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Abstract: Layered Ruddlesden-Popper (RP) lanthanide nickelates, Lnn+1NinO3n+1 (Ln = La, Pr, and
Nd; n = 1, 2, and 3) have generated great interest as potential cathodes for proton conducting fuel
cells (PCFCs). The high-order phase (n = 3) is especially intriguing, as it possesses the property of
a high and metallic-type electronic conductivity that persists to low temperatures. To provide the
additional requirement of high ionic conductivity, a composite electrode is here suggested, formed by
a combination of La4Ni3O10±δ with the proton conducting phase BaCe0.9Y0.1O3-δ (40 vol%). Electro-
chemical impedance spectroscopy (EIS) is used to analyse this composite electrode in both wet (pH2O

~ 10−2 atm) and low humidity (pH2O ~ 10−5 atm) conditions in an O2 atmosphere (400–550 ◦C). An
extended analysis that first tests the stability of the impedance data through Kramers-Kronig and
Bayesian Hilbert transform relations is outlined, that is subsequently complemented with the distribu-
tion function of relaxation times (DFRTs) methodology. In a final step, correction of the impedance
data against the short-circuiting contribution from the electrolyte substrate is also performed. This
work offers a detailed assessment of the La4Ni3O10±δ-BaCe0.9Y0.1O3-δ composite cathode, while
providing a robust analysis methodology for other researchers working on the development of
electrodes for PCFCs.

Keywords: yttrium-doped barium cerate (BCY); short-circuiting; Ruddlesden-Popper; lanthanide
nickelate; proton ceramic fuel cell (PCFC)

1. Introduction

Protonic ceramic fuel cells (PCFCs) stand out as one of the most promising technologies
for energy conversion [1]. These devices use proton-conducting electrolytes, which allow
them to operate at considerably lower temperatures (400–600 ◦C) than that of their oxide-
ion-conducting counterparts (>600 ◦C) [2,3]. Decreasing the operation temperature brings
out several cost-effective benefits, including shorter start-up times, lower energy inputs to
heat the cell up to the operating temperature, and greater materials longevity [3].

Nonetheless, several drawbacks remain when working at such low temperatures,
with the minimisation of polarisation resistance being one of the most critical challenges
remaining to date [4,5]. In this respect, the majority of published works have focused on
the use of mixed ionic electronic conductors (MIECs) as potential PCFC electrodes, where
materials selection is driven by that traditionally used in solid oxide fuel cells (SOFCs),
based on both oxide-ion and electron (O2−/e−) conduction [6–12]. One good example is
that of the layered Ruddlesden-Popper (RP) lanthanide nickelates, Lnn+1NinO3n+1 (Ln = La,
Pr, and Nd; n = 1, 2, and 3) [13–16]. These interesting materials differ from typical, state-
of-the-art, perovskite cathode materials, due to their unique crystal structures that are
composed of a rock-salt LnO layer with a finite number (n) of perovskite-type LnNiO3
layers along the main crystallographic axis. Importantly, one of the key attractions of
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these materials is their ability to offer metallic-type electronic conductivity over extensive
temperature ranges [14].

In recent years, these materials have also been proposed as electrodes targeted for
PCFCs [17–20], with the main bulk of previous work having concentrated on the lower
order, Ln2NiO4-based phase, where n = 1. In this respect, the electronic conductivity of the
lower order nickelate phases (n = 1, 2) has been documented to suffer an abrupt depletion
as the operating temperature decreases below 600 ◦C, in air, as a result of temperature
dependent changes in crystallographic symmetry [16]. This drop in electronic conductivity
below 600 ◦C is concerning, as it may bring into question the continued validity of these
lower order nickelate materials for the intended PCFC operational temperature range of
(400–600 ◦C). In contrast to these lower order phases, the higher order La4Ni3O10±δ, n = 3,
material shows a uniform, metallic-type, conductivity in air that increases monotonically
with decreasing temperature, thus, providing the important advantage of a high level of
electronic conductivity that persists across the complete temperature range, from high
temperatures (e.g., 900 ◦C) to room temperature [16].

The stability of these RP phases was studied in detail, as a function of oxygen partial
pressure (pO2), by Bannikov et al. using thermodynamic calculations [21]. In their work, the
authors demonstrated that, despite the observance of a smooth dependence of conductivity
on temperature in air, the stability of the La4Ni3O10±δ compound faces an important limit
towards less oxidising conditions, due to the release of oxygen and its decomposition into
La3Ni2O7±δ and NiO (Figure 1), as follows:

3La4Ni3O10(s) → 4La3Ni2O7(s) + NiO(s) + 0.5O2(g) (1)
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calculated from data from [21]. The typical pO2 values of O2 and N2 atmospheres are indicated as
a reference.

