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The proton-coupled oxygen reduction reaction (PC-ORR) at protonic ceramic fuel cell (PCFC) cathodes
involves multiple charges, which are proton, oxygen ion, and electron/electron hole, and its complexity
has long impeded unambiguous identification of the reaction pathway and the rate-determining step
(RDS). The difficulty is amplified by the prevailing practice of subjectively positing an a priori “most
probable” pathway to infer the RDS—a procedure that heightens the risk of decisive bias and error.
Consequently, mutually inconsistent pathways have been proposed for ostensibly the same reaction.
Here, we present a generalized microkinetic framework that infers the RDS without prior pathway
construction. Applying this approach, we resolve the RDS for two widely studied PCFC cathodes,
PrBag 5Srg.5Co1 5Feq 50545 (PBSCF) and BaCog 4Feq.4Zrp1Y0103_5 (BCFZY). PBSCF is limited by vacancy-
assisted O, dissociation, whereas BCFZY is limited by a proton-coupled OH adsorbates formation step
involving adsorbed atomic oxygen and bulk protons. While both exhibit sufficient proton transport and
fast bulk diffusion such that surface reactions dominate porous cathode performance, the origin of the
contrasting RDSs is traced to their different proton uptake/release mechanisms.

Understanding the cathodic reaction mechanism in protonic ceramic fuel cells is pivotal to advancing their performance and commercialization. The proton-
coupled oxygen reduction reaction (ORR) involves protons, oxygen ions, and holes as charge carriers, leading to a vast array of possible pathways and as many

as 225 potential rate-determining steps (RDSs). This intrinsic complexity has hindered clear identification of the true RDS and the rational design of high-
activity cathodes. In this work, we demonstrate that determining the RDS without bias is a prerequisite for mechanistic understanding. To achieve this, we

developed a pathway-agnostic microkinetic methodology that deduces the RDS directly from experimentally measured reaction orders in oxygen and water
partial pressures, avoiding the conventional assumption of a predefined “most probable” pathway. Applying this generalized framework to representative

triple-conducting cathodes enabled us to unambiguously identify their respective RDSs and propose strategies for performance enhancement. The
methodology provides a universal route to unbiased mechanistic insight, extendable to diverse electrochemical reactions beyond proton-coupled ORR.

1. Introduction

Solid oxide fuel cells (SOFCs), including protonic ceramic fuel
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cells (PCFCs), have been actively developed toward lower oper-
ating temperatures to suppress long-term degradation and
improve economic feasibility using inexpensive component
materials." However, as the operating temperature decreases,
the overall cell performance becomes increasingly limited not
by the ohmic resistance of the electrolyte (related to ionic
conduction) but by the polarization resistance at the electro-
Iyte/electrode ionic interface, which governs the electrochemi-
cal reaction kinetics.> Compared to the hydrogen oxidation
reaction occurring at the anode, the (proton-coupled) oxygen
reduction reaction (ORR) at the cathode exhibits a significantly
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higher activation energy. Consequently, the cathodic ORR con-
stitutes the dominant resistive component of the electrochemi-
cal device under low-temperature operation. This reaction
proceeds through a series of complex multi-step processes.>
For example, in oxygen-ion-conducting SOFCs, the oxygen
reduction reaction (eqn (1)) typically involves oxygen molecule
adsorption, dissociation, ionization, and incorporation steps.

0,(g) +2Vy — 204 + 4h* (1)

However, except for the initial adsorption step, the sequence
of subsequent processes may vary. Depending on factors such
as whether surface oxygen vacancies act as adsorption sites,
how many electronic holes are transferred during the inter-
mediate stages, whether the oxygen intermediates adopt super-
oxide (O, or O7) or peroxide (0,>~ or O>7) configurations, and
whether surface ionic conduction of the cathode is involved,
numerous combinations of elementary reaction steps become
possible.* In fact, for the reaction described in (eqn (1)), as
many as 108 distinct elementary reaction pathways are theore-
tically possible.> Consequently, identifying the definitive reac-
tion pathway and pinpointing the rate-determining step
remains an exceptionally challenging task, and extensive efforts
have been devoted to elucidating these mechanisms.

