
This journal is © The Royal Society of Chemistry 2026 Energy Environ. Sci.

Cite this: DOI: 10.1039/d6ee03199d

Cross-interface diffusion-driven exsolution of
praseodymium oxide nanoparticles for enabling
electrolysis at industrially relevant temperatures
in protonic ceramic cells

Nannan Li,a Leila Zouridi, b Vassilios Binas, b Wisse M. Hersbach, c

Penghui Hou,d Shaoqi Zhan,*e Hendrik H. van de Bovenkamp,a Aayan Banerjee, c

John T. S. Irvine f and Vasileios Kyriakou *a

Protonic ceramic electrolysis cells (PCECs) can unlock direct electrification of catalytic processes

towards intensification and operation at intermediate temperatures (400–650 1C). A primary challenge,

however, is the development of a steam splitting electrocatalyst (positrode) that will enable hydrogen

production. Here, we have developed highly efficient and self-configured positrodes, consisting of a

triple-conducting (H+, O2�, e�) Pr0.95Ca0.05Ni0.5Co0.5O3�d perovskite matrix and exsolved praseodymium

oxide nanoparticles. We show for the first time that nanoparticle nucleation is triggered by cross

electrode–electrolyte interface ion diffusion by simply sintering in ambient air. To boost nanoparticles’

population, we also employ strategies such as acid treatment to control surface defects. This approach

doubles the electrochemical performance compared to the pristine cell, accompanied by 495% faradaic

efficiency and exceptional durability for 4500 h. Our work exemplifies how the previously unexplored

interfacial ion interactions can be engineered to enable highly efficient renewable hydrogen production

at industrially relevant temperatures.

Broader context
Electrochemical conversion technologies hold significant potential for advancing Power-to-X (X: chemical or fuel) platform towards renewable energy storage.
Among them, protonic ceramic electrolysis cells (PCECs) are particularly appealing due to their operation in the industrially attractive intermediate temperature
range which may enable direct electrification and intensification of critical (de)hydrogenation processes. However, to achieve efficient and stable operation in
PCECs, electrocatalysts are required to accelerate proton generation from steam electrolysis. Herein, we report on self-configured electrocatalysts consisting of triple
conducting oxides and exsolved praseodymium oxide nanoparticles of exceptional catalytic properties. We identify that the previously unaddressed but critical
interactions of the ceramic electrolyte and the electrode at the ion level are responsible for triggering the exsolution of the anchored nanoparticles. Besides the
elucidation of this unique cross-interfacial interaction, we exemplify how to exploit this phenomenon for doubling the electrochemical performance for green
hydrogen production at intermediate temperatures compared to the pristine cells while maintaining 4500 h of stable operation.

Introduction

Protonic ceramic cells are unique electrochemical devices with
the ability to operate as both flexible fuel cells and
electrolysers.1,2 While these features are shared with their
solid oxide counterparts, the lower activation energy for pro-
ton conduction (0.4–0.6 eV) compared to that of the oxide ion
(40.8 eV) can allow operation at intermediate temperatures
(400–650 1C).3,4 Unlocking the intermediate temperature
range could be a game-changer for ceramic cells since the
established efficiency will be combined with inexpensive
stainless steel-based interconnects and faster device start-up
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procedures.5 In addition, enabling electrochemistry at such
industrially-relevant temperatures would bridge them with estab-
lished chemical processes towards exploiting waste heat or even
enabling direct electrosynthesis of chemical fuels (hydrocarbons,
ammonia, and methanol) beyond hydrogen.6–8

One of the prerequisites for such applications is to deliver
high proton flux, either when targeting hydrogen production
from electrolysis or its in situ production (as protons) and
conversion to chemical fuels. In PCECs, steam is converted to
oxygen and protons (eqn (1)) at the positrode, with the latter to
be transported to the negatrode through the electrolyte:9

H2O gð Þ þO�O þ V��O ! 2OH�O (1)