Of concern, this factor may become relevant upon applied cathodic polarisation due
to a localised drop in the chemical potential of oxygen at the cathode/electrolyte interface
upon fuel cell operation [7,22]. Nonetheless, reference to Figure 1 shows that this pO2
decomposition limit can be improved upon decreasing the operation temperature to the
intermediate range (i.e., below 600 ◦C), an operating window that concurs well with the
temperature range of interest for PCFCs (400–600 ◦C). A preliminary example of the viabil-
ity of the La4Ni3O10±δ material as a PCFC cathode material was provided by the current
authors [19], where the performance of La4Ni3O10±δ and La4Ni3O10±δ-BaCe0.9Y0.1O3-δ
composite cathodes, deposited on a BaCe0.9Y0.1O3-δ (BCY10) proton-conducting electrolyte,
was studied in the temperature range 350–550 ◦C in a wet O2 atmosphere. The presence of
the BCY10 composite phase was shown to be highly beneficial to lower the polarisation
resistance, providing performance figures that were in line with some of the best PCFC
cathodes currently reported [19].
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Despite this promise, the strong chemical interreaction of BCY10 with high levels
of water vapour has been shown to severely compromise the long-term performance of
this material [1,23]. To avoid this limitation, a very recent work highlighted the extended
applicability of yttrium-doped barium cerate, BaCe0.9Y0.1O3-δ (BCY10), for operation in
nominally dry conditions in the intermediate temperature range (350–600 ◦C) [24]. In such
conditions, this composition was shown to be able to retain predominant proton conduction
to very low values of water vapour partial pressure (pH2O > 10−4–10−5 atm). This feature
is highly important as the chemical stability of this material can also be retained at such
low water vapour partial pressures [23].

Hence, we aim to extend our previous work to assess the continued usability of the
La4Ni3O10±δ-BaCe0.9Y0.1O3-δ composite cathodes for operation under such low humidity
contents (i.e., pH2O ~ 10−5 atm) [23,24]. Unfortunately, such conditions also lead to a severe
increase in the electronic transport number of the electrolyte substrate [24], potentially
erroneously decreasing the measured polarisation resistances [19,25–28]. In our previous
study [19], an alternative equivalent circuit model for the correction of such short-circuiting
effect was successfully provided. Therefore, this methodology is also adopted here to also
take into account the electronic transport numbers of the BaCe0.9Y0.1O3-δ (BCY10) proton-
conducting electrolyte under very low humidity conditions (i.e., pH2O ~ 10−5 atm) [24].

Moreover, the impedance data show often a very complex dispersion, and the choice
of the equivalent circuit may become problematic, especially when distinct electrochemical
processes may appear convoluted. In this respect, in recent years, the distribution function
of frequency times (DFRT) analysis has become an essential tool for the analysis of electro-
chemical devices, due to its powerful aptitude to be able to deconvolute the elementary
steps of electrode reactions [19,29–31].

Moreover, the impedance data is a transfer function, and it needs to reflect a linear,
time-invariant, and causal response [32–34]. Despite this requirement, the data are rarely
benchmarked against quality in a typical fuel cell literature or tested for their validity. For
this reason, we adopt a recently developed Bayesian Hilbert transform methodology in the
current work, which is an equivalent of the classical Kramers-Kronig (KK) relations [32] in
the assessment of the quality of impedance data, thereby, ensuring the reliability of both
the EQM and the DFRT analyses.

By the presented methodology, we hope that the current article can serve as a useful
study basis for other researchers working on the development of electrodes for electrochem-
ical devices, as well as documenting the functional operational parameters of a promising
new cathode material for PCFCs.

2. Materials and Methods

Symmetrical cell assemblies were formed consisting of composite electrodes made
of La4Ni3O10±δ (LNO, synthesised elsewhere [19]) and of BaCe0.9Y0.1O3-δ (BCY10, TYK,
Tokyo, Japan), deposited on both faces of BCY10 electrolyte disks. The electrolyte discs
were made by pelletising BCY10 by uniaxial pressing (200 MPa for 1 min), followed by
sintering at 1400 ◦C for 6 h to achieve relative densities >95% that of the theoretical. The
composite electrodes were prepared by spin-coating of a pre-made slurry of the LNO and
BCY10 phases, in a 60%/40% volumetric ratio, using preparation details that are reported
elsewhere [5], and calcined in air at 1050 ◦C for 4 h with heating and cooling rates of
1.5 ◦C min−1.

