclusions

It is demonstrated that Ba2Co9O14 (BCO) is chemically
compatible with BZY15, possessing high electrochemical
performance, with the overall polarisation resistance in line
with values reported for the most advanced electrodes known to
date. These ndings pave the way for a series of new studies on
this composition to be used for PCC applications in the inter-
mediate temperature range, i.e., below 700 °C.

The non signicant changes in mass during thermogravi-
metric experiments below ∼800 °C suggest that the formation
of bulk oxygen vacancies and, consequently, proton uptake is
negligible at intermediate temperatures, even in humidied
conditions (pH2O = 10−2 atm). Conversely, X-ray photoelectron
spectroscopy (XPS) measurements indicate the formation of
surface oxygen-ion vacancies and a high concentration of
adsorbed oxygen species, which may be able to participate in
the electrode process. Moreover, the coexistence of a mixed
Co3+/Co2+ state in cobalt, determined by both XPS measure-
ments as well as bond valence calculations from Rietveld
renement, highlight a possible small polaron hopping mech-
anism that is responsible for the predominant electronic
behaviour of the BCO compound. Therefore, the electrode
mechanism points to rate-limiting diffusion of adsorbed oxygen
species toward the triple phase boundary, where proton transfer
from the electrolyte occurs, releasing water. This factor concurs
with the platelet-like structure of the BCO electrode, which
provides a large surface area available for fast oxygen dissocia-
tion, but slow diffusion.

This work also emphasises the importance of careful consid-
eration in electrochemical analysis since electronic transport in
proton-conducting electrolytes can dramatically lower the
apparent polarisation resistance values within the symmetrical
experimental conguration. This effect can completely obscure
the electrode's behaviour when measuring it as a function of
oxygen partial pressure. To accurately determine the total polar-
isation resistance, it is essential to incorporate an external
resistor into the equivalent circuit to include the electronic
pathway. We, therefore, provide a rational basis for acquiring
quantitative electrode polarisation data concerning PCC elec-
trodes. This methodology can be subsequently employed by other
researchers striving to elucidate electrode kinetics.
This journal is © The Royal Society of Chemistry 2024
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A. J. M. Araújo, M. A. Morales and D. A. Macedo, Adv.
Powder Technol., 2020, 31, 604–613.

43 W. Tang, X. Wu, D. Li, Z. Wang, G. Liu, H. Liu and Y. Chen, J.
Mater. Chem. A, 2014, 2, 2544–2554.

44 X. Zhang, C. Pei, X. Chang, S. Chen, R. Liu, Z.-J. Zhao, R. Mu
and J. Gong, J. Am. Chem. Soc., 2020, 142, 11540–11549.
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