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ite oxygen electrode in Zr-rich
proton conducting ceramic cells for efficient
electricity generation and hydrogen production†

Haoyu Zheng, *ab Matthias Riegraf, a Noriko Sata a and Rémi Costa *a

Proton conducting ceramic fuel cells and electrolyzers are nascent technologies. An operating temperature

of about 600 °C calls for the development of specific oxygen electrodes with adequate catalytic activity and

stability especially at high steam concentrations. An efficient composite oxygen electrode

Ba0.5Gd0.8La0.7Co2O6−d–BaZr0.5Ce0.4Y0.1O3−d (BGLC587–BZCY541) with low polarization resistance and

high durability in either mode is reported. Electronic leakage that occurs through the electrolyte due to

intrinsic materials characteristics is a major issue that limits the faradaic efficiency (hFE) especially in

steam electrolysis. An equivalent circuit model was developed to deconvolute the effect of electronic

leakage in the electrolyte and the oxygen electrode reaction process. The electronic (te) and ionic (ti)

transference numbers, real polarization resistance and hFE are shown to be strongly related to pH2O,

pO2, applied current density and operating temperatures. Distribution of relaxation time analysis of

electrochemical impedance spectra revealed that the rate-limiting step for steam electrolysis is

a surface-related oxygen electrode process in the low-frequency range and that a triple phase boundary

process at the contact point BGLC587–BZCY541 is favored over a pure double phase boundary process

at the surface of BGLC587 yielding the conclusion that composite electrode structures may have to be

favored to achieve high performance.
1. Introduction

In the context of CO2 emission abatement in the energy sector,
hydrogen is asserting its position as a green energy carrier when
produced by water electrolysis powered by low CO2 electricity.
Among the different water electrolysis technologies, high
temperature electrolysis (typically above 600 °C) based on
ceramic cells is especially attractive by allowing high energy
conversion efficiency and the highest production rate of
hydrogen at rated power. While electrolyzers based on solid
oxide cells (SOCs) are approaching the pre-industrial scale with
systems in the range of a few MW,1 a technology based on
proton conducting ceramic (PCC) cells is still nascent.

PCC cells typically use Y doped BaZrO3–BaCeO3 solid solu-
tion materials (BaZr1−x−yCexYyO3−d, BZCY) as an electrolyte,
which are characterized by a lower activation energy for bulk
proton transfer (0.3–0.5 eV) compared with oxygen ion
conduction (0.8–0.9 eV) in solid oxide materials.2 PCC cells are
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ideally suited for operation between 400 °C and 600 °C, which
makes them attractive to valorize waste heat from industrial
processes available in the form of steam for hydrogen produc-
tion.3 Moreover, beyond steam electrolysis application, a broad
variety of ceramic membrane reactors can be built with PCC
cells to convert electricity to high-value chemicals, such as
ammonia, ethylene, acetylene and other hydrocarbons.4–7

Similar to SOCs, PCC cells are reversible which means that
they can be operated either in fuel cell (PCFC) or electrolysis
(PCEC) mode. In PCC cells, steam generation or consumption
occurs at the oxygen electrode, while only hydrogen is present at
the fuel electrode. This is supposed to enable higher conversion
rates and efficiency than in SOCs, because there is no dilution of
hydrogen. Generally, the polarization losses in PCC cells are
dominated by the oxygen electrode, due to the sluggish kinetics
of the oxygen reduction reaction (ORR) or oxygen evolution
reduction (OER) at low operating temperatures. The reaction
rate limiting steps are usually associated with oxygen surface
exchange and diffusion.8–10 In addition to high chemical
stability at high steam content, it is thus desirable that a PCC
oxygen electrode possesses high oxygen ionic, electronic and
protonic conductivities. The preliminary research on PCC
oxygen electrodes was based on simple perovskites (ABO3−d)
which generally are mixed (oxygen) ionic and electronic
conductors (MIECs), including La0.6Sr0.4Co0.2Fe0.8O3−d,

11 and
Sm0.5Sr0.5CoO3−d;12 however, their performances are
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inadequate, since the active sites are limited only to the triple
phase boundaries (TPBs) between the oxygen electrode, proton
conducting electrolyte and the gas phase. Double perovskite
structure materials AA′B2O6−d, where A is a trivalent lanthanide
cation, A′ is barium or strontium and B is a transition metal
cation or mixture of different elements, such as GdBaMn2O6−d

and GdBaCo2O6−d,13,14 exhibit remarkably faster oxygen surface
exchange, higher oxygen ion transfer rates and electronic
conductivity compared with simple perovskite materials. In
particular, LnBaCo2O6−d (Ln being a lanthanide) based double
perovskites, Ln–O and Ba–O layers are stacked alternately along
the crystallographic c-axis leading oxygen vacancies to be
localized preferably on the Ln–O layer,13,15 providing channels
for rapid oxygen transport.16 Although the role of these defects
has not been clearly identied, it is generally understood that
oxygen vacancies promote surface reactions.17 Double perov-
skites LnBaCo2O6−d with Ln = La, Pr, Nd, Sm and Gd have been
explored in several studies. Among them, Ba1−xGd0.8La0.2+x-
Co2O6−d (BGLC) was reported as a promising mixed protonic
and electronic conductor in PCC cells,18,19 demonstrating high
activity for the OER in photoelectrochemical devices even at
room temperature.20 Strandbakke et al.21 evaluated water
incorporation of BGLC by exposure to a steam atmosphere at
400 °C. Vøllestad et al.22 reported a polarization resistance of
a composite oxygen electrode Ba0.5Gd0.8La0.7Co2O6−d–BaZr0.7-
Ce0.2Y0.1O3−d in a tubular PCC cell below 1 U cm2 at 600 °C
together with a good stability over 700 h when operated at−62.5
mA cm−2 and 1.5 bar steam in electrolysis mode. However, the
large ohmic resistance of around 3 U cm2 at 600 °C, inherent to
the tubular architecture and the issue of current collection did
not allow for investigation of the electrode performance and
stability at higher current densities.23 This issue could be cir-
cumvented in a planar cell design. The further development of
PCC cells and scale-up, especially for PCEC applications,
requires tackling the challenges of performance and durability
at more practical current densities, for example, around −0.5 A
cm−2 and higher at nominal operating voltage.

The other particularity of PCC cells lies in the mixed-
conducting properties of BZCY electrolyte materials, that
under given conditions, exhibit in addition to proton conduc-
tivity, oxygen ion and p-type conductivities.24 The transference
numbers for each charge carrier depend on the chemical
composition of the material, the operation atmosphere, the
working temperature and the applied voltage. The presence of
p-type charge carriers is especially critical as it typically induces
electronic current leakage through the electrolyte which
adversely affects the faradaic efficiency of the process.25,26

Several reports demonstrated that the impact of this electronic
leakage is limited towards the faradaic efficiency for PCFCs.27

However, it had dramatic inuence on PCECs. Up to now, the
state-of-the-art faradaic efficiency in PCECs was in the range of
30–70% at the thermal-neutral voltage (VTN of around 1.3 V)
which is below that in SOCs that reaches values close to 100% at
VTN.