The scanning electron microscope (SEM, Hitachi Tabletop microscope TM4000Plus,
Tokyo, Japan) was used to assess the microstructure of the top-view and cross-section
features of the composite cathode. The cross-sectional image was taken on samples cut with
a circular blade saw. The energy dispersive X-ray analysis (EDS, Brucker SCU, Brockton,
MA, USA) was performed on the top-view sample to provide elemental mapping.

Electrochemical impedance spectroscopy (EIS) was used to study the electrical prop-
erties of the composite electrode, in the frequency range 0.01 Hz-1 MHz with a signal
amplitude 50 mV (Electrochemie-Autolab PGSTAT302N frequency response analyser,
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Utrecht, Netherlands). Humidification was controlled by passing wetted O2 (50 mL min−1)
that had been bubbled through the KCl-saturated H2O solution at 30 ◦C (~84% RH, JUMO
humidity meter) to attain a pH2O ~ 10−2 atm, herein defined as wet conditions. In contrast,
low humidity conditions were obtained directly from the high purity O2 gas bottle, where
a pH2O ~ 10−5 atm was recorded (JUMO humidity meter). Impedance data were acquired
on decreasing the temperature from 550 to 400 ◦C, being recorded twice, with dwell times
of 1 h and after a further 1 h, to confirm stability. Impedance data were analysed using the
ZView© software (Scribner Associates, Southern Pines, NC, USA) and the MATLAB tool
packages DFRTtoEIS [35] and DRTtools [36].

3. Results and Discussion
3.1. Microstructure

Figure 2a shows the top-view microstructures with EDS mapping, denoting a well
distributed mix of both lanthanide and BCY10 phases with a fairly uniform particle size dis-
tribution (~1–2 µm), and a microstructure of open porosity. According to Quarez et al. [37],
an enhancement in the electrochemical activity of RP-PCFC cathodes can be obtained for
highly porous electrodes. The noted open porosity registered in this work is most likely a
result from the relatively low temperature used (1050 ◦C). In this respect, Solís et al. [38]
found that the best performance for cathodes of the RP-phase La1.5Pr0.5Ni0.8Co0.2O4+δ was
attained when decreasing the sintering temperature from 1150 to 1050 ◦C. In addition,
no apparent intergranular element diffusion can be identified by the EDS analysis, in
agreement with previous studies reporting the good chemical compatibility of lanthanum
nickelates with barium cerates [20,39].
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Figure 2. SEM analysis of the (a) top-view and (b) fracture cross-section of the LNO+BCY10 composite cathode.

The cross-sectional features of the composite cathode are shown in Figure 2b, high-
lighting that the thickness of the composite is close to 20 µm, which should be sufficient for
attaining good performances [38,39]. Moreover, good adhesion to the electrolyte substrate
can be evidenced with no apparent sites of delamination.

3.2. Equivalent Circuit Model (EQM)

Figure 3a,b depicts the EIS dispersions obtained for the LNO+BCY10 composite cath-
ode in both wet (pH2O ~ 10−2 atm) and low humidity (pH2O ~ 10−5 atm) conditions at 450 ◦C
in O2 atmosphere. Significant differences can be observed between the two dispersions. In
wet conditions, a well-defined spectrum with a high-frequency inductive tail can be ob-
served, followed by a small contribution resembling a depressed semicircle. The presence
of one or more processes at high frequencies has been previously observed in the SOFC liter-
ature, which are usually ascribed to interfacial charge-transfer processes [5,19,40,41]. These
processes can be appropriately described by R||Q elements, with impedance given by:

ZQ = Q−1
i (iω)−φ (2)
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where ω corresponds to the angular frequency, Qi to the pseudo-capacitance, and φ to the
exponent of the angular frequency. The apparent capacitance is given by [4,5,42]:

C = R(1−n)/nQ1/n (3)
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With decreasing frequency, a straight line evolves, characteristic of diffusion limita-
tions, followed by a smooth transition to an R||C shape, indicating a capacitive behaviour
at lower frequencies. This shape resembles a Gerischer contribution (G), which has been
used to represent diffusion coupled to a reaction process in MIECs, such as the case of
lanthanum nickelate cathodes [9] and also for a combination of a MIEC and an electrolyte
phase [43]. The impedance of the Gerischer contribution is given by:

ZG(ω) =
Z0√

KG + jω
(4)

where Z0 is proportional to the chemical diffusion coefficient
(√

D̃
)−1

, j is an imaginary

number
(

j =
√
−1
)
, and ω is the radial frequency (ω = 2π f ). KG is related to the oxygen

surface exchange rate, being independent of the geometry of the electrode. Hence, the
Gerischer resistance, RG, is given by:

RG =
1

Y0
√

KG
[Ω] (5)

where Y0 is a parameter related to the diffusion coefficient. The capacitance is calculated by:

CG =
1

2π· fmax·RG
(6)

The resultant equivalent circuit model (EQM) is depicted in Figure 3c, which is com-
posed by an inductor (L0), an off-set resistance (R∞), a high-frequency electrode polarisation
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resistance (Rhigh), and a Gerischer element. Conversely, in low humidity conditions, the
low-frequency region cannot be resolved within the measured frequency ranges (1 MHz to
10−2 Hz), where an incomplete arc can be observed at low frequencies. For these conditions,
a third element set composed of further R||Q contributions was used (Figure 3d). The
fitting curves are shown in Figure 3a,b, from where it is possible to observe a good match
to the experimental points. However, this information is not sufficient, since if the fit model
contains any parameter that has a minor influence on the form of the fitted curve, the
precision of determination of this parameter is unclear. For example, if an impedance arc
is composed of two sub-arcs with close characteristic frequencies, but where one of the
resistances is significantly smaller than the other one, the small resistance will be estimated
with a larger error, although the deviation between the measured and fitted points might
still be negligible. For this reason, the uncertainties of determination of fitting parameters
must be also taken into consideration. Table 1 shows the fitting results obtained in both
wet and low humidity conditions. From the results, we can observe that significant errors
occur in the case of the data obtained in low humidity conditions, while considerably
lower errors were estimated for the fitting in wet conditions. Hence, the data were further
analysed using the distribution function of relaxation times (DFRT), as discussed in the
following section.

Table 1. Fitting results using the equivalent circuit model (EQM) model (error % inside parenthesis)
to the data obtained at 450 ◦C in O2 atmosphere.

Circuit Element Wet Low Humidity

L/H 5.13 × 10−7 (2.33%) 3.69 × 10−7 (2.41%)
R∞ /Ω 12.28 (1.16%) 13.25 (1.86%)

Rhigh/Ω 4.79 (6.45%) 2.40 (23.23%)
Qhigh/S sϕ 2.08 × 10−2 (11.90%) 8.30 × 10−2 (21.76%)

φhigh 0.25 (7.06%) 0.16 (21.88%)
Y0/S s−1/2 8.15 × 10−2 (1.36%) 0.99 (93.56%)

KG/s−1 1.78 (1.38%) 0.74 (73.81%)
Rlow/Ω - 2.99 (73.81%)

Qlow/S sϕ - 1.49 (125.73%)
φlow - 0.76 (47.52%)

3.3. Distribution Function of Relaxation Times (DFRT) Analysis

The distribution function of relaxation times (DFRT) is given by a function, Rp ·G(τ),
which can be given by [44,45]:

Z(ωi) = R∞ + Rp

∫ ∞

0

γ(τ)

1 + jωiτ
dτ = R∞ + Rp

∫ ∞

−∞

G(τ)

1 + jωiτ
dlnτ (7)

with G(τ) = τ · γ(τ) and
∫ ∞
−∞ G(τ)dlnτ = 1. The term τ is the time constant, ω is the

angular frequency, R∞ is the ohmic resistance, and Rp is the polarisation resistance given
by Rp = R0− R∞, where R0 represents the impedance at ω → 0 . The distribution function
γ(τ) satisfies the normalisation condition

∫ +∞
0 γ(τ) = 1.

Nonetheless, the impedance data must reflect a linear, time-invariant, and causal
system [32–34]. Hence, the quality of the impedance data was initially evaluated in terms
of Kramers-Kronig (KK) relations. The comparison is presented in Figure 4 for the real and
imaginary parts of the impedance dispersions from Figure 3a,b. This is often represented in
terms of a residual plot, which is obtained by the following two well-known relations [34]:

∆real(ωi) =
Zdata,real(ωi)− Zfit,real(ωi)

|Zdata(ωi)|
(8)

∆imag(ωi) =
Zdata,imag(ωi)− Zfit,imag(ωi)

|Zdata(ωi)|
(9)
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where ω = 2π f . From Figure 4, it becomes clear that the imaginary part can well reconstruct
the real part (and vice-versa) of the experimental data with values lower than ±0.2%
(Figure 4).
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impedance spectroscopy (EIS) dispersion at 450 ◦C in both wet (pH2O ~ 10−2 atm) and low humidity
(pH2O ~ 10−5 atm) O2 atmosphere.