Protonic ceramics, however, such as the state-of-the-art
BaZrO3–BaCeO3 mixed oxides, are not exclusively proton-
conducting materials.10,11 Perovskite oxides exhibit mixed ion
(protons and oxygen ion) and electron conductivity and their
transference number ratios are determined by temperature, gas
atmosphere, electrolyte chemical composition and cell
polarization.12 In the case of steam electrolysis, the situation
becomes more complex due to the competitive absorption
between water vapor and oxygen towards incorporation into
the oxygen vacancies. While the hydration reaction produces
the desired charge defect and protons are transferred through
the membrane (eqn (1)), molecular oxygen incorporation into the
oxygen vacancy creates electron holes via a side oxidation reac-
tion (eqn (2)), thus resulting in p-type electronic leakage and low
faradaic efficiency:10

1

2
O2 gð Þ þ V��O ! 2h� þO�O (2)

Hence, efficient and stable electrocatalysts for accelerating
the oxygen evolution reaction (OER) at intermediate tempera-
tures (o650 1C) are critical. Since the reaction mechanism
involves several steps along with oxygen and electron participa-
tion besides hydration, triple conducting (H+, O2�, e�)
oxides (TCO) can extend the electrocatalytically active sites.
Since the first demonstration by O’Hayre’s group with a
BaCo0.4Fe0.4Zr0.1Y0.1O3�d

13 perovskite, several other chemis-
tries have shown similar properties with PrNi0.5Co0.5O3�d
(PNC),14 Ba1�xGd0.8La0.2+xCo2O6�d,

15 PrBa0.5Sr0.5Co0.5Fe0.5O6�d
and Gd0.3Ca2.7Co3.82 Cu0.18O9�d,

16–18 to exhibit promising
results. Nonetheless, the gap between commercialization and
experimentation still exists for intermediate temperature appli-
cations in terms of stability or chemical complexity.19,20

Different strategies have been utilised to increase electrical
efficiencies through the manipulation of the intrinsic proper-
ties of the positrode. Among these, rational doping and nanos-
tructuring through infiltration or redox exsolution have been
proven highly effective in altering oxygen vacancy concen-
tration and enhancing water uptake.21–27 For instance, K+

doping at the A-site of BaCo0.4Fe0.4Zr0.18Y0.02O3�d (BCFZY)
resulted in both lower formation energy of bulk oxygen vacan-
cies and stimulation of BaO precipitation in wet atmospheres
with considerable electrocatalytic properties.21 Similarly, Chen
et al. enhanced the properties of Pr2Ni0.6Co0.4O4�d through its

self-configuration into a dual phase of Pr4Ni1.8Co1.2O10�d and
Pr6O11 phases.25

Inspired by these findings, here we have created a self-
configured positrode consisting of a triple-conducting PNC-
based perovskite host and highly dispersed exsolved Pr6O11

nanoparticles of 10 nm by annealing the cell assembly in
ambient air. By exploring different ceramic electrolytes, we
prove the strong correlation of the amount of exsolved atoms
with the Ce doping of the electrolyte which resulted in the
precipitation of catalytically active nanoparticles. We further
utilized rational doping of Ca at the A-site and acid treatment
to increase the defect concentration and provide preferential
nucleation sites for exsolution to boost the nanoparticles’
population. Our extensive characterization studies revealed
that the combined exsolution and Ca doping boosted oxygen
surface exchange kinetics and water uptake, leading to excep-
tional electrocatalytic behaviour by doubling the unmodified
PNC hydrogen production at the thermoneutral voltage,
accompanied by up to 95% faradaic efficiency and excep-
tional stability for 4500 h. Our results highlight a previously
unaddressed effect of the ceramic electrolyte through ion
exchange at the interface that can be essential for unlocking
highly efficient H2O electrolysis at industrially relevant
temperatures.