Here, we report about the performance and electrochemical
response of a composite Ba0.5Gd0.8La0.7Co2O6−d–BaZr0.5Ce0.4-
Y0.1O3−d (BGLC587–BZCY541) oxygen electrode in a planar PCC
10956 | J. Mater. Chem. A, 2023, 11, 10955–10970
cell operated as a PCFC and PCEC. The behavior of the
composite oxygen electrode has been explored in full PCC cells
by varying operating conditions such as temperature, gas
atmosphere, and direct current (DC) bias. Furthermore, the
characteristics of the different charge carrier transference
numbers on the cell behavior as well as faradaic efficiency were
evaluated in order to identify the most favorable operating
conditions, particularly for electrolysis.
2. Results and discussion
2.1. Materials and morphology of the single cell

The crystalline structure of the as-prepared BGLC587 and the
commercial BZCY541 powders were analyzed using XRD
(Fig. 1a). The pattern of BGLC587 was consistent with the one
reported in previous studies.22 The chemical compatibility
between BGLC587 and BZCY541 was investigated by annealing
the mixed powder in air at 1000 °C for 2 h. No secondary phase
was observed in the XRD pattern of the BGLC587–BZCY541
mixture conrming adequate compatibility between the two
components. Besides, the physical compatibility between the
oxygen electrode and electrolyte is also a critical factor for the
mechanical strength of full cells. Fig. S1† shows the thermal
expansion feature of BGLC587. The average thermal expansion
coefficient (TEC) value of BGLC587 at 300–700 °C is 20 × 10−6

K−1 and is indeed a common feature for cobalt-based perovskite
structure materials. This is associated with the change in the
spin state of Co3+ cations: the transition from a low-spin state to
a high-spin state increasing the volume of CoO6 octahedrons
and thus causing lattice expansion.28 By contrast, doped
BaCeO3–BaZrO3 electrolytes typically have a signicantly lower
TEC of ∼10–12 × 10−6 K−1.29 Such TEC mismatch can be the
origin of a signicant residual stress concentrated at the
interface of the electrolyte/oxygen electrode and can ultimately
yield to delamination and failure of the cell upon thermal cycles
(i.e., cell fabrication and operation). The use of a composite
BGLC587–BZCY541 oxygen electrode allows mitigation of this
issue. Fig. 1b and c depict the morphology of the BGLC587–
BZCY541 composite oxygen electrode with a uniformly distrib-
uted porous structure.

Fig. 1d exhibits the XRD patterns of the NiO–BZCY541 fuel
electrode and the BZCY541 electrolyte in the as-fabricated full
cells without any secondary phases. An overview of the fabri-
cated cell with a three-layer assembly is shown in Fig. 1f. The
fuel electrode has a thickness of ∼800 mm, shows good adhe-
sion to the electrolyte and has a ne network distribution of NiO
and BZCY541. The BZCY541 electrolyte layer (thickness of ∼12
mm) exhibits a homogeneous and pin-hole free surface with
a grain size of ∼2 mm (Fig. 1e). The composite BGLC587–
BZCY541 oxygen electrode was about 35 mm thick with a good
quality interface to the electrolyte layer without any evidence of
cracks or delamination.
2.2. PCFC: fuel cell operation

The electrochemical performances of PCC cells with the
BGLC587–BZCY541 oxygen electrode were evaluated in fuel cell
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) XRD patterns of commercial BZCY541, as-synthesized BGLC587 and BGLC587–BZCY541mixture powder after calcining at 1000 °C for
2 h. (b) and (c) The morphology of a BGLC587–BZCY541 composite oxygen electrode at different magnifications. (d) XRD patterns of the
BZCY541 electrolyte layer and a NiO–BZCY541 fuel electrode from the as-fabricated PCC cells. (e) Surface microstructure of the BZCY541
electrolyte layer after sintering at 1450 °C for 5 h. (f) Cross-section image of the as-fabricated PCC cells with different functional layers of NiO–
BZCY541/BZCY541/BGLC587–BZCY541 (fuel electrode/electrolyte/oxygen electrode).
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mode, rst. The polarization characteristics are shown in
Fig. 2a. Peak power densities (PPDs) reach 755, 570, 403, 259
and 152 mW cm−2 at 700, 650, 600, 550, and 500 °C, respec-
tively, which are competitive values with the best performances
reported so far for PCFCs with Zr-rich BZCY electrolyte. For
comparison, Table S1† shows an overview of PPD values of
different fuel electrode supported PCFCs with BZCY electrolyte
in the literature. In most PCFCs with BaZr0.9−xCexY0.1O3−d ([Zr]
> 40 at%) electrolyte and cobalt-containing oxide oxygen elec-
trodes, the PPD is in the range between 100 and 300 mW cm−2

at 600 °C. Furthermore, good stability of the full cell with the
BGLC587–BZCY541 oxygen electrode in fuel cell mode was
demonstrated over 80 h at 0.2 A cm−2 and 650 °C (Fig. S2†).

The open circuit voltage (OCV; named VOC) measured at
500 °C is 1.13 V which is close to the calculated theoretical
Nernst voltage of 1.15 V (Fig. 2b). Such a small deviation
suggests that a dense electrolyte with good gas-tightness and
sealing was obtained. Nevertheless, the deviation between the
measured and the theoretical voltage increased with tempera-
ture. For example, the OCV value is 1.09 V at 600 °C with the
theoretical value being 1.13 V. Most likely, this increase in
deviation is a manifestation of electronic leakage in the
BZCY541 electrolyte, which is a typical property of proton con-
ducting ceramics.

In proton conducting ceramics, the formation of mobile
protonic charge carrier ðOH�

OÞ is introduced by a hydration
process and can be described by the Stotz–Wagnermechanism30

V��
O þO�

O þH2O#2OH�
O; (1)
This journal is © The Royal Society of Chemistry 2023
where one protonic defect is created by lling an oxygen vacancy
with an OHc adsorbate that is derived from water dissociation,
and a second defect is formed via the transfer of a proton to
a lattice oxygen. This hydration reaction is exothermic. Conse-
quently, proton migration is favored at low temperatures.

Based on eqn (1), the hydration equilibrium constant KH and
proton concentration can be dened as

KH ¼
�
OH�

O

�2
�
V��

O

��
O�

O

�
pH2O

; (2)

�
OH�

O

� ¼ KH

1
2
�
V��

O

�1
2
�
O�

O

�1
2pH2O

1
2: (3)

From eqn (3), it is evident that a high steam content atmosphere
serves to increase the protonic defect concentration. However,
on further increasing operating temperatures, the molecular
oxygen is incorporated into oxygen vacancies leading to the
formation of electron holes according to31,32

1

2
O2 þ V��

O#O�
O þ 2h�: (4)

The equilibrium constant for oxygen incorporation KO and the
hole concentration can be formulated as

KO ¼
�
Ox

O

�½h� �2�
V��

O

�
pO2

1
2

; (5)

½h� � ¼ KO

1
2
�
V��

O

�1
2
�
O�

O

��1
2pO2

1
4: (6)
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Fig. 2 Electrochemical performance of the PCC cells with the BGLC587–BZCY541 oxygen electrode in fuel cell mode with wet (∼3% H2O)
hydrogen on the fuel electrode side andwet (∼3%H2O) air on the oxygen electrode side. (a) I–V–P curves of the PCC cells measured at 500, 550,
600, 650 and 700 °C, respectively. (b) Measured open circuit voltages (VOC) and calculated theoretical Nernst voltages (VN) as a function of
temperature. (c) Nyquist and (d) imaginary impedance plots at OCV and different temperatures. (e) Temperature dependence of Rp/Rp,r ratios and
ionic transference number (ti) at OCV, and (f) temperature dependence of different resistances (Rt, RU, Rp, Re, Ri and Rp,r).
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The formation of these electron holes is correlated with a p-type
electronic conductivity in the BZCY541 electrolyte which,
therefore, can explain the difference between the measured
OCV and theoretical values.
10958 | J. Mater. Chem. A, 2023, 11, 10955–10970
To further reveal the impact of p-type conduction, electro-
chemical impedance spectra (EIS) were recorded at OCV and
different temperatures (Fig. 2c and d) and analyzed using an
equivalent circuit model as shown in Fig. 3a. Due to the mixed
ionic and electronic conduction (MIEC) properties of the BZCY
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) A simple equivalent circuit consisting of one RQ element to describe the polarization resistance of PCC cells with mixed conducting
electrolytes; (b) a more complex equivalent circuit consisting of n (RQ)i (i = 1.n) elements in series for the polarization resistance. Schematic
illustration of the PCC cells operated in fuel cell mode (c) and steam electrolysis mode (d).
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electrolyte, the measured apparent ohmic resistance (RU)
contains contributions from both the ionic resistance (Ri) and
the electronic resistance (Re). Their relationship can be written
as