A further analysis is related to the Bayesian Hilbert transform (BHT) [32] test that
is depicted in Figure 5, obtained from both EIS dispersions. In this figure, the blue dots
represent the mean impedance, while the green shading area was calculated based on the
number of experimental points that lie within three standard deviations (3σ) [32]:

S3σ,re =
1
M

M

∑
m=1

1
(∣∣R∞ + ZBHT,re(ωm)− Zexp,re(ωm)

∣∣ ≤ 3σ(ωm)
)

(10)

S3σ,im =
1
M

M

∑
m=1

1
(∣∣ωmL0 + ZHT,im(ωm)− Zexp,im(ωm)

∣∣ ≤ 3σ(ωm)
)

(11)

where “1” is the indicator function, which can take the value of 1 if its argument is true
and 0 when the argument is false, 3σ (ωm) is the standard deviation multiplied by 3
(i.e., three credible intervals), ωm, and R∞ and L0 are obtained by the Bayesian regression.
This metric considers that 0 ≤ S3σ ≤ 1, where scores closer to 1 have lower residuals.
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In wet conditions, both the real and imaginary experimental part falls within this
interval, with the majority of the residuals represented inside the 3σ credible interval,
suggesting that the EIS data are consistent. However, the dispersion indicates a minor time
drift in the EIS data acquired in low humidity conditions. Particularly, in the case of the
imaginary part, a significant deviation at low frequencies is observable. Such deviation
is significantly larger in the case of the analysis in low humidity conditions, due to the
difficulty in fitting the low-frequency tail below 0.1 Hz (Figure 3b). This notable result may
well explain the relatively large errors obtained by the EQM fitting in Table 1, highlighting
the importance of studying the quality of the EIS spectra when analysing the results. The
scores presented in Table 2 also corroborate this conclusion.

Table 2. Scores (%) obtained for the Bayesian Hilbert transform experiments.

Metric
Score/%

Wet Low Humidity

Skσ,re 76.19 76.19
Skσ,im 100.00 100.00
Sµ,re 99.58 98.39
Sµ,im 99.54 86.05

Another useful score, Sµ, consists in summing 1 to the negative of the relative distance
between the mean µDFRT and µBHT vectors. The score Sµ varies between 0 and 1 and, when
both µDFRT and µBHT vectors are similar higher scores can be obtained, as follows [32]:

Sµ,re = 1− µDFRT,re − µBHT,re

µDFRT,re + µBHT,re
(12)
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Sµ,im = 1− µDFRT,im − µBHT,im

µDFRT,im + µBHT,im
(13)

Table 2 depicts the scores (%) obtained for the Bayesian Hilbert transform (BHT)
experiments by both described metrics. The high Sµ values are indicative that the real
part can recover the imaginary part well and vice-versa, of the spectra obtained in both
wet and low humidity conditions, with values in the range of 86–100%. This result can
be observed by the fitting curves depicted in Figure 3a,b. Nonetheless, while an apparent
good match to the experimental data can be observed, this result emphasises that different
metrics should be used for a deep understanding of the results. This is especially important
when the accuracy of the determination of the fitting parameters from the EQM may be
questionable, as it is the case of the results presented in Table 1. Hence, the use of both
metrics allows determining, with more depth, the quality of the impedance data, being
able to detect minor deviations from linearity or stability, thus, emphasising the need for a
much deeper analysis.

Figure 6 depicts the DFRT analysis performed on the LNO+BCY10 composite cathode
in both wet (pH2O ~ 10−2 atm) and low humidity (pH2O ~ 10−5 atm) conditions at 450 ◦C in
O2 atmosphere. The analytical procedure (Figure 6a,b) was executed using the following
expression for the R||Q contributions [44,45]:

Ri·G(τ)RQ =
R
2π
· sin((1− φ)π)

cosh
(

n ln
(

τ
τ0

))
− cos((1− φ)π)

(14)

with τ0 = ω−1
0 = φ

√
Ri·Y0.
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and (G) elements and using the Bayesian regularisation of the EIS data obtained in (a) wet (pH2O ~ 10−2 atm) and (b) low
humidity (pH2O ~ 10−5 atm) conditions at 450 ◦C in O2 atmosphere (the 99% credibility interval is presented in the shadow
area around the Bayesian curves). An alternative approach to obtain a DFRT based on an EQM with a linear series of
(R||Q)-circuits, designated as multi-fit procedure (m(RQ)fit), is depicted in (c,d) for, respectively, wet and low humidity
atmospheres.
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However, an alternative procedure was also adopted for simulating the Gerischer
dispersion (G) [44,45]:

Ri·G(τ)G =
R
π
·
√

τ

τ0 − τ
, τ ≤ τ0 ∧ Ri·G(τ)G = 0, τ > τ0 (15)

The DFRT is then the sum of all separate contributions [44,45]:

Rp·G(τ) = ∑
i

Ri·G(τ) (16)

with Rp = ∑i Ri, where the area under the curve of R·G(τ) equals Rp.
The analytical DFRT in wet conditions is composed of a first peak with a broad

distribution for τ0 = 1.13× 10−4 s, as a result of the low value of φ = 0.25, followed by an
asymmetric peak that is related to the Gerischer dispersion for τ0 = 0.85 s. Regarding the
measurement in low humidity conditions, similar time constants were detected, but an
additional contribution with a large time constant (τ0 = 7.06 s) is observed. In this case, a
sharper peak can be observed due to the higher value of the exponent (φ = 0.76). The full
width at half maximum (FWHM) depends strongly on the value of the exponent φ [44,45].

The G(τ) of the Gerischer element is unbounded to the left of τ0, i.e., lim
τ→τ0

γ(τ) = ∞

that relates to the diffusion part, followed by a straight vertical line with a discontinuity
at τ0 (right side of the peak), which relates to the capacitive part. It is worth saying that
the analytical procedure is very sensitive to this behaviour, where the capacitive processes
appear in the form of a narrower peak. Such complexity of the Gerischer dispersion makes
the DFRT of this contribution quite challenging. In this respect, the Bayesian regression
has been recently introduced [46,47], and it is here used as an attempt to facilitate the
deconvolution of this response. In Figure 6a,b, the DFRT obtained by this method is also
presented for comparison with the corresponding confidence interval (CI), by carrying out
2000 iterations.

Indeed, the Bayesian framework is a powerful tool to evaluate the credibility of the ob-
tained DFRT solution, i.e., the narrower the CI, the more confident is the solution under the
given hypothesis [46,47]. Such differences are highlighted in Figure 7a–c for a different reg-
ularisation parameter (λ), which was varied from 10−3 to 0.1 for low humidity conditions.
It follows that, for lower λ values, larger CI are observed, as well as more peaks, resulting
in higher oscillation of the DFRT curve. Lower λ values usually lead to a higher degree
of oscillation, creating more peaks, however with a better reconstructed EIS (Figure 7d)
and lower residuals (Figure 7e). The MATLAB application “DFRTtoEIS” tool co-developed
by some of the current authors [34] was used for obtaining the reconstructed solutions.
The difference between the MAP (Maximum-a-Posteriori) solution, which maximises the
probability density function of the DFRT, and of the mean solution, is also higher for lower
λ values (Figure 7a–c).
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tained using a combination of five R||Q-circuits in the series (Figure 6c,d). This method 
avoids the use of any regularisation parameter, thus, minimising the chance of having 
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one large peak could be obtained in wet conditions. In contrast, two peaks were detected 
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Figure 7. DFRTs obtained from the Bayesian regularisation of the EIS data obtained in low humidity (pH2O ~ 10−5 atm)
conditions at 450 ◦C in O2 atmosphere (the 99% credibility interval is presented in the shadow area around the Bayesian
curves) for different regularisation parameters: (a) λ = 10−3, (b) λ = 10−2, (c) λ = 0.1 (FWHM is the full width at half
maximum). The reconstructed impedances are plotted together with the original EIS data in (d), and the respective residuals
in (e).

Another interesting feature is that the analytical Gerischer component presents a good
match with the two peaks of the Bayesian regression. In contrast, the last peak, appearing for
higher τ-values (low-frequency region), has a strong deviation between both procedures. In
addition, the numerous peaks of this Bayesian solution seem too unrealistic for attributing
physical processes separately. However, with the increase of λ, the oscillation decreases
and the number of peaks, as well. Hence, the best solution was that given by λ = 0.1, with
a good match between the individual time constants and a decreased CI.
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Finally, a last approach to obtain a DFRT was based on a EQM with a linear series
of R||Q-circuits [44,45], herein designated as multi-fit procedure (m(RQ)fit), which was
obtained using a combination of five R||Q-circuits in the series (Figure 6c,d). This method
avoids the use of any regularisation parameter, thus, minimising the chance of having extra
peaks (oscillations). As a result, for lower time constants (higher frequencies), only one
large peak could be obtained in wet conditions. In contrast, two peaks were detected in
this region for the data in low humidity conditions. Interestingly, one of these peaks has
a characteristic time constant falling outside of the represented τ-axis scale. This could
be related to some contribution related to the grain boundary of the BCY10 electrolyte
support (e.g., due to the very low humidity in this case) or due to the difficulty in fitting the
data with five R||Q contributions. Nonetheless, the important point here is that both the
Bayesian regression and the m(RQ)fit procedure show quite similar behaviour with a broad
main peak for higher time constants (lower frequencies), albeit the latter procedure has
a slightly sharper peak, which is clearly related to the RC type behaviour of the Gerischer
dispersion at lower frequencies, which should yield a δ-function in τ-space (i.e., a vertical
spike) [45].