Results
Crystal structure and morphology of the electrocatalysts

Four types of samples were synthesized using the wet-method
(Methods, SI), namely bare PrNi0.5Co0.5O3�d (PNC), Ca-doped
Pr0.95Ca0.05Ni0.5Co0.5O3�d (PCNC), acid-treated PNC (PNC-AT),
and acid-treated PCNC (PCNC-AT). Following calcination, the
crystallographic properties were evaluated by X-ray diffraction
(XRD) and Rietveld refinement (Fig. 1a–c). Fig. 1a and Table S1
show that the PNC and PCNC have an orthorhombic perovskite
structure (space group: Pbnm) with a minor NiO secondary
phase, whereas CaO appears as a secondary phase in the
Ca-doped sample. Compared to PNC (a = 5.405 Å, b = 5.380,
c = 7.622 Å, V = 221.622 Å3), no obvious lattice expansion
is detected in the PCNC sample (a = 5.4043 Å, b = 5.387 Å, c =
7.620 Å, V = 221.858 Å3) due to the similar ionic radii of Ca2+

(1.18 Å) to Pr3+ (1.179 Å) when occupying A-sites in the per-
ovskite structure. PNC and PCNC powders were treated with
acetic acid to remove CaO.28,29 The treatment preferentially
removed CaO but resulted in a slight increase in the NiO
secondary phase during the process (Fig. 1b and Table S1).
This result was also supported by the XPS analysis in which the
originally well above nominal Ca concentration in PCNC
significantly decreased from 5.8 to 2.0% after acid treatment
(Fig. 1d) and the inductively coupled plasma-optical emission
spectrometry (ICP-OES) in which the Ca amount was decreased
by almost 2% (Fig. S2a–d), confirming that acetic acid selec-
tively etched the CaO secondary phase that was not incorpo-
rated into the crystal structure. The slightly decreased lattice
parameters and unit cell volume on PNC and PCNC after acetic
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acid treatment are likely attributable to the increased Ni
segregation from the bulk.

The morphological characteristics were investigated by scan-
ning electron microscopy (SEM). As displayed in Fig. 1e–h, the
etched samples exhibit a rougher surface following acid treat-
ment implying a higher defect concentration. EDX analysis
shown in Fig. S1 reveals a relatively uniform distribution of all
elements but with Ca and Ni segregation in PCNC, in agreement
with the XRD results. In addition, BET analysis revealed that the
acid treatment led to a 2–3 times increase in surface area
(Fig. S2e and f).

Evaluation of key properties for oxygen evolution
electrocatalysis

Chemical stability and structural stability under the reaction-
relevant conditions (gas atmosphere, temperature) are essential
for the electrode applicability in PCECs. Hence, we performed
in situ high-temperature XRD analysis of the etched samples at
temperatures between 30 and 650 1C in 10% H2O/air and dry
air. The XRD patterns and lattice parameters (Fig. 2a, b and
Fig. S3, Tables S2–S5) revealed that during exposure of the
samples to reaction conditions, no phase decomposition or

new phase formation was observed besides the peak shift due to
thermal expansion, indicating adequate thermal and chemical
stability. The lattice parameters for the different temperatures
and conditions are summarized in Tables S2–S5. Furthermore,
the thermal expansion coefficients (TECs) derived from lattice
parameter (a, b, c) change were calculated, shown in Fig. S4–S6.
Notably, exposure to 10% H2O–air increases the TEC of PCNC-AT
to B17.3 � 10�6 K�1 from B16.0 � 10�6 K�1 in dry air, whereas
the PNC-AT exhibits negligible variation (dry air: 15.8 � 10�6 K�1,
10% H2O–air: 15.5 � 10�6 K�1). The higher TEC of PCNC-AT in
wet air indicates a more pronounced lattice response to hydra-
tion, suggesting that Ca doping promotes the water uptake
capacity of the PNC materials.

The bulk electrical conductivity of the acid-treated samples
was also evaluated by employing the four-probe method under
dry and wet air conditions (10% H2O) as a function of tem-
perature (400–650 1C). As illustrated in Fig. S7, the conductivity
of PNC-AT and PCNC-AT increased with temperature, demon-
strating the typical p-type semiconductor behaviour under
oxidizing conditions. Ca doping increased the conductivity
reaching values between 114 and 187 S cm�1 in wet air, at
400 and 650 1C, respectively, compared to 106 and 185 S cm�1

Fig. 1 Characterisation studies of the as-prepared positrodes. Crystal structure, morphology, and microstructure of the samples following wet synthesis
and calcination at 1000 1C for 5 h. (a) XRD patterns and the corresponding Rietveld refinement revealing the existence of CaO (PCNC) and NiO phases. (b)
Crystal lattice of PNC and PCNC. (c) XRD patterns following acid treatment where the CaO peak disappears for the PCNC-AT sample. (d) Surface
quantification pie charts as calculated by the XPS survey revealing Ca segregation before acid treatment. The corresponding SEM images displaying the
surface of (e) PNC, (f) PNC-AT, (g) PCNC and (h) PCNC-AT powders.