RU ¼ ReRi

Re þ Ri

: (7)

For a MIEC material, the ionic transference number ti (ti = Re/
(Ri + Re)) and electronic transference number te (te + ti = 1) are
usually used for evaluation of transport properties. When ti = 1,
there is no electronic conduction, the value of Re is innite and
thus, Ri is equal to the measured RU. If 0 < ti < 1, Ri and Re can be
calculated according to the literature (Note S1).†33

Analogous to the apparent ohmic resistance, the apparent
polarization resistance Rp also needs to be corrected since the
real polarization resistance Rp,r is parallel to the electronic
resistance of the electrolyte (see Fig. 3a). The total resistance (Rt)
can be expressed as a function of Re, Ri and Rp,r:

Rt ¼
Re

�
Ri þ Rp;r

�
Re þ

�
Ri þ Rp;r

�; (8)

and then Rp,r can be determined as:

Rp;r ¼ RUðRt � RUÞ
ti½tiRt � ðRt � RUÞ�: (9)

Again, the value of Rp,r is equal to Rp when ti is 1, whereas for
a mixed conductor (ti < 1), the Rp,r will be larger than Rp. For the
determination of the total real polarization value of the cell,
a simple equivalent circuit model as shown in Fig. 3a is suffi-
cient and consequently,18,34 the EIS raw data shown in Fig. 2c
and d were corrected and the results are represented in Fig. 2e
and f (details are shown in Table S2†). For a more detailed
analysis of the polarization resistance and a deconvolution of
various polarization losses, a complex equivalent circuit con-
sisting of n(RQ)i elements that correspond to meaningful
physicochemical processes needs to be developed (see
Fig. 3b).

Fig. 2e shows that the ionic transference numbers decreased
from 0.995 at 500 °C to 0.917 at 700 °C most likely due to the
increased electronic conduction in the electrolyte at higher
This journal is © The Royal Society of Chemistry 2023
temperatures. This is consistent with the observed increased
deviation between measured and theoretical voltages as shown
in Fig. 2b. The increases in electronic leakage with temperature
also led to a change in Rp/Rp,r which reduced from 0.98 at 500 °C
to 0.82 at 700 °C, indicating an increased difference between
apparent and real polarization resistances. Therefore, the
necessity to correct the measured apparent resistance values is
clearly demonstrated. Fig. 2f shows the Arrhenius plot of
different resistances and the corresponding activation energies
(Ea) are indicated as well. The activation energy barrier for the
ionic resistance Ri of 0.36 eV is slightly lower than the 0.39 eV for
RU and agrees well with the migration energy associated with
the activation energy of proton conduction (0.3–0.5 eV).2 Simi-
larly, the activation energy of Rp,r of 1.20 eV was slightly lower
than the 1.25 eV for Rp; despite the corresponding resistance
values of Rp,r being larger than those of Rp. The activation
energy of Rp,r of the full cells matches well with the values of
BGLC electrode symmetrical cells (0.8–1.25 eV).18 For fuel elec-
trode supported cells, it is reported that the polarization resis-
tance is dominated by the oxygen electrode.35 The total losses of
the cells are dominated by the ohmic contribution above 550 °C
(Fig. 2f). In this study, BZCY541 was employed as the electrolyte.
But it possesses relatively lower ionic conductivity in compar-
ison to BZCY compositions with a larger Ce content on the B site
(e.g., BZCY271) or with a higher level of doping on the B site with
Y or Yb (e.g., BZCYYb).36,37 This could be the reason for the
comparatively high ohmic losses. Table S3† summarizes the
PCFC with the best performance reported so far (Note S2†).
Nevertheless, the polarization resistance, which is dominated
by the contribution of the oxygen electrode (e.g., Rp,r is only
0.209 U cm2 at 600 °C) is competitive for practical use.35
2.3. PCEC: steam electrolysis operation

2.3.1. Temperature variation. To investigate the perfor-
mance of PCC cells with the BGLC587–BZCY541 oxygen elec-
trode in steam electrolysis mode, the oxygen electrode was
supplied with 30% steammixed with air. Polarization curves are
shown in Fig. 4a. At an applied voltage of 1.3 V, the current
densities reach−0.21,−0.38,−0.65,−1.03 and−1.49 A cm−2 at
J. Mater. Chem. A, 2023, 11, 10955–10970 | 10959
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Fig. 4 Electrochemical performance of PCC cells with the BGLC587–BZCY541 oxygen electrode in steam electrolysis mode. (a) I–V curves of
the PCC cells measured at different temperatures with 20% H2-80% N2 (wet) on the fuel electrode side and 30% H2O-70% air on the oxygen
electrode side. (b) Measured open circuit voltages (VOC) and calculated theoretical Nernst voltages (VN) as a function of temperature. (c) Nyquist
and (d) imaginary impedance spectra at OCV and 500–700 °C. (e) Temperature dependence of Rp/Rp,r ratios and ionic transference number ti at
OCV, and (f) temperature dependence of different resistances (Rt, RU, Rp, Re, Ri and Rp,r).
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500, 550, 600, 650 and 700 °C, respectively. Table S4† shows
comparison values for cells with similar architecture and elec-
trolyte composition. The values in the present study match the
highest ones among the comparison values, thus conrming
10960 | J. Mater. Chem. A, 2023, 11, 10955–10970
a high intrinsic OER electrocatalytic activity of the oxygen
electrode. Furthermore, the reversible operation capability of
the BGLC587–BZCY541 oxygen electrode shown in
This journal is © The Royal Society of Chemistry 2023
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Fig. 2a and 4a demonstrates its great electrocatalytic activity
towards both the OER and ORR at low temperatures.

The OCV values are 0.997, 0.978, 0.952, 0.927 and 0.891 V at
500, 550, 600, 650 and 700 °C, respectively. Similar to fuel cell
operation, the experimentally detected OCV values were slightly
lower than the theoretical values (Fig. 4b). Nevertheless, the
deviation between measured and theoretical voltages is miti-
gated compared with the difference shown in Fig. 2b, especially
at high temperatures. This indicates a strong inuence of the
gas phase composition in the fuel electrode and oxygen elec-
trode compartments on the electronic conductivity in the elec-
trolyte. By combining eqn (3) and (6), the electron hole
concentration can be determined in terms of steam partial
pressure (pH2O) and oxygen partial pressure (pO2),

½h� �¼KH
�1
2KO

1
2
�
OH�

O

��
O�

O

��1
pH2O

�1
2pO2

1
4: (10)

Indeed, the observed voltage deviation is consistent with the
hole concentration dependence on pO2 and pH2O. The incre-
ment of steam content on the oxygen side decreased the pO2

value by 28% (600 °C: 0.204 atm in Fig. 2a, 0.147 atm in Fig. 4a).
Furthermore, the high pH2O on the oxygen side thermody-
namically favors the formation of proton defects and occupies
more oxygen vacancies that in turn block the oxygen incorpo-
ration and the formation of electron holes on the oxygen elec-
trode side.