The main idea in this discussion is to clearly demonstrate that the impedance recon-
structions of the different methodologies are all very close to the original experimental
data and different DFRTs. This implies that for any given EIS spectrum there are many
possible DFRTs, depending on the employed methodology. It is, thus, very important to
put all information together in order to determine the exact number of meaningful physical
processes. In this way, it is reasonable to assume that at least three time constants can
be expected in low humidity conditions, which is in agreement with those found for the
EQM procedure.

3.4. Electronic Short-Circuiting through the BCY10 Electrolyte

In addition to the typical protonic and oxide-ion conductivity, the majority of proton-
conducting ceramic electrolytes exhibit electronic p-type conductivity in oxidising at-
mospheres. The ionic-conducting phase here utilised, BCY10, is known to possess this
electronic component in oxidising atmospheres, which can significantly impact the total
conductivity in these conditions [24], as expressed by:

1
2

O2(g) + V••O ←→ Ox
O + 2h• (17)

Figure 8 depicts the electronic transport numbers for hole conduction estimated for
BCY10 as a function of pH2O in the temperature range of 400–550 ◦C in O2 atmosphere.
The significant electronic contribution with increasing temperature and decreasing pH2O
is evident.
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Therefore, the intercept of the impedance dispersion with the real axis at high fre-
quency

(
ZQ = 1/T(jωC)n → ∞

)
corresponds to the electrolyte electrical resistance (R∞),

which corresponds to the parallel combination of the ionic (Rion) and electronic (Reon)
resistances, given by:

1
Rohm

=
1

Rion
+

1
Reon

(18)

At low frequency,
(
ZQ = 1/T(jωC)n → 0

)
corresponds to the total resistance (R0) of

the cell:
1

R0
=

1
Rion + Rp

+
1

Reon
(19)

Finally, the true total polarisation resistance of the electrode is given by:

Rp =
R0Reon

Reon − R0
− Rion (20)

where Reon = Rohm/teon.

3.5. Temperature Dependence of the Polarisation Resistances

The temperature dependence of the polarisation resistances is depicted in Figure 9
in wet (pH2O ~ 10−2 atm) and low humidity (pH2O ~ 10−5 atm) conditions at 450 ◦C in
O2 atmosphere. Data were corrected using Equation (20) to account for the electronic
leakage through the electrolyte. An obvious observation is that this effect is much more
pronounced in low humidity conditions and at higher temperatures, as expected due
to the increase in p-type conductivity (Equation (17)). In terms of the magnitude of the
corrected total polarisation resistance, we can observe a slight increase in this term in low
humidity conditions in the whole measured temperature range (400–550 ◦C). Nonetheless,
it notable that the opposite trend would be observed, if no short-circuiting correction was
used, highlighting the significance of this procedure for the correct interpretation of the
impedance data and, thus, the limiting electrode mechanisms.
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Hence, for a more elaborated interpretation, the individual contributions, with cor-
rection, will now be discussed. In this respect, the high-frequency term, Rhigh,eon, shows a
distinctive behaviour upon changes in pH2O. In wet conditions, this term shows capacitance
values in the range of 10−5–10−6 F cm−2 in all conditions. Such values are typical of charge
transfer processes [17,18], which may involve the oxygen diffusion into the electrode:

O2(ads) + 2e− + V••O → Ox
O(cathode) (21)
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and/or proton-transfer:

OH•O(electrolyte) + Ox
O(cathode) → Ox

O(electrolyte) + OH•O(cathode) (22)

Both processes have a negligible pH2O
−m dependence (m = 0), which is in line

with that determined for Rhigh,eon in this work, in both conditions of humidity. The
activation energy found for this term was found to range from 0.7 to 1.1 eV upon increasing
the pH2O (Table 3). In fact, the activation energy found for this term is slightly higher
than that reported for proton mobility (i.e., 0.5 eV [23,24]). Hence, in wet conditions, a
combination of both processes may be occurring. However, the lower activation energy in
low humidity conditions may be a result of an increased electronic p-type conductivity in
the absence of sufficient humidification of the LNO phase. This is also corroborated by the
fact that this term dominates the total polarisation resistance at higher temperatures in low
humidity conditions, as expected from the decrease of p-type conductivity with increasing
temperature in the LNO phase [14].