In proton-conducting electrolyte-based SOFCs, also referred
to as protonic ceramic fuel cells (PCFCs), the incorporation of
electrolytes exhibiting superior ionic conductivity enables more
facile operation at intermediate-to-low temperatures.®’ Owing
to this advantage, PCFCs have recently attracted significant
research attention. However, as mentioned above, the relatively
low performance in PCFCs is often dominated by the sluggish
cathodic reaction kinetics.>® In particular, unlike the simple
oxygen reduction reaction (ORR) occurring in conventional
SOFCs, the cathode reaction in PCFCs involves an additional
process in which protons—supplied from either the cathode
bulk or surface—couple with oxygen species to form H,O

(eqn (2)).
01(g) +40H¢, — 2H,0(g) + 40 + 4h°® @)

Accordingly, the number of possible elementary reaction
steps increases exponentially. Because it is practically impos-
sible to account for all these possibilities, previous studies have
typically relied on the researchers’ assumptions to define
specific a priori reaction pathways, within which the rate-
determining step (RDS) was subsequently explored.'®™® This
empirical approach has long hindered the systematic under-
standing of the overall reaction mechanism.

In this study, we aim to establish a theoretical framework for
systematically categorizing the possible reaction pathways of the
proton-coupled oxygen reduction reaction (PC-ORR) and to dis-
cuss experimental methodologies for their identification. Based
on this framework, we propose a new a posteriori approach in
which the RDS is first identified and the most plausible reaction
pathway is subsequently constructed. As representative exam-
ples, we demonstrate this strategy for two state-of-the-art PCFC
cathode materials—PrBa, St 5C0; sFeos0s:5 (PBSCF)'*  and
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BaCog 4Feq 4Zr01Y0103_s (BCFZY)">—by determining their
respective RDSs and deriving the most probable reaction
pathways.

In particular, a comprehensive analysis of the physicochem-
ical properties of BCFZY has been reported by L. R. Tarutina
et al., where the material was shown to exhibit mixed ionic-
electronic transport with possible hydrogenation behavior,
along with detailed evaluations of total conductivity and indi-
vidual ionic contributions.’ In that study, surface reaction and
bulk diffusion coefficients related to oxygen- and hydrogen-
involved processes were systematically investigated, providing
valuable insights into the transport and kinetic properties of
BCFZY. However, the reported values span a wide range, mak-
ing it difficult to draw a definitive conclusion regarding the
governing reaction-limiting process. This indicates that further
in-depth and systematic investigations are required to fully
clarify the reaction kinetics of BCFZY.

2. Results and discussion

2.1. Reaction pathway of proton-coupled ORR

The possible reaction pathways at the PCFC cathode can be
categorized into five representative cases, as illustrated in
Fig. 1. Broadly, they can be divided according to whether the
cathode material exhibits sufficient proton conductivity. In the
first case, when the cathode does not possess significant
proton-conducting properties—i.e., protons cannot migrate
through the cathode bulk—the electrochemical reaction pro-
ceeds near the triple-phase boundary (TPB), where adsorbed
oxygen species or adsorbed protons on the cathode surface
diffuse and react. This mechanism is analogous to that of a
conventional SOFC employing a cathode such as La; ,Sr,MnO;
(LSM), which lacks oxygen-ion conductivity.

In contrast, when the cathode material exhibits sufficient
proton-conducting properties, protons supplied through the
electrolyte can migrate via bulk diffusion and participate in
the proton-coupled ORR at the cathode surface. Such materials
are often referred to as triple-conducting oxides (TCOs) or triple
ionic-electronic conductors (TIECs)."® In this case, the effective
reaction region can extend from the TPB to a broader portion of
the cathode surface, which is advantageous for reaction
kinetics. (Of course, the actual electrochemically active area
depends on the interplay between the cathode geometry, pro-
ton conduction path length, and surface reaction kinetics.).