The electrochemical impedance spectra recorded at OCV and
various temperatures are shown in Fig. 4c and d and exhibit
a typical thermally activated behavior. The spectra were
modeled following the same approach as described in the
previous section in order to calculate the real values of Ri, Re and
Rp,r. The results are shown in Fig. 4e and f (details are
summarized in Table S5†). The ionic transference numbers
range from 0.994 at 500 °C to 0.956 at 700 °C and are system-
atically higher than the ones determined from the gas compo-
sitions representative for fuel cell operation as shown in Fig. 2e.
Consequently, the ratios of Rp/Rp,r are also considerably higher,
which means a decreased inuence of electronic conduction on
polarization resistance. Indeed, the electron hole concentration
(eqn (10)) decreases while pH2O increases and pO2 decreases.
Assuming comparable mobilities under both conditions, this
behavior is also reected in an increased electronic resistance of
14.6 U cm2 under fuel cell conditions (Fig. 2f) compared to 26.5
U cm2 under electrolysis conditions (Fig. 4f) at 600 °C. Due to
the decreased electronic leakage under electrolysis conditions
at OCV, the activation energies of Ri and Rp,r are closer to the
apparent values from RU and Rp, respectively, in Fig. 4f.
Furthermore, the activation energy for Rp,r of 0.99 eV is lower
than the corresponding value of 1.20 eV acquired as shown in
Fig. 2f, suggesting that the electrocatalytic activity of the
BGLC587–BZCY541 oxygen electrode is promoted at higher
pH2O.

2.3.2. Steam partial pressure variation. As a next step, the
steam/air ratio on the oxygen electrode side was veried to
clarify its inuence on performance and electronic leakage.
Thus, polarization curves and EIS were recorded at 600 °C
(Fig. 5a and b). At low overpotentials (until an overall voltage of
This journal is © The Royal Society of Chemistry 2023
1.3 V), performance was higher with high pH2O. The perfor-
mance changed slightly mainly due to the OCV change at
different pH2O and made the potentials different in this range.
Impedance spectra at OCV show a slight apparent ohmic
resistance decrease with increasing pH2O. Accordingly, the
calculated ionic resistances decreased as well (Fig. 5c).
Furthermore, the calculated ionic transference numbers were
above 0.97 for all pH2O and reached 0.99 at 70% steam supply as
shown in Fig. 5c and Table S6.† These values clearly claried
that the electrolyte conductivity is dominated by ionic charge
carriers at high pH2O and 600 °C. An increase in pH2O and
a simultaneous decrease in pO2 will decrease the electron hole
concentration and reduce the electronic leakage according to
eqn (10), which would lead to an increase in apparent ohmic
resistance. Nevertheless, the measured apparent ohmic resis-
tance decreased with increasing pH2O/decreasing pO2 which
can be explained using a simultaneous increased protonic
concentration according to eqn (3). In addition, both the
apparent and the real polarization resistances (Rp and Rp,r)
increased with pH2O. Based on the imaginary impedance plot
(Fig. S4†), the increase was mainly attributed to the high
frequency range (∼103 Hz) which is thus, most likely related to
the BGLC587–BZCY541 oxygen electrode. The signicant
change in resistance is likely caused by the change of electronic
conductivity in the BGLC587–BZCY541 oxygen electrode at
different gas atmospheres which follows the behavior in eqn
(10). At high pH2O/low pO2 the formation rate of electron holes
decreases which has a detrimental effect on electrode perfor-
mance and increases the polarization resistance. Additionally,
a higher polarization resistance in a wet atmosphere than in
a dry atmosphere was conrmed in the BGLC oxygen electrode
symmetrical cells at 650 °C,18 suggesting that the protons are
not involved in the rate limiting process at the oxygen electrode.

Furthermore, impedance spectra were recorded at various
applied voltages to investigate the cell's behavior under elec-
trical bias. Both the high frequency and low frequency arcs in
the Nyquist impedance plot reduced with increasing voltages as
shown in Fig. S5.† The values of ti, Re, Ri and Rp,r were calculated
and presented in Table S7.†38,39 Notably, ti dropped dramatically
from 0.982 at OCV (0.955 V) to 0.889 at OCV + 0.2 V (1.155 V),
indicating increased electronic conduction in the electrolyte at
high overpotentials. Vøllestad et al. have determined the elec-
tron hole concentration as a function of potential E,22

½h� � ¼ KOX

�
OH�

O

�
pH2O

�1
2pO2

1
4 ¼ KOX exp

�
F
�
E � E0

�
RT

�
; (11)

where KOX is the water oxidation equilibrium constant. It is
demonstrated that the electron hole concentration could
increase at a high cell voltage. Besides, the defect transport ux
of electronic holes Jh can be dened using the Nernst–Planck
formulation according to diffusion due to concentration
gradients and migration due to electrostatic potential gradients
as

Jh ¼ �Dh

�
V½h� � þ zhF

RT
½h� �Vf

	
; (12)
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Fig. 5 Electrochemical performance of PCC cells with the BGLC587–BZCY541 oxygen electrode in steam electrolysis mode at 600 °C. (a) I–V
curves of the cell measured with various H2O concentrations (5–70%) mixed with air at the oxygen electrode, and the corresponding (b) Nyquist
impedance spectra at OCV. (c) Steampartial pressure dependence of different resistances and ionic transference numbers. (d) Faradaic efficiency
and H2 production rates at different applied current densities with 30% and 70% H2O mixed with air at the oxygen electrode.
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where Dh, zh and f are the electron hole defect diffusion coef-
cient, charges of the defect carrier and the local electrostatic
potential, respectively. In one spatial dimension, the f

increases with applied potential. An increased electron hole
concentration (eqn (11)) at the interface between the electrolyte
and the oxygen electrode combined with an increased electric
eld at higher applied potential can yield a higher electronic
leakage through electrolyte. This is experimentally veried by
the increase of te at higher cell voltage (e.g., 0.05 at OCV + 0.1 V
to 0.11 at OCV + 0.2 V). The feature is consistent with the
simulation results of BaZr0.9Y0.1O3−d electrolyte in PCC cells,
showing the p-type conductivity increasing with electrolysis
current density.25 Accordingly, the resistance associated with
electron hole transport decreased by nearly one order of
magnitude from 26.5 U cm2 (OCV) to 3.8 U cm2 (OCV + 0.2 V).
This behavior can also explain the obvious attening of the I–V
curves in Fig. 5a at high overpotentials (higher than 1.3 V). This
attening indicates a resistance decrease; however, it is most
likely to be caused in large part by the electronic leakage at high
pO2, low pH2O and high overpotentials. Besides, at terminal
voltages higher than the thermal-neutral voltage (∼1.3 V), the
10962 | J. Mater. Chem. A, 2023, 11, 10955–10970
local heating due to the exothermic process tends to raise the
temperature and thus further enhance the current leakage. In
other words, the apparent current density is not necessarily
representative of the actual electrolysis current density that is
converted into hydrogen. Therefore, additional insights ob-
tained via exhaust gas analysis are described in the following
sections.