Table 3. Calculated values for the activation energy obtained in both wet and low humidity conditions.

pH2O/atm Activation Energy/eV

Wet 10−2

Rhigh RG Rlow Rp
1.26 1.24 - 1.24

Rhigh,eon RG,eon Rlow,eon Rp,eon
1.12 1.09 - 1.09

Low
humidity 10−7

Rhigh RG Rlow Rp
0.97 1.63 1.66 1.28

Rhigh,eon RG,eon Rlow,eon Rp,eon
0.69 1.40 1.40 1.11

The Gerischer response, RG,eon, occurring at intermediate frequencies, is used here to
represent a co-limitation of both surface processes, including oxygen adsorption (m = 0):

O2(g) → O2(ads) (23)

and/or oxygen dissociation (m = 0):

O2(ads) → 2O(ads) (24)

However, a striking feature is related to the Y0-parameter, which shows a pH2O
−0.44 de-

pendence, thus, suggesting proton transfer (m = 0.5). In wet conditions, the Y0-parameter
shows an activation energy value of 0.49 eV (Table 3), similar to that reported for pro-
ton transport (Ea = ~0.5 eV [23]). Nonetheless, as pointed out by Grimaud et al. [18],
proton diffusion in LNO electrodes should be limited to a narrow zone close to the elec-
trode/electrolyte. However, this is likely to not be the case in the current electrodes,
due to the presence of the proton-conducting phase of BCY10 in the composite electrode.
This behaviour can indeed favour the Rp by extending the electroactive surface area for
water formation. Conversely, in low humidity conditions, the activation energy for the
Y0-parameter is 1.38 eV (Table 3), close to that determined for oxygen self-diffusion in LNO
(Ea = 1.44 eV [14]), thus, suggesting that the oxide-ion conductivity can be more relevant in
such conditions.

Concerning the electrode reaction step, i.e., the low-frequency term, Rlow,eon, shows a
strong pH2O

−1 dependence, thus, the rate determining step of this term can be assigned to
either water formation (m = 1):

2OH•O(cathode) → H2O(ads) + V••O → Ox
O(cathode) (25)
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and/or to steam release (m = 1) :

H2O(ads) → H2O(g) (26)

The very high capacitance values found for this term (close to 1 F cm−2) are character-
istic of diffusion processes, hence, possibly suggesting that the molecular gaseous water
diffusion is rate limiting. Indeed, the presence of this low-frequency process only in low
humidity conditions is an indication that the adsorbed water may be involved in the pro-
cess, where the decreased concentration of protons is affecting the formation of water at the
surface. In this regard, the relatively open microstructure of the current electrode should
play an important role, due to the increased surface area, thus, providing an increase in
active sites all over the surface of the grains. Such observations are in agreement with those
previously reported by Grimaud et al. [17,18] for lower order Ruddlesden Popper nickelates
and also the results of Quarez et al. [37] and Solís et al. [38], where the authors reported
that improved performance can be obtained for more porous cathodes.

3.6. Conclusions

In this work, a symmetrical cell of the La4Ni3O10±δ-BaCe0.9Y0.1O3-δ composite cath-
ode on the BaCe0.9Y0.1O3-δ electrolyte substrate was successfully analysed with respect
to the dominant electrode mechanism under wet (pH2O ~ 10−2 atm) and low humidity
(pH2O ~ 10−5 atm) conditions in O2 atmosphere (400–550 ◦C). Equivalent circuit modelling
was revealed to be challenging on the analysis and correct interpretation of the individual
processes of the polarisation resistance, leading to large fitting errors for each distributed
element. In this respect, a detailed analysis of the stability of the impedance data against
Kramers-Kronig (KK) relations and Bayesian Hilbert transform (BHT) simulations allowed
to detect significant deviations from stability. To try to accommodate these concerns, a
combination of three different methodologies for the distribution function of relaxation
times (DFRT) analysis permitted the identification of the main processes governing the
electrode mechanism. Data were also corrected for short-circuiting due to an increase of
electronic p-type conductivity from the electrolyte substrate with increasing temperature
and decreasing humidity. In a more global conclusion, the current work highlights that
the excellent performance of the La4Ni3O10±δ-BaCe0.9Y0.1O3-δ composite cathode can be
maintained on reducing water vapour partial pressure to the very low humidity condi-
tions of pH2O ~ 10−5 atm, for operation in nominally dry conditions in the intermediate
temperature range (350–600 ◦C).
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