Despite this potential advantage, the mechanistic details—
particularly the proton release process within the cathode and
the relative rate limitation between bulk diffusion and surface
reaction—remain insufficiently understood, hindering a precise
elucidation of the overall reaction pathway.

Specifically, whether the proton release mechanism
in the cathode material follows a dehydration reaction
(20H{, — H,O(g) + Vg + Og) or a dehydrogenation reaction

1
(ioz(g) +20HY — H»O(g) + 204 + 2h‘> has been largely

overlooked, and most prior studies have proceeded under the

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Five representative reaction pathways for proton-coupled oxygen reduction reaction (PC-ORR) in PCFC cathodes are governed by the proton
conductivity of the cathode material. In the TPB/Near-TPB limited pathway(insufficient o,rot0n), the dominant route depends on the relative diffusivity of
protons and oxygen species at the cathode surface. In the extended surface pathway (sufficient opoton). Proton release occurs via either a
dehydrogenation mechanism (not involving oxygen vacancies) or a dehydration mechanism (involving oxygen vacancies), the latter of which is further
classified based on the relative rates of bulk oxygen diffusion (Dchem o) and surface oxygen exchange (Kchem,o)-

implicit assumption that the reaction follows a hydration/
dehydration process. If the cathode operates via a dehydrogena-
tion mechanism, oxygen vacancies within the electrode are not
directly involved in the reaction, and the process corresponds
precisely to the proton-coupled oxygen reduction reaction
(PC-ORR) described in (eqn (2))."” However, if the cathode
follows a dehydration mechanism, then—considering the con-
tinuous operation of the fuel cell—the cathode must undergo
not only the dehydration reaction itself but also a separate
oxygen reduction reaction sequentially, as shown below.

Oy(g) +2Vy — 204 + 4h* (3.1)
40H}) — 2H,0(g) + 2V + 20, (3.2)

These two types of proton-release mechanisms have seldom
been explicitly distinguished in explaining PCFC cathode reac-
tions, and in many cases, they have even been used inter-
changeably. For instance, in the dehydration mechanism, two
oxygen vacancies are involved in the reaction, whereas in the
dehydrogenation mechanism, oxygen vacancies are not
required. Some studies, however, have proposed an alternative
interpretation in which only a single surface oxygen vacancy
participates, serving as the catalytic site for O, molecule
adsorption and subsequent O, dissociation.® In such a case,
the first adsorbed atomic oxygen may be released via the
dehydrogenation pathway, while the second adsorbed oxygen
follows the dehydration pathway. These mixed mechanistic
interpretations highlight the necessity of re-examining the

This journal is © The Royal Society of Chemistry 2026

proton-release process based on the intrinsic thermodynamic
properties of the cathode material.

In addition, when the proton-release process follows the
dehydration mechanism, and the bulk oxygen chemical diffu-
sion is significantly faster than the surface oxygen reduction
kinetics, an additional reaction pathway can be considered. In
this case, the surface oxygen vacancies generated by dehydra-
tion are not replenished by oxygen from the gas phase but
rather by oxygen species diffusing from the bulk. This alter-
native pathway underscores the strong interplay between bulk
oxygen transport and surface reaction kinetics in determining
the overall cathodic mechanism of PCFCs.

2.2. Generalized microkinetic model

Even when the proton-release mechanism and the relative rates
of bulk and/or surface reactions are compared to identify the
slower process, thereby narrowing the possible reaction path-
ways in Fig. 1 to one of the five representative cases, the large
number of sequential elementary steps still makes it challen-
ging to isolate the true rate-determining step (RDS). In particular,
the direct identification of high-temperature intermediate spe-
cies is experimentally difficult, prompting continuous efforts to
perform mechanistic analysis based on macroscopic experi-
mental data.?