Energy & Environmental Science Paper



Energy Environ. Sci. This journal is © The Royal Society of Chemistry 2026

for PNC-AT in the same temperature range. The conductivity of
PNC-AT dropped on switching from dry to wet air above 500 1C
whereas PCNC-AT remained stable which could indicate better
phase stability in the presence of Ca.

X-ray photoelectron spectroscopy (XPS) was carried out to
investigate modifications in the valence state of ions. Fig. S8
illustrates the Co 2p and Ni 2p spectra, whereby both cations
exhibit mixed oxidation states.21 The average valence of the Co
ions was slightly lower in the Ca-free samples, while no clear
difference was observed for Ni. Most likely, Pr3+substitution by
Ca2+ increases the B-site valence state to balance charge neu-
trality and may explain the higher electrical conductivity of the
PCNC-AT sample. Oxygen chemistry and vacancies at the sur-
face are critical for high-performance positrodes, thus O 1s was
also analyzed.14,18,30,31 Fig. 2c spectra can be deconvoluted to
four peaks, namely lattice oxygen (E528.6 eV, Olat) bonded to
metal ions, highly oxidative oxygen species (E529 eV, O2

2�/O�),
chemisorbed oxygen species (E531.5 eV, OH�/O2), and surface-
adsorbed water (533 eV, H2O).32,33 The Olat peak position
decreases by 0.37 eV due to Ca doping due to the weakened
bond strength between the metal ion and Olat due to the
electropositive Ca doping over Pr and/or the presence of more
defects.34 Among the samples, PCNC exhibited the highest
value of an Oads/Olat ratio of 2.2 (where Oads: O2

2�/O� and
OH�/O2), implying a stronger capacity of PCNC for water

uptake/proton diffusion and oxygen exchange at the surface
than PNC.35,36

Both bulk and surface oxygen vacancies participate in the
involved electrochemical reactions, and thus their concen-
tration is critical for the OER.37 Here, electron paramagnetic
resonance (EPR) was employed to detect electron pairs in oxygen
vacancies (Fig. 2d). The signal intensity followed the order PCNC-
AT 4 PCNC 4 PNC-AT 4 PNC, confirming that Ca doping and
acid treatment increased the concentration of oxygen vacancies.
This result is corroborated by the TGA profiles in air (Fig. 2e) for
the relative mass loss. In addition, we performed temperature-
programmed desorption of oxygen (O2-TPD) to investigate the
nature of oxygen species. The peaks below 550 1C are attributed
to the desorption of chemisorbed oxygen from surface oxygen
vacancies, whereas above 550 1C, desorption of lattice oxygen is
expected.38 As depicted in Fig. 2f, the PCNC exhibits the largest
peak area, implying an important role of Ca presence in accel-
erating oxygen exchange kinetics.39,40

Exsolution of socketed praseodymium oxide nanoparticles

The as-prepared positrode powders were deposited on
BaCe0.7Zr0.1Y0.1Yb0.1O3�d (BZCYYb1711)/NiO-BZCYYb1711 half-
cells and sintered at 900 1C for 2 h (Fig. 3a). Protonic ceramics
with high Ce content, although less chemically stable, were
selected due to the high faradaic efficiencies reported.41

Fig. 2 Evaluation of critical properties for OER performance in PCECs. High temperature in situ XRD patterns of (a) PNC-AT and, (b) PCNC-AT samples
in 10%H2O/air. Evaluation of oxygen chemistry and exchange kinetics. (c) XPS spectra of O 1s to distinguish oxygen species at the surface of the calcined
samples. (d) EPR for the identification of the bulk oxygen vacancy concentration. (e) TGA in air and (f) O2-TPD profiles in the temperature range of 100–
700 1C for evaluating oxygen surface exchange kinetics.
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Following sintering, the electrodes were examined by transmis-
sion electron microscopy (TEM) and SEM, revealing the emer-
gence of nanoparticles at the surface of all positrodes (Fig. 3b–j).
High-resolution TEM (HR-TEM) images revealed the character-
istic d-spacings for (111) and (200) planes of Pr6O11 (PDF#42-
1121, PDF#89-0573) (Fig. 3b, c and Fig. S9). The high-angle
annular dark-field (HAADF) in Fig. 3d, e and Fig. S10 and the
corresponding EDX elemental mapping (Fig. 3f and Fig. S11)
confirmed that the nanoparticles are rich in Pr and O with
almost negligible content of other elements.