2.3.3. Faradaic efficiency. Faradaic efficiency and H2

production rates were calculated based on mass spectrometry
measurements and are depicted in Fig. 5d. The measured
faradaic efficiency reduced with increasing current density, for
instance, from 81% at −0.2 A cm−2 to 68% at −0.8 A cm−2 with
70% steam mixed with air at 600 °C. Furthermore, there is
a trend that the faradaic efficiency increases with increasing
steam concentrations/decreasing oxygen concentrations,
consistent with the dependency of the hole concentration on
these parameters as described using eqn (10). This feature is
accentuated at high current densities. In order to evaluate the
relative inuence of pH2O and pO2, separately, the faradaic
efficiency was measured at −0.6 A cm−2 with different feed
gases on the oxygen electrode side (Table 1). The polarization
This journal is © The Royal Society of Chemistry 2023
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curves (Fig. S6†) show only minor differences and cross each
other upon variation of either pH2O or pO2. A similar trend was
already reported upon pO2 variation.40 However, the faradaic
efficiency increased from 59% to 66% when the pH2O was
increased from 0.3 atm to 0.7 atm and pO2 was kept constant at
0.2 atm. An increased steam partial pressure shis the equi-
librium towards a lower hole concentration (eqn (11)) yielding
a higher efficiency. Besides, the faradaic efficiency decreased
clearly from 59% at 0.2 atm pO2 to 50% at 0.4 atm pO2 and 40%
at 0.7 atm pO2. This corroborates a particularly severe current
leakage upon an increase in pO2. Similar results have been re-
ported in the literature.22,35,41 In recent years, many performance
reports on PCECs have shown a high current density over 1 A
cm−2 at 1.3 V (Table S8†). However, in some cases low faradaic
efficiencies were evidenced, suggesting considerable energy
losses due to current leakage through the electrolyte. Achieving
high faradaic efficiency at high current density appears to be
a determining challenge to be addressed for developing high
performance PCECs. For cells with Y doped BaZrO3–BaCeO3

solid solution materials as the electrolyte, it can thus be rec-
ommended to maintain a high pH2O together with a low pO2 on
the oxygen electrode side, in order to obtain a high faradaic
efficiency and a high energy conversion efficiency.

In conclusion, the gas atmosphere and applied DC bias both
showed a remarkable impact on the faradaic efficiency. For
practical application, that is at high steam conversion rates, the
produced O2 on the oxygen electrode side will increase the local
pO2 signicantly resulting in an increased current leakage.
Nonetheless, the applied DC bias is likely to have a greater
impact on the faradaic efficiency for steam electrolysis
compared with the pO2 evolution. Optimization of the operating
window may not be the sole and best solution to address such
inherent p-type current leakage. Recently, different approaches
were suggested by optimizing the cell design to suppress the
current leakage, for instance, via the employment of an addi-
tional layer able to block the diffusion of p-type charge carriers
or the development of novel electrolyte materials for PCECs.42

However, the investigation and the evaluation of such
approaches go beyond the scope of the present study.

2.3.4. Water splitting process in the oxygen electrode. The
polarization resistance observed in impedance spectra normally
reects the electrochemical reaction process in the electrode.
Different impedance spectra recorded upon separate variations
of pH2O and pO2 are shown in Fig. 6a and b. RU decreased at
high pH2O (Fig. 6a) as well as the calculated Ri (Table S9†),
Table 1 Overview of the electrochemical characteristics of a PCEC
with a BGLC587–BZCY541 oxygen electrode at 600 °C as a function of
the pH2O and the pO2; voltage and FE refer to the measured voltage
and faradaic efficiency at −0.6 A cm−2

pH2O/(pO2 = 0.20
atm) pO2/(pH2O = 0.3 atm)

0.30 atm 0.70 atm 0.20 atm 0.40 atm 0.70 atm

Voltage/V 1.25 1.23 1.25 1.25 1.24
FE/% 59 66 59 50 40

This journal is © The Royal Society of Chemistry 2023
which is likely caused by the enhanced hydration and the
associated higher proton concentration in the BZCY electrolyte
at high pH2O (eqn (1)). Concomitantly, the calculated ti
increased from 0.970 with 5% steam to 0.992 with 50% steam.
By contrast, Rp,r was increased from 0.320 U cm2 with 5% steam
to 0.362 U cm2 with 50% steam. This is consistent with a study
by Strandbakke et al. who observed that for BGLC in
a symmetrical cell,18 the apparent polarization resistance in
a wet atmosphere is higher than that in a dry atmosphere at 650
°C, indicating that the rate limiting electrode process is not
related to protons or protonic species. The authors suggested
that most likely oxygen or/and oxide ion related surface
adsorption and diffusion play essential roles, and these
processes are hindered by adsorbed steam at the reactive sites.

Turning to pO2 variation, both RU and Rp decreased with
increasing pO2 as depicted in Fig. 6b and d. In this case, the
decreased RU can be attributed to the increased hole conduction
through the electrolyte in more oxidizing atmospheres (eqn (4)).
This is reected by an increase in te, increasing from 0.011 with
10% oxygen to 0.016 with 70% oxygen on the oxygen electrode
side. In addition, it is speculated that cobalt in the BGLC phase
is present in a high oxidation state at high pO2 and primarily
contributes to the electronic defect concentration,22 which may
affect the reaction process on the oxygen electrode side.
Generally, the oxygen exchange rate on the oxygen electrode
side increases in more oxidizing atmospheres. One should
notice that the p-type conduction in the oxygen electrode may
increase, and this could be one of the reasons for the Rp

decrease with increasing pO2 as well.
In the imaginary impedance plot (Fig. 6c and d), the change

in Rp upon variation of pH2O occurred in the frequency range of
103–104 Hz and to a smaller extent between 100–101 Hz.
Differently, the change in Rp caused by varying pO2 occurred
across the whole frequency range of 100–104 Hz. The Nyquist
and imaginary impedance plots exhibit distinctly different
behaviors of the polarization resistance changing with the
variation in pH2O or pO2. As a result, the observed change in
polarization resistance is a cumulation of discrete polarization
components corresponding to pH2O and/or pO2 variation. Dis-
tinguishing the different processes becomes challenging when
their respective characteristic time constants are close to each
other.

To deconvolute the total polarization resistance more
precisely into individual processes, the distribution of relaxa-
tion time (DRT) analysis of the spectra was performed with the
impedance responses to pH2O or pO2 variations, as shown in
Fig. 7a and b. The DRT results identify that for both gas varia-
tions, the polarization response can be discretized into four
main contributions or processes, namely P1, P2, P3 and P4,
which appear at frequencies of approximately 104, 103, 101–102

and 100–101 Hz, respectively. Therefore, an equivalent circuit
model was proposed with the elements L–
R0–(R1Q1)–(R2Q2)–(R3Q3)–(R4Q4) (Fig. S7†), where L represents an
inductance, R0 represents the ohmic resistance and the four RQ-
elements represent the four peaks in the DRT plots. In this
notation, Q represents a constant phase element (CPE). All
tting parameters are listed in Table S10.† Since this equivalent
J. Mater. Chem. A, 2023, 11, 10955–10970 | 10963
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Fig. 6 (a) Nyquist and (c) imaginary impedance spectra as a function of H2O partial pressure on the oxygen electrode side at 600 °C and OCV,
and (b) Nyquist and (d) imaginary impedance spectra as a function of O2 partial pressure on the oxygen electrode side at 600 °C and OCV.
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circuit model thread is parallel to an electronic resistance as
well (see Fig. 3), a correction of R1–R4 was carried out aer
tting to obtain the real resistance values according to the
procedure described above (details are shown in Table S11†).
Accordingly, the activation energy for R1, R2, R3 and R4 derived
from Fig. 4c was calculated and presented in Fig. S8,† and the
values are 0.59, 1.28, 1.07 and 0.81 eV, respectively.