One common strategy involves refining microkinetic models
using experimentally measured reaction orders with respect to
the oxygen partial pressure (pO,) and the water partial pressure
(pH,0)."* Numerous studies have applied such models to

Energy Environ. Sci., 2026, 19,1715-1731 | 1717
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Table 1 The dependence of reaction rate of RDS on pO, for various
situations

Surface-adsorbed

oxygen species as Exponent
No. reactants in RDS in pO, Example
1 Diatomic 1 0% ady HaOz 04
2 Atomic 1/2 Oad’, HyOad
3 None (lattice 0 04, OHy, H,OF
incorporated)

analyze the ORR kinetics of SOFC and PCFC cathodes.'"31819
However, when the assumed sequential reaction pathway does
not accurately represent the actual mechanism, key intermediate
steps corresponding to the true RDS may be omitted. As a result,
different steps can appear to yield identical reaction orders,
leading to potentially misleading mechanistic interpretations.

To address this issue, Chueh and co-workers proposed a
framework that classifies the individual elementary steps into
preceding, rate-determining, and following categories, and
expresses the reaction rate of the RDS in terms of measurable
or definable activities—namely, those of pO,, holes, oxygen
vacancies, and protons—based on the number of participating
ionic and electronic point defects whose concentrations can be
experimentally quantified.’” They demonstrated that compre-
hensive information on the full reaction sequence is not
necessary. However, in fact, the information concerning the
steps preceding or following the RDS is not essential for
determining the reaction rate. Only the number of point defects
that are incorporated into—or directly participate in—the
reactant species during the RDS is required. Building upon
this approach, we generalize the formulation to the proton-
coupled oxygen reduction reaction (PC-ORR) that governs PCFC
cathode behavior.

In this framework, the tunable and/or measurable para-
meters are pO,, oxygen vacancies (Vg ), holes (h*), and protons
(OHY). The exchange rate of the RDS can thus be expressed as
a function of the activities or concentrations of these species.
Although electrons (e’) may also participate in the ORR under
certain conditions,* most PCFC cathodes are hole-dominant
conductors; therefore, electrons are neglected for simplicity.
Similarly, while pH,O is also a tunable parameter, its depen-
dence is implicitly incorporated in the point-defect concentra-
tions of the equilibrium steps following the RDS. Consequently,
PH,0 can be omitted as an independent variable without loss of
generality. The only exceptional case is when the final product
of the proton-coupled ORR, H,0(g), becomes transport-limited
due to insufficient gas-transport pathways in the porous

Table 2 The dependence of reaction rate of RDS on [Vg]

Number of V¢; Exponent
No. as reactant in RDS in [Vg] Example
1 0 0y, OHY, H,0%
1 V5. (03 inVE)
3 2 (O inVy) +Vy

1718 | Energy Environ. Sci., 2026, 19, 1715-1731
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Table 3 The dependence of reaction rate of RDS on [h*]

Number of h*

incorporated in Exponent
No. reactant in RDS in [h*] Example
1 0 0 OHg, H,OF
2 1 -1 O3,ady Oad
3 2 -2 05 ady Hy0aq
4 3 -3 HZO;,ad
5 4 n/a (impossible) -

electrode. In this situation, H,0O(g) must effectively be treated
as a reactant species, and thus pH,O must be explicitly con-
sidered. Under these considerations, the global reaction rate of
the RDS can be expressed as shown in (eqn (4)).

R o pO,* [Ve) 7] [OHY)” @)

Based on these considerations, the possible exponents for
each parameter can be enumerated arithmetically and are
summarized in Tables 1-4. In summary,

(1) pO,: the exponent « (in eqn (4)) is determined by whether
the surface-adsorbed oxygen species serving as the reactant in
the RDS exist in a diatomic or atomic form. Specifically, o =1, %,
or 0 corresponds to diatomic O, adsorption, atomic adsorption
(atomic O), or the lattice incorporated oxygen, respectively.