Due to the small size of the nanoparticles, a direct XRD
analysis on the electrodes was not adequate for identifying the
characteristic peaks for Pr6O11 (or closely related PrOx species).
Hence, we prepared powder samples of positrode and electro-
lyte mixtures at different ratios (positrode/electrolyte: 50/50,
75/25, 90/10, 100/0). The mixtures were sintered at 1000 1C for
2 h as in the case of electrode sintering for enabling possible
interactions between the ceramic electrolyte and the positrode
powders. SEM analysis of Fig. S12 and S13 depicts the emer-
gence of nanoparticles from PCNC-AT powder only after its

calcination in the presence of the BZCYYb electrolyte, support-
ing our electrode evidence. The nanoparticles in the present
case had different characteristics from the electrode case in
Fig. 3, exhibiting larger size (20–30 nm) and lower population.
The XRD analysis of all mixed powders, however, revealed the
characteristic reflections of (111) PrOx at 28.5–28.61 which can
be explained either by the completion of oxidation to PrO2 or by
a slight shift in Pr6O11 with the latter matching the character-
istic 0.315 nm d-spacing from the HAADF-STEM analysis
(Fig. S15). Lastly, we also repeated the O2-TPD in order to
evaluate possible modifications of the oxygen adsorption/
desorption capacity of the positrodes due to the interaction
with the BZCYYb1711 electrolyte and the exsolution effects. Fig.
S15 shows that while the trend between the PNC-based materi-
als is the same, the oxygen exchange capacity has been boosted,
implying a key role of the electrolyte and the population of PrOx

exsolved species.
SEM analysis was employed to investigate the population

and size distribution of nanoparticles exsolving on the different
electrodes deposited on BZCYYb1711 after sintering at 900 1C.

Fig. 3 Characterization of the exsolved nanoparticles following electrode and electrolyte sintering. (a) Schematic illustration of the electrode decorating
process with exsolved nanoparticles by sintering in air at 900 1C. (b) and (c) High-resolution TEM images and (d) and (e) HAADF images of the PCNC-AT
electrode at different areas. (f) HAADF-STEM image with the corresponding elemental mapping for the PCNC-AT electrode which exhibited the highest
population of exsolved particles. SEM images of (g) PNC, (h) PNC-AT, (i) PCNC and (j) PCNC-AT positrodes deposited on BZCYYb1711 ceramic electrolyte
and sintering at 900 1C for 2 h in ambient air (inset: average diameter and population density of exsolved nanoparticles, top right inset: magnified SEM
images).
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Uniformly dispersed particles with a population density of
B260 particles mm�2 were observed on the PNC (Fig. 3g) while
the acid washing and Ca doping doubled the particle population
to B500 and B580 mm�2 for PNC-AT and PCNC, respectively
(Fig. 3h–i). The sample with the highest population was PCNC-
AT with a population of B800 mm�2 (Fig. 3j). The observed
population order follows the same trend as the oxygen
vacancy concentration intensity in EPR (Fig. 2d). The exsolu-
tion process is known to be facilitated by lattice defects,
such as oxygen vacancies that act as nucleation sites for
the precipitating species.42 Here, the doping of Ca in combi-
nation with acid treatment enhanced the concentration
of oxygen vacancies and point defects (higher surface
roughness), thereby decreasing the free energy of Pr
precipitation.