Based on these results, the resistance of all oxygen electrode-
related loss processes can be empirically described according to

Ri f (pO2)
−mi(pH2O)−ni (13)

where Ri is the polarization resistance for each loss process and
mi and ni are the reaction orders with respect to the partial
pressures. The values of these exponents can then reveal in-
depth mechanistic insights about the nature of the loss
process. For this reason, extensive reaction networks for the
most probable mechanisms for the oxygen reduction/evolution
reaction on proton-conducting ceramics have been compiled
before.18,43–45 Furthermore, the characteristic exponents of pH2O
and pO2 in the equilibrium exchange rate were derived for the
different elementary steps. Thus, the comparison of the
10964 | J. Mater. Chem. A, 2023, 11, 10955–10970
reaction orders, in other words the exponents, in eqn (13)
determined by equivalent circuit model tting and the derived
characteristic values shown in Fig. 7c and d can lead to the
identication of the rate-limiting steps in the respective loss
process. As summarized in Table S12,† an overview of elemen-
tary reactions for a mixed protonic and electronic conducting
oxygen electrode is presented. This reaction network comprises
H2O adsorption, H2O dissociation, proton transfer, charge
transfer, oxygen association and desorption processes.

As a result of the equivalent circuit tting, the dependence of
R4 on pO2

−m and pH2O
−n with m4 = 0.26 and n4 = 0.08,

respectively, was obtained. The dependence on pH2O is very
weak (n close to zero). P4 has a summit frequency between 100

and 101 Hz. The pseudo-capacitance C4 was calculated and
showed a value of 10−1–100 F cm−2.18 Such values are in line
with the reaction orders proposed when oxygen surface diffu-
sion from the TPB to the BGLC surface is the rate-limiting
step.44,46 Moreover, P4 has an Ea of 0.81 eV, which is close to
the apparent activation energy of the oxygen surface exchange
coefficient for ordered perovskite cobaltites (0.6–0.9 eV).47,48 The
relative contribution of P4 to the total polarization decreased
strongly by changing from a pure BGLC (C4 = 0.016 F cm−2) to
This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Distribution of relaxation time (DRT) results as functions of pH2O (a) and pO2 (b) at 600 °C. Dependence of P1, P2, P3 and P4 polarization
resistances on (c) pH2O and (d) pO2, and dependence of the corresponding capacitances on (e) pH2O and (f) pO2, respectively. The fuel electrode
side was fed with wet (∼3% H2O) 20% H2–80% N2.
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a BGLC587–BZCY541 composite oxygen electrode (Fig. S9†). All
in all, this suggests that P4 is related to a process occurring at
the surface of the BGLC and that the TPB reaction at the contact
point BGLC587–BZCY541 is favored over a pure DPB process at
the surface of BGLC as illustrated in Fig. 8.

Regarding the middle frequency range, the related index of
P3 on pO2 is 0.35 and hence, close to 3/8, while it is relatively
independent of pH2O (n3 = 0.01). These values are consistent
This journal is © The Royal Society of Chemistry 2023
with what has previously been proposed for the electron
transfer of an adsorbed O− to the proton conductor and the
formation of neutral oxygen. But it has to be pointed out that
the existence of neutral oxygen on perovskite phases is
considered to be energetically unfavorable.43,49 Comparing the
corresponding Ea of 1.07 eV and related capacitance of
10−2 F cm−2,34 it could suggest a surface process involving
a charge transfer on oxygen.
J. Mater. Chem. A, 2023, 11, 10955–10970 | 10965
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Fig. 8 The schematic diagram of the proposed reaction mechanisms
in the BGLC587–BZCY541 oxygen electrode for steam electrolysis.
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The capacitance C1 (10
−4–10−5 F cm−2) associated with P1 is

consistent with the high-frequency process in symmetrical
BGLC cells.18,50 The capacitance values are signicantly lower
than what is generally observed for gas and surface diffusion
processes and processes related to a chemical capacitance. The
magnitude of the capacitance could rather indicate a charge
transfer process associated with a double layer capacitance. In
the present study, a weak dependence of R1 on pO2 (m1 = 0.04)
and pH2O (n1 = −0.008) was observed, also consistent with
a previous study where this process was assigned to a process at
the buried interface between the electrolyte and the oxygen
electrode in a symmetrical BGLC cell since such processes are
generally considered to be independent of gas atmosphere
variation. The activation energy of R1 is 0.59 eV, which is within
an acceptable range for proton transfer despite being slightly
higher than the Ea of Ri from Fig. 4f corresponding to protonic
transport in the electrolyte and far below the value expected for
oxygen ion diffusion.

The process P2 (103 Hz, 10−3–10−4 F cm−2) shows the indices
m = 0.35 and n = −0.28 and based on these identied reaction
orders no clear assignment based on the proposed framework
can be made. By considering only the correlation with pO2, P2
may involve a charge transfer. But the dependency of P2 on
pH2O should not exist. The increase in R2 was observed at high
pH2O or low pO2, most likely because this step is dominated by
electron–hole transfer related steps. As mentioned above, the
high steam content atmosphere may promote the hydration
process and could hinder oxygen incorporation to some extent,
which results in an electronic conductivity decrease. On the
other hand, low pO2 may decrease the electronic conductivity as
well. Further studies are still demanded for better clarication
of P2 in the composite oxygen electrode.

The experimental results show that oxygen reactions at the
surface of BGLC are determining factors for the performance of
the oxygen electrode in PCC cells and that a composite structure
may be benecial to achieve higher performance. It needs to be
stated that the deconvolution of the PCC full cell impedance is
challenging due to the lack of mechanistic studies on the
processes. A mechanistic interpretation of the water splitting
reaction should ideally be performed with electrodes of dened
10966 | J. Mater. Chem. A, 2023, 11, 10955–10970
geometries. Conditions in realistic porous electrodes are
frequently a lot more complex and thus, their analysis with the
above-mentioned models as provided in the present study can
explain major trends rather than unequivocally identify
mechanisms.
2.4. Durability in steam electrolysis operation

To assess the stability of the full cells with the BGLC587–
BZCY541 oxygen electrode for steam electrolysis, different
stability tests and post-mortem degradation analysis were
carried out and the results are provided in Fig. 9. The cell was
rst tested in galvanostatic mode at different current densities
and temperatures. The voltage evolution suggests good short-
term stability. A slight improvement was observed in each
step, particularly at high current density, which could be
attributed to slight heating caused by exothermic operation at
voltages higher than VTN or improvement of contact between
the Pt current collector and the oxygen electrode, resulting in
a decrease in the ohmic resistance. Additionally, another fresh
cell was investigated at −0.8 A cm−2 and 600 °C with 30% H2O
(Fig. S11†). Within 60 h, the voltage decreased from 1.44 V to
1.37 V, and it reached a similar voltage as shown in Fig. 8b,
indicating high reproducibility of the cells in this study. The
reduction of the ohmic resistance from 0.635 U cm2 to 0.527 U

cm2 was the main contribution to the overpotential decrease,
resulting in the improvement of the cell performance, which is
a common feature of improved contact over time by using a Pt
current collector.