(2) V&: the exponent f reflects the total number of oxygen
vacancies incorporated into or directly participating in the
reactant species during the RDS. When zero, one, or two oxygen
vacancies are involved, § = 0, 1, or 2, respectively. For cathode
materials following the dehydrogenation mechanism, no oxy-
gen vacancies participate (f = 0), whereas for dehydration-type
reactions, two oxygen vacancies can be involved via the simple
ORR process (eqn (3.1)). As summarized in Table S1, a total of
seven distinct configurations are possible; however, f is deter-
mined solely by the number of oxygen vacancies participating
during the RDS.

(3) h*: the exponent y depends on the total number of
electronic holes incorporated into the reactant species during
the RDS, and can take values of 0, —1, —2, or —3. Holes
generated as products of the RDS are not counted, as they do
not affect the reaction order. From the overall reaction (eqn (2)),
up to four holes can, in principle, participate. In practice,
however, after the incorporation of two or three holes, H,O
species are released, making intermediates containing all four
incorporated holes thermodynamically implausible.

Table 4 The dependence of reaction rate of RDS on [OHg)]

Number of OHg,

as reactant in Exponent
No. RDS in [OHY] Example
1 0 0 -
2 1 1 OH}, OH,q
3 2 2 H>0, .4, H,OF, OHyq + OHY
4 3 n/a (impossible) —
5 4 n/a (impossible) —

This journal is © The Royal Society of Chemistry 2026
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(4) OHg,: the exponent w corresponds to the total number of
protons incorporated into or participating in the reactant
species during the RDS, and can take values of 0, 1, or 2.
Although up to four protons can participate in the overall
reaction (eqn (2)), once two protons are incorporated, the
H,O0 species are released; thus, intermediates containing three
or four incorporated protons cannot exist. When all possible
proton involvement cases—before, during, and after the
RDS—are enumerated, a total of 15 configurations can be
identified. Nevertheless, only the number of protons incorpo-
rated during the RDS determines the reaction rate, and there-
fore only the three cases (w = 0, 1, 2) need to be considered.

2.3. Proton uptake mechanism and kinetics: electrical
conductivity relaxation

A simple method to distinguish whether a hole-conducting
cathode  material follows the hydration reaction
(H20(g) + Vg + OF — 20Hg)) or the hydrogenation reaction

1
(Hzo(g) +204 +2h* — zoz(g) + 2OH6) as its proton uptake

mechanism is to examine whether the total electrical conduc-
tivity (~ hole conductivity) varies with the water partial pressure
(pH,0).>° In the case of hydration/dehydration, the incorpo-
rated protons and oxygen vacancies mutually compensate each
other’s charge, resulting in no change in the hole concen-
tration. In contrast, in the hydrogenation/dehydrogenation
mechanism, charge neutrality is maintained between protons
and holes, leading to a change in hole concentration. Conse-
quently, as illustrated in Fig. 2a and b, for materials following
the hydration mechanism, the equilibrium total conductivity
remains essentially constant with increasing pH,O. Conversely,
for materials governed by the hydrogenation mechanism
(Fig. 2c and d), the equilibrium total conductivity decreases
relative to its initial value at low pH,O, owing to the reduction
in hole concentration.

Hydration

Ho O
/ H OH}

L By
15

(a)

&

o Hydrogenation

(dry)

high
(wet)

pHO

time H,0 z0; (C)

2
i ,T,l
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Furthermore, the electrical conductivity relaxation (ECR)
behavior observed upon a sudden increase in pH,O provides
insight into whether the overall reaction is dominated by sur-
face reaction kinetics or by bulk diffusion. For hydration-type
materials, if the overall process is surface-reaction-limited, the
conductivity remains nearly unchanged over time (Fig. 2a).
When bulk diffusion dominates, however, differences in the
diffusivities of protons and oxygen ions—that is, between
proton-hole and oxygen-vacancy-hole pairs—lead to a twofold
relaxation curve (Fig. 2b).*"