To elucidate the phenomenon, we investigated parameters
that could affect exsolution, namely sintering temperature and
ceramic electrolyte material (substrate). For our analysis, we
employed the PCNC-AT sample with the highest nanoparticle
population. First, we increased the sintering temperature to
1000 1C by keeping the ramp rate (2 1C min�1) and duration at
the peak temperature (2 h) constant. Fig. 4a displays a small
increase in population to 950 from 800 mm�2 and in the average
size (to B13 from B10 nm) compared to those of the sample
sintered at 900 1C.

Subsequently, we explored whether the ceramic electrolyte
chemistry could influence exsolution properties. PCNC-AT was
therefore deposited on ceramic electrolytes of different chemis-
tries and sintered at 1000 1C for 2 h. As can be seen in Fig. 4b–e
and Fig. S16a, the population gradually decreases by lowering

Fig. 4 Effect of the ceramic electrolyte on the exsolved Pr6O11 nanoparticles. SEM images of the PCNC-AT electrode deposited and sintered with the
ceramic electrolyte at 1000 1C for 2 h: (a) BZCYYb1711, (b) BZCYYb4411, (c) BZCY72 and (d) BZY. (e) Analysis of the nanoparticle characteristics for the
different ceramic electrolytes. The case of BZCYYb5311 is shown in Fig. S16a. TOF-SIMS analysis of PCNC-AT/BZY (f) and PCNC-AT/BZCYYb1711 (g)
interfaces which reveals Ba presence in both electrolytes, as well as possible Ce and Yb migration from the BZCYYb1711 electrolyte at the PCNC-AT
positrode. (h) Possible mechanism for the PrOx exsolution mechanism. Ba is evaporated from all ceramic electrolyte substrates; however, in the case of
Ce-containing electrolytes, this process releases cerium oxides that interact at the interface, resulting in exsolution of PrOx nanoparticles due to
compressive lattice strain and oxygen vacancies.
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the Ce content in the electrolyte, with B800 mm�2 on
BaZr0.4Ce0.4Y0.1Yb0.1O3�d (BZCYYb4411, Fig. 4b), B600 mm�2

on BaZr0.5Ce0.3Y0.1Yb0.1O3�d (BZCYYb5311, Fig. S16a) and
B450 mm�2 on BaZr0.7Ce0.2Y0.1O3�d (BZCY72, Fig. 4c). It
should be pointed out however that the latter composition
did not contain Yb. When a Ce-free electrolyte was employed,
i.e., BaZr0.9Y0.1O3�d (BZY, Fig. 4d) and other known protonic
ceramics, such as La6WO12 (LWO, Fig. S16b), no nanoparticles
were observed. For consistency, we also re-sintered PCNC-AT
fresh positrode powder at 1000 1C for 2 h, in which no
precipitation was detected as well (Fig. S16c).

By observing the relationship between Ce doping and the
exsolution process, we tried to quantify a possible relationship
between them. Assuming Pr6O11 (most probable phase based
on d-spacing from HAADF-STEM and XRD) spherical particles
and for known density, we can estimate the total number of
exsolved atoms which can be plotted against the corresponding
Ce doping of the electrolyte to identify possible correlation.
Fig. S17 reveals that the number of exsolved atoms increases
with Ce amount, exhibiting an almost linear relationship, imply-
ing its strong effect on Pr ion precipitation. While the Yb effect
cannot be excluded from the process, the almost linear relation-
ship between exsolved ions and Ce amount in the electrolyte
points out that Ce is responsible for triggering the phenomenon.

To investigate possible cross-interface ion diffusion, we
carried out time-of-flight secondary ion mass spectrometry
(TOF-SIMS) at the cross-section of PCNC-AT/BZY that did not
exhibit exsolution and PCNC-AT/BZCYYb1711 that displayed
the highest population of exsolved particles (Fig. 4f and g). The
bar on the right indicates the signal intensity with the intensity
increasing as the color palette shifts to red. As expected, Pr is
identified and distributed across the PCNC-AT positrode layer,
while Ba and possibly Ce (mostly at the interface) were also
identified at the outer monolayers of the positrode grains.
Regarding Ce, HRTEM-EDX was used for identifying the ele-
mental distribution and possible deeper penetration of migrat-
ing species from the electrolyte to the positrode. Notable Ce
amounts are most likely present at the PCNC-AT electrode while
the intensity for Ba was negligible (Fig. S18).