Aer the short-term stability tests as shown in Fig. 9a and b,
the cell was examined at −0.4 mA cm−2 and 600 °C for 366 h in
total (Fig. 9c). The oscillation of the voltage was associated with
an unstable steam supply. In the rst 200 h at 10% H2O, the
voltage remained constant at around 1.22 V. In the following
166 h at 30% H2O, the voltage increased slightly from 1.213 V to
1.219 V corresponding to a degradation rate of 36 mV per
1000 h. The durability results conrmed the high stability of the
cell with the BGLC587–BZCY541 oxygen electrode. Post-mortem
cross-sectional microstructures were obtained via SEM aer
operation. Fig. 9d shows a distinct three-layer structure,
including the dense BZCY541 electrolyte layer, the porous Ni-
BZCY541 fuel electrode and the BGLC587–BZCY541 oxygen
electrode. Aer operation the fuel electrode (Fig. S12†) is more
porous compared to that aer manufacturing (Fig. 1f), due to
the nickel particle shrinkage associated with the reduction of
nickel oxide. Notably, electrolyte and the fuel electrode were still
bonded well without any delamination aer the operation
under a high steam content atmosphere. Moreover, the inter-
face between the BGLC587–BZCY541 oxygen electrode and
electrolyte also remained crack-free without any evidence of
delamination. The microstructure of the oxygen electrode
shown in Fig. 9e exhibits well-distributed porosity, and the
particles did not show any obvious agglomeration or growth
aer durability operation, which is consistent with the stable
electrolysis voltage at different applied current densities and
steam content. The durability results together with the micro-
structural analysis conrmed good prospects in terms of
This journal is © The Royal Society of Chemistry 2023
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Fig. 9 Stability characteristics of the PCC cells with the BGLC587–BZCY541 oxygen electrode in steam electrolysis mode. The short-term
stability of measured voltages as a function of time at different current densities as indicated on the left y-axis at 550 °C (a) and 600 °C (b). (c)
Long-term stability of voltage evolution at 600 °C and a fixed current density of−0.4 A cm−2. (d) Cross-sectional images of the full cell and (e) the
BGLC587–BZCY541 oxygen electrode after long term operation at different magnifications.
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stability of the cell with the BGLC587–BZCY541 oxygen
electrode.
3. Experimental section
3.1. Synthesis of Ba0.5Gd0.8La0.7Co2O6−d

Ba0.5Gd0.8La0.7Co2O6−d (BGLC587) powder was prepared using
the EDTA-citrate complexing sol–gel method. The raw materials
were Ba(NO3)2 (Alfa Aesar), Gd(NO3)3$6H2O (Alfa Aesar),
La(NO3)3$6H2O (Alfa Aesar), and Co(NO3)2$6H2O (Alfa Aesar).
The different precursor salts were dissolved in distilled water
allowing for the targeted stoichiometric ratio to be achieved. For
the solution, EDTA and citric acid were added as complexing
agents with a molar ratio of 1 : 1 : 1.5 (total metal ions : EDTA :
citric acid). pH was adjusted to 8 by adding NH3$H2O. The ob-
tained solution was heated at 80 °C under magnetic stirring
until a viscous gel was obtained. The gel was red at 240 °C for
10 h to form the precursor, which was subsequently crushed
thoroughly in a mortar. Then the combusted powder was
calcined at 1150 °C for 5 h in air.
3.2. Cell manufacturing

Fuel electrode supported proton conducting ceramic cells with
BGLC587–BZCY541 composite oxygen electrodes were
fabricated.

3.2.1. Substrate fabrication. NiO and BaZr0.5Ce0.4Y0.1O3−d

(BZCY541) powders from Marion Technologies were used as
received. For the substrate, NiO, BZCY541 and starch as a pore
former were mixed in 2-propanol with a weight ratio of 6 : 4 : 1
and treated by planetary ball milling to obtain homogeneous
mixtures. The mixed powder was dried and pressed in a 20 mm
diameter pellet die with a uniaxial pressure of 60 MPa. The
This journal is © The Royal Society of Chemistry 2023
pellet was pre-sintered at 1150 °C for 2 h in air to obtain
substrates.

3.2.2. Electrolyte fabrication. The electrolyte layer was
applied by drop-coating. An electrolyte suspension was
prepared by adding 1.25 g of BZCY541 powder, 12 g of absolute
ethanol as solvent, 0.05 g of polyvinyl butyral as a plasticizer,
0.05 g of polyethylene glycol as a dispersant, 0.05 g of trietha-
nolamine as an emulsier and 1 mm diameter zirconium oxide
beads. Aerwards, the mixture was roll-milled for 12 h. 200 mL
of the electrolyte suspension solution was dropped onto the
NiO–BZCY541 substrate. Aer drying at 60 °C, the green half
cells were co-sintered at 1450 °C for 5 h.

3.2.3. Oxygen electrode fabrication. Double perovskite
BGLC587 was mixed with BZCY541 in a weight ratio of 6 : 4. The
corresponding electrode powders were mixed with a binder
(6 wt% ethyl cellulose in terpineol) in a weight ratio of 65 : 35 to
form a slurry. The slurry was screen-printed onto the BZCY541
electrolyte surface and subsequently sintered at 1000 °C for 2 h.
Platinum paste (Heraeus GmbH, Germany) was brush-painted
onto the surface of the oxygen electrode as a contact layer and
sintered at 700 °C for 1 h. The active area of the full cell was 0.5
cm2.
3.3. Characterization

The synthesized powders and fabricated cells were investigated
using X-ray diffractometers (Bruker AXS, Germany) for crystal-
line phase characterization. The morphology of the cells' func-
tional layers was observed using a scanning electron
microscope (Zeiss ULTRA PLUS SEM, Carl Zeiss AG, Germany).
Dilatometry measurement was performed on a DIL 402C device
(Netzsch, Germany) in the temperature range of 20–1200 °C
with a heating rate of 3 °C min−1 in ambient air. A dense
J. Mater. Chem. A, 2023, 11, 10955–10970 | 10967
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ceramic rod was prepared by isostatic pressing the powder in
a latex tube at 460 MPa and sintering at 1200 °C for 10 h. The
relative density of the sintered specimen was higher than 95%.

Full cells were electrochemically investigated in fuel cell and
electrolysis modes on a commercial test system (ProboStat,
NORECS AS, Norway). On the fuel side, 50 sccm gas was fed into
a bubbler at room temperature adding approximately 3% of
steam. On the oxygen side, a humidier (HumiStat, NORECS
AS, Norway) was used to enable steam contents of 3–70%. The
total gas ow rate on the oxygen side was xed at 50 sccm.
Platinum meshes were attached to both the fuel and the oxygen
electrodes as the current collector. Each platinum mesh was
connected with two platinum wires and the 2-electrode 4-probe
method was used for electrochemical measurements. Cells were
sealed using a ceramic sealant (Ceramabond 552, AREMCO,
USA) and a glass paste (617, AREMCO, USA) to ensure gas-tight
sealing. Aer the sealing process, the fuel electrode was reduced
at 700 °C for 12 h with a 20%H2/80% N2 (wet,∼3%) gas mixture
while the oxygen electrode side was ushed with air. When
reduction was complete and open circuit voltage (OCV) reached
a steady state, the initial electrochemical cell performance was
recorded rst in fuel cell mode with wet air on the oxygen
electrode side and humidied (∼3% H2O) H2 on the fuel side.
All electrochemical measurements were performed using
a Zennium XC (Zahner, Germany). Polarization curves were
carried out from OCV to 0.3 V in fuel cell mode and from OCV
up to 1.6 V in electrolysis mode with a scanning rate of
0.005 V s−1. Electrochemical impedance spectroscopy (EIS) was
performed in a frequency range from 0.1 Hz to 100 kHz with an
amplitude of 20 mV. Distribution of relaxation times (DRT)
analysis was performed by using the modelling soware ec-
idea. A regularization parameter of 0.5 was chosen since it led
to a small difference between the reconstructed and measured
impedance spectra while avoiding over-regularization.51 Equiv-
alent circuit model (ECM) tting was carried out with ZView®.