In contrast, for hydrogenation-type materials, both the
surface-reaction-limited and diffusion-limited cases exhibit
monotonic relaxation behavior (Fig. 2c and d). The shape of
the relaxation curve differs between these two regimes and can
be used to distinguish them by comparison with surface-
reaction-limited, bulk-diffusion-limited, or mixed (surface and
bulk co-limited) kinetic models.**

As shown in Fig. 3, the intrinsic proton uptake mechanisms
and corresponding kinetics of the PBSCF and BCFZY cathodes
were investigated experimentally using electrical conductivity
measurements and electrical conductivity relaxation (ECR)
techniques. For PBSCF, no noticeable change in total conduc-
tivity was observed when the atmosphere was abruptly switched
from dry to 3% humidified condition (under a constant pO, of
0.17 atm) at 650 °C and 550 °C. This indicates that PBSCF
follows the hydration-type mechanism and that its proton
uptake process is surface-reaction-limited. One might attribute
the pH,0-independent conductivity of PBSCF to its intrinsically
low proton uptake ability. Indeed, as reported previously, the
proton concentrations in PBSCF are approximately 0.5 mol% at
550 °C and 0.28 mol% at 650 °C. However, if PBSCF undergoes
a hydrogenation process rather than hydration, even such small
variations in proton concentration would be expected to induce
a total conductivity change on the order of several tens of
S ecm™'. This is because a change in proton concentration
would directly alter the hole concentration, and the hole

Surface reaction-limited (b) Bulk Diffusion-limited

(B, >Dy) (B, <B,)

Q
Q
Q

time time time

Surface reaction-limited

(d) Bulk Diffusion-limited

time time

Fig. 2 Schematic illustration of surface reaction and charge transport processes and corresponding electrical conductivity relaxation (ECR) behaviors for

hydration-type (a and b) and hydrogenation type (c and d) proton uptake
reaction-limited (a and c) and bulk diffusion-limited (b and d) cases.

This journal is © The Royal Society of Chemistry 2026

mechanisms. Each panel shows typical relaxation behavior under surface
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Fig. 3 Conductivity response of PBSCF and BCFZY samples under gas switching from dry to 3% H,O-humidified atmosphere (indicated by the red line)
at 650 °C and 550 °C. (a) PBSCF (pO, = 0.17 atm), showing negligible change in conductivity upon proton uptake (b) BCFZY (pO, = 0.156 atm), exhibiting

a clear decrease in conductivity upon proton uptake.

mobility in PBSCF is relatively high (x0.7-0.9 em® v~' s71).%°
We performed additional ECR measurements under a higher
10% humidified condition (pH,O = 0.1 atm) to more clearly
confirm that the total conductivity is independent of pH,O, and
likewise observed no detectable change in conductivity (Fig. S1),
confirming that PBSCF exhibits a surface-reaction-limited

hydration process rather than an intrinsically negligible proton
uptake capability.

In contrast, for BCFZY, the total conductivity decreased when
the atmosphere was switched from dry to 3% humidified condi-
tion (under a constant pO, of 0.156 atm), and the conductivity
evolved monotonically toward equilibrium (Fig. 3b and 4a). This
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(a) Electrical conductivity of BCFZY under dry and 3% H,O-humidified atmosphere (pO, = 0.156 atm) at various temperatures. The conductivity

decreases under humidified conditions, providing the evidence of hydrogenation behavior. (b) Surface exchange coefficient (kchem) and chemical
diffusion coefficient (Dcnem) of BCFZY as a function of temperature, extracted by fitting ECR data obtained during dehydrogenation.
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behavior clearly indicates that the overall proton uptake mecha-
nism of BCFZY involves a significant contribution from the
hydrogenation reaction. To be noted, monitoring changes in
the total conductivity upon hydration and hydrogenation is
intended to indirectly track variations in the hole concentration.
Therefore, to eliminate the influence of potentially different hole
mobilities among materials, it is more appropriate to consider a
normalized metric (e.g., the conductivity change relative to the
total conductivity, Ao/c) rather than the absolute change in total
conductivity.