Ba volatilization from Ba-containing electrolytes is a known
phenomenon during the sintering process at high tempera-
tures. While the amount of evaporated Ba has been reported to
be higher in Ce-containing electrolytes.43,44 For instance, Fig. 4f
shows that high Ba concentration is present even in the Ce-free
BZY case. This result underpins that Ba cannot be considered
as the sole cause of exsolution since no nanoparticles were
observed in the BZY case, despite Ba evaporation. Moreover, the
ionic radii of Ba2+ at the expected coordination for A-site
doping is significantly higher than Pr3+, rendering a possible
substitution of Pr3+ less likely. Nevertheless, Ba evaporation
from the A-site of BZCYYb may release free CeO2 that can
interact with the positrode at the interface or even substituting
Pr due to the closer ionic radii and ultimately triggering the
Pr6O11 exsolution.45,46

Exsolution from perovskites is a process driven by lattice
strain, and its activation energy barrier decreases in the

presence of bulk and surface defects.42,47,48 Here, a partial
Pr3+ substitution with smaller size Ce4+ close to the interface
could lead to lattice shrinkage and local compressive strain,
thereby inducing Pr3+ migration outward to relieve the internal
stress during sintering at elevated temperatures. Moreover, the
enhanced concentration of oxygen vacancies after Ca doping
and/or acid treatment in combination with Ce4+ migration
would facilitate PrOx species precipitation. Our hypothesis is
that the Pr exsolution process is initiated by the Ce4+ incorpora-
tion in the positrode lattice, thus triggering Pr migration to
relieve local stress (Fig. 4h). Following this step, migration of
Pr3+ ions continues, resulting in growth of particles at surface
defects.

Electrocatalytic performance for H2O electrolysis

To carry out the electrocatalytic studies, BZCYYb1711 was
selected as the electrolyte for its known advantages of perfor-
mance in combination with the highest exsolution rates from
positrodes among the examined substrates. The adhesion of
the positrode on BZCYYb1711 without employing extremely
high temperatures was achieved by etching the electrolyte
surface with nitric acid to increase roughness by selectively
removing excess BaO.49–52 The etching process was optimized
by investigating different parameters, including nitric acid
concentration and etching duration with the ultimate target
being the highest roughness without creating gaps at the grain
boundaries or undesired secondary phases (Fig. S19). Our
optimization showed that 1% nitric acid for 30 s displayed
the optimum results for rejuvenating the electrolyte–electrode
interface as revealed by the impressive drop in ohmic resistance
compared to the unetched electrolyte (Fig. S20).

Following the etching process, the positrodes were screen-
printed on the BZCYYb1711/Ni-BZCYYb1711 half-cells and the
cell was sintered at 1000 1C for 2 h (Fig. 5a and Fig. S21a).
Electrochemical impedance spectroscopy with the corres-
ponding distribution of relaxation times (DRT) and the linear
scanning voltammograms at temperatures between 400 and
650 1C are displayed in Fig. 5b–g. The data were collected by
supplying pure H2 at the Ni-BZCYYb1711 negatrode and 20%
steam diluted in air at the positrode inlet. The synergy between
the exsolved nanostructures on a TIEC and Ca doping resulted
in considerably low polarization resistances (Rp) of 0.11 and
0.20 O cm2 at 500 1C and 450 1C under the applied bias of 1.3 V,
respectively, 2.7–4.4 fold lower than that of the other three types
of air electrodes (PNC: 0.44 and 0.98 O cm2, PNC-AT: 0.40 and
0.98 O cm2, PCNC-AT: 0.30 and 0.78 0.98 O cm2) (Fig. 5b and
Fig. S22).