For PCEC operation, 30% steam and 70% air were fed to the
oxygen electrode side and a wet (∼3% H2O) gas mixture of 20%
H2 and 80% N2 was fed to the fuel electrode side. During the
test, polarization curves and EIS were recorded. The cells were
operated in steady state operation for 30 min at current densi-
ties of −0.2, −0.4, −0.6, −0.8 and −1.0 A cm−2 at temperatures
of 550 and 600 °C, respectively. Long-term stability was also
examined at different partial pressures of steam (10% and 30%)
and a current load of −0.4 A cm−2 and −0.8 A cm−2 for 366 h
and 62 h, respectively. The production rate of H2 was analyzed
using a mass spectrometer (EISense, V&F Analyse-und Mes-
stechnik GmbH). The mass spectrometer was calibrated before
each experiment. Then, the faradaic efficiency (hFE) was calcu-
lated in steam electrolysis mode under various operating
conditions as the ratio between the measured hydrogen
production rate and the theoretical one:

hFE ¼ nmeasured

ntheoretical
¼ nmeasured

I � ðn� FÞ�1; (14)

where nmeasured is the actual hydrogen production rate
(mol s−1), I is the applied current (A), n is 2 for hydrogen
production and F is the faradaic constant (96485 C mol−1).
10968 | J. Mater. Chem. A, 2023, 11, 10955–10970
4. Conclusions

In summary, PCC cells with a BGLC587–BZCY541 composite
oxygen electrode have been systematically investigated for fuel
cell and steam electrolysis application at intermediate temper-
atures (500–700 °C). A peak power density of ∼400 mW cm−2 in
fuel cell mode and a current density of−650mA cm−2 at 1.3 V in
steam electrolysis mode were reached at 600 °C, demonstrating
good performance in both modes. The durability test in steam
electrolysis up to 366 h at −0.4 A cm−2 and 30% steam content
has shown an extrapolated degradation rate of 36 mV/1000 h
which is at this stage very encouraging for further development.

Detailed analysis of the impedance response of the PCC cells
showed that the polarization resistance is dominated by the
oxygen electrode. The oxygen evolution reaction was investi-
gated by deconvolution of impedance spectra under various pO2

and pH2O atmospheres. In PCECs, the experimental results
suggest that oxygen reactions at the surface of BGLC587 are
determining factors for the cell performance. Furthermore, the
study suggests that a triple phase boundary process at the
contact point between gas phase, BGLC587 and BZCY541 is
favored over a pure double phase boundary process at the
surface of BGLC587. Approaches including morphological
optimization, a decrease in the sintering temperatures and the
use of ner grain sizes could be explored to enhance the
exchange surface area of the oxygen electrode with the gas
phase and thus further reduce the polarization resistance. The
faradaic efficiency was shown to be strongly dependent on the
atmosphere at the oxygen electrode. The variation of the fara-
daic efficiency upon pH2O, pO2 and current density revealed
that operation at high pH2O and low pO2 could mitigate the
issue of low faradaic efficiency by hindering the formation of
electron holes and thus their diffusion throughout the electro-
lyte yielding current leakage. However, the current leakage
became more severe at higher current density, that is at higher
overpotential. For instance, the faradaic efficiency decreased
from 80% to 68% when the applied current density was
increased from −200 mA cm−2 to −800 mA cm−2 at 600 °C.

It is important to point out that this study was performed on
cells with an active area of 0.5 cm2 and at relatively low steam
conversion rates. In industrial operating conditions, for
example, on cells with large active areas and at high steam
conversion, the issue of current leakage through the electrolyte
may become more prominent as the concentration of oxygen
increases along the gas channel which is likely to affect the
transport properties of the electrolyte. We anticipate that this as
an important challenge to be addressed for the scale-up of
planar PCC cells for electrolysis application.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The China Scholarship Council is acknowledged for the
doctoral scholarship of Haoyu Zheng (201806160173). The
This journal is © The Royal Society of Chemistry 2023

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ta01298k


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 1

0/
17

/2
02

5 
7:

46
:4

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
German Federal Ministry for Education and Research is
acknowledged for funding via the projects DAICHI (01DR18002)
and ARCADE (03SF0580A). We would like to thank the Univer-
sity of Bayreuth, Chair for Electrical Energy Systems, for
providing the impedance analysis and modelling soware ec-
idea (https://www.ees.uni-bayreuth.de/en/ec-idea).

References

1 Sunre GmbH, Hydrogen the Renewable Feedstock and Energy
Carrier, https://www.sunre.de/en/hydrogen, 2020.

2 K. D. Kreuer, Annu. Rev. Mater. Res., 2003, 33, 333–359.
3 C. Duan, J. Tong, M. Shang, S. Nikodemski, M. Sanders,
S. Ricote, A. Almansoori and R. O'Hayre, Science, 2015, 349,
1321–1326.

4 W. Wu, L.-C. Wang, H. Hu, W. Bian, J. Y. Gomez, C. J. Orme,
H. Ding, Y. Dong, T. He, J. Li and D. Ding, ACS Catal., 2021,
11, 12194–12202.

5 M. Li, B. Hua, L.-C. Wang, J. D. Sugar, W. Wu, Y. Ding, J. Li
and D. Ding, Nat. Catal., 2021, 4, 274–283.

6 V. Kyriakou, I. Garagounis, A. Vourros, E. Vasileiou and
M. Stoukides, Joule, 2019, 4, 142.

7 C. C. Duan, R. Kee, H. Y. Zhu, N. Sullivan, L. Z. Zhu,
L. Z. Bian, D. Jennings and R. O'Hayre, Nat. Energy, 2019,
4, 230–240.

8 F. Baumann, J. Maier and J. Fleig, Solid State Ionics, 2008,
179, 1198–1204.

9 J. Fleig, Annu. Rev. Mater. Res., 2003, 33, 361–382.
10 J. Fleig and J. Maier, J. Eur. Ceram. Soc., 2004, 24, 1343–1347.
11 E. Fabbri, L. Bi, D. Pergolesi and E. Traversa, Energy Environ.

Sci., 2011, 4, 4984–4993.
12 L. Yang, C. Zuo, S. Wang, Z. Cheng and M. Liu, Adv. Mater.,

2008, 20, 3280–3283.
13 A. A. Taskin, A. N. Lavrov and Y. Ando, Appl. Phys. Lett., 2005,

86, 091910.
14 A. Taskin, A. Lavrov and Y. Ando, Prog. Solid State Chem.,

2007, 35, 481–490.
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S. Garćıa-Mart́ın, Adv. Funct. Mater., 2014, 24, 2510–2517.
16 J. Kim, S. Sengodan, G. Kwon, D. Ding, J. Shin, M. Liu and

G. Kim, ChemSusChem, 2014, 7, 2811–2815.
17 M. Papac, V. Stevanovic, A. Zakutayev and R. O'Hayre, Nat.

Mater., 2020, 20, 301–313.
18 R. Strandbakke, V. A. Cherepanov, A. Y. Zuev, D. S. Tsvetkov,

C. Argirusis, G. Sourkouni, S. Prunte and T. Norby, Solid
State Ionics, 2015, 278, 120–132.

19 E. Vøllestad, M. Schrade, J. Segalini, R. Strandbakke and
T. Norby, J. Mater. Chem. A, 2017, 5, 15743–15751.
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