To further quantify the fraction of protons incorporated via the
hydration pathway—that is, the degree of hydration—we applied
the analysis protocol previously proposed in the literature.* In this
method, under the assumption that the mobility of charge carriers
is independent of partial pressures at a fixed temperature, the
degree of hydration is estimated from the measured total con-
ductivity (dominated by holes) and sample mass as functions of
both pO, and pH,O (see SI Note S1 for details). Using this protocol,
the degree of hydration of BCFZY at 550 °C was determined to be
0.84 £ 0.01, indicating that 16% of the total proton uptake occurs
through the hydrogenation reaction.

Regarding the kinetics of the proton uptake process, analy-
sis of the relaxation curves in Fig. 3b revealed that, at 650, 600,
and 550 °C, the overall process is co-limited by surface reaction
and bulk diffusion. From this analysis, the chemical diffusion
coefficient (Dnem) and the surface reaction rate constant (kchem)
associated with the hydrogenation process were extracted
(Fig. 4b and Fig. S2).

It is worth noting two important points. First, the character-
istic length (defined as L = D¢hem/kehem) Was found to be
approximately 60-70 pm in the temperature range of 550-
650 °C. Considering that porous cathodes in practical electro-
chemical cells typically have characteristic thicknesses much
smaller than this value, the overall proton uptake process in
real devices is expected to be surface-reaction-limited. Second,
and most remarkably, the surface reaction in the hydrogena-
tion/dehydrogenation process of BCFZY is exceptionally fast. A
comparison of surface reaction rate constants (kchem) for the
proton-independent ORR in representative SOFC cathodes
highlights this point. At 600 °C, the kchem value for BCFZY
hydrogenation is 1.09 x 10~ em s, whereas those for the
proton-independent ORR are 2.34 x 10°* em s ' for
Bag 5S10.5C00 sFeo ,05_s (BSCF)** and 7.96 x 107> ¢cm s ' for
PrBag 5ST0.5C0; sFeq 50545 (PBSCF).>* For reference, the kcpem Of
BCFZY for its proton-independent ORR was measured to be
3.27 x 107" cm s~ " (Fig. S3), which is less than half that of
PBSCF. This striking contrast clearly demonstrates that the
hydrogenation reaction in BCFZY proceeds orders of magni-
tude faster than its proton-independent ORR counterpart.

As a result, both PBSCF and BCFZY can be considered to
proceed via the extended surface pathway of the proton-coupled
ORR, as illustrated in Fig. 1. For PBSCF, the reaction follows
solely the dehydration mechanism, whereas for BCFZY, both
dehydrogenation and dehydration mechanisms operate con-
currently. Although the individual kinetic parameters for these
two processes in BCFZY cannot be fully resolved, the
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exceptionally fast surface reaction kinetics observed for the
dehydrogenation pathway suggest that this mechanism may, in
fact, dominate under operating conditions. If this is the case,
the proton-independent ORR (eqn (3.1)) would not be required,
and the overall cathodic reaction could proceed without direct
involvement of surface oxygen vacancies.

To express the global reaction rate of the RDS (eqn (4)), it is
essential to determine the pO, and pH,0 dependencies of the
oxygen vacancy, hole, and proton concentrations. Because
direct experimental measurement of the surface concentrations
of these three defect species is extremely challenging, one must
assess whether bulk defect data can be used instead—that is,
whether the pO, and pH,O dependencies of the surface defect
concentrations can be assumed equivalent to those in the bulk.

As discussed in SI Note S2, cathode materials typically
employed in PCFCs are heavily doped and highly redox-active,
meaning that the electrical potential difference between the
bulk and surface is relatively insensitive to changes in gas
partial pressure. Fleig et al. employed near-ambient pressure
X-ray photoelectron spectroscopy (NAP-XPS) to study three p-
type conducting oxides, which were La,Sr,4C00;_ 5 (LSC),
Lag ¢S 4Fe0;_; (LSF), and SrTi, ,Fey 305 s (STF), and showed
that the electrical potential difference between the bulk and the
surface is independent of overpotential and pO, under oxidiz-
ing conditions.*® Therefore, although the absolute defect con-
centrations at the surface may differ from those in the bulk,
their partial-pressure dependencies can be considered nearly
identical."® This assumption allows the use of bulk defect
concentration dependencies to represent surface behavior.

Since both PBSCF and BCFZY are hole-dominant conduc-
tors, the local pO, and pH,O dependencies of the hole concen-
tration ([h*]), assuming constant mobility, can be determined
experimentally by measuring variations in total electrical con-
ductivity under small perturbations of pO, and pH,O. The
underlying assumption here is that the mobility of holes is
independent of both partial pressures. For BCFZY, the depen-
dencies of the hole concentration on pO, and pH,O can be
obtained from equilibrium electrical conductivity data shown in
Fig. 3b (pH,O variation at 550 °C) and Fig. S4b (pO, variation at
550 °C), respectively. Subsequently, using the equilibrium rela-
tionships described by eqn (3.1) and (3.2), the corresponding pO,
and pH,O0 dependencies of oxygen vacancies ([V¢]) and protons
([OHg)]) can be derived as follows. (see SI Note S5 for details).

[h‘} O(p020236 .pHZO—O,OOI (5_1)
[V.O.] x p02—0.028 _pH20—0.002 (5'2)
[OH:)} C‘([)()2—0,014 ']7H200'499 (5'3)

For PBSCF, the corresponding partial-pressure dependen-
cies of the defect concentrations at 550 °C can be derived from
the same experimental data previously reported in our earlier
study.?®

[h*] o pOL076 . pH,O° (6.1)

Energy Environ. Sci., 2026, 19,1715-1731 | 1721


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ee06170a

Open Access Article. Published on 12 fevral 2026. Downloaded on 30.04.2026 14:52:08.

Paper

Im(Z) (© cm?)

(o}

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
Im(2) (@ cm?)

[V&] « pO, "% . pH,O°

OH%] x p0270A174 .pH200.5
(6]

2.4. Electrochemical analysis
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(6.2) The overall fabrication procedure, photographs of the PCFCs, and
cross-sectional microstructures of both cells are shown in Fig. S12.

The electrochemical characteristics of the PCFCs employing

(6.3) PBSCF and BCFZY cathodes were analyzed by electrochemical
impedance spectroscopy (EIS) at 550 °C under various condi-

tions: (i) as a function of pO, at the cathode, (ii) as a function of

PpH,0 at the cathode, and (iii) as a function of pH, at the anode.

Fig. 5 presents the resulting impedance spectra in Nyquist

A2 x 2 em® PCFC single cell was fabricated using a tape-based  plots: (a and d) show the effect of varying pO, and (b and e)
process, consisting of a Ni-BaCeysZro4Yo1Ybo10s s (BCZYYb) the effect of pH,O at the cathode (with a constant flow of 3%
anode, a BCZYYb electrolyte, and either a PBSCF or BCFZY cathode. humidified H, at the fuel electrode), while (c and f) display the

b PH,0 change at oxygen electrode c PH, change at Fuel electrode
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Fig. 5 Electrochemical impedance spectra (Nyquist plots) of PCFCs with PBSCF (top row) and BCFZY (bottom row) cathodes measured at 550 °C under
different gas conditions. (a and d) Effect of varying pO, at the cathode, (b and e) effect of pH,O at the cathode (with a constant flow of 3% humidified H,

at the anode), and (c and f) effect of pH, at the anode (with a constant flow