Distribution of relaxation times (DRT) of the four cells at
500 1C highlights the superior electrochemical kinetics of
PCNC among the four electrodes, as shown in Fig. 5c. The
positrodes mainly presented three distinct frequency regions:
high-frequency (HF), intermediate-frequency (IF), and low-
frequency (LF) regions that are associated with charge transfer
processes, oxygen surface exchange kinetics and gas diffusion
processes, respectively.53,54 The peak intensities follow the
order of PNC 4 PNC-AT 4 PCNC 4 PCNC-AT across the entire
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frequency ranges, implying faster charge transfer, oxygen surface
exchange and gas diffusion on the PCNC electrode. Benefiting
from the enhanced oxygen exchange rates, higher concentration
of oxygen vacancies and water uptake properties due to Ca
doping (see also DFT section below), the PCNC electrode deliv-
ered current densities of 2.91, 1.31, 0.67, and 0.40 A cm�2 under
an applied bias of 1.3 V at 650, 600, 550, and 450 1C, respectively,
corresponding to 2–3-fold enhancement over pristine PNC.

Benchmarking against recent PCEC literature can be mis-
leading as small differences in the testing parameters (e.g.,
positrode area, flowrates, impurities, current collection, etc.)
may be critical when investigating materials in different lab
environments with insufficient control over humidity or impu-
rities. Nonetheless, Fig. S23 and Table S6 compare the perfor-
mance of PCNC and PCNC-AT electrodes at 1.3 V, revealing that
the current densities achieved are higher than those of most of
the state-of-the art electrodes reported, further corroborating to
the effectiveness of our electrode functionalization strategy.

Following acid treatment, the PNC performance was also
improved as for example at 650 1C where the current density
increased to 1.36 from 0.99 A cm�2 at the thermoneutral
voltage. Notably, the PCNC-AT electrode, while it displayed

the largest amount of exsolution, exhibited lower current
densities for steam electrolysis than PCNC, 1.41, 0.97 and
0.16 A cm�2 at 650, 550 and 450 1C, respectively. This is most
likely attributed to a significant removal of CaO following acid
treatment which decreases the water uptake capability as will
be discussed in the DFT modeling section below.

To distinguish the contributions of Ca doping and acid
treatment, pure Pr0.97Ca0.03Ni0.5Co0.5O3�d (denoted as PCNC97)
was synthesized by the sol–gel method and characterized by
XRD (Fig. S24). 3% Ca doping was selected as it corresponds to
the amount of Ca in PCNC-AT due to the acid treatment
according to the ICP-OES analysis (Fig. S2). The collected I–V
curves for steam electrolysis performance of the PCNC97-based
PCEC in 20% H2O–air (Fig. S25) reveal that acid treatment in
PCNC-AT is highly beneficial for the cell performance at all
temperatures explored. Nevertheless, as the temperature is
lowered to o500 1C, the beneficial effect of acid treatment is
diminished, and the observed performance of PCNC97 is
almost the same as that of PCNC-AT.

Although current density at the lowest possible overpotential
is important for positrodes, it cannot be the sole performance
indicator. Cell reactors should also be evaluated for steady-state

Fig. 5 Electrocatalytic performance for steam electrolysis. (a) Schematic of PCECs in electrolysis mode and the corresponding feed at the positrode and
negatrode side. (b) Nyquist plots for the four samples in 20% H2O/air under 1.3 V of applied bias (close to thermoneutral) at 500 1C and (c) the
corresponding DRT analysis. I–V curves for (d) PNC, (e) PNC-AT, (f) PCNC, and (g) PCNC-AT positrodes in 20% H2O/air at 400–650 1C. (h) Short-term
stability of the PNC, PNC-AT, PCNC and PCNC-AT cells at applied currents of �0.2 A cm�2 and �0.4 A cm�2. (i) Long-term stability test of the PCNC-AT
cell at �0.4 A cm�2 for 500 h at 500 1C. (j) and (k) Cross-section SEM of the PCNC-AT-electrolyte interface following the durability test, revealing
adequate positrode adhesion and nanoparticle aging.
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hydrogen production to ultimately define the faradaic and thus
energy efficiency of the PCEC. For this investigation, the four
cells were tested at 500 1C in the presence of 20% steam in air
and the cell products were monitored using an online gas
chromatograph and an electronic flowmeter to calculate fara-
daic efficiency (FE). By applying �0.2 and �0.4 A cm�2 for 8 h
each, there was no substantial voltage increase, while PCNC
and PCNC-AT required significantly less cell voltage for achiev-
ing the same current densities (Fig. 5h, SEM after testing in
Fig. S26). The faradaic efficiencies at these current densities
were calculated to be 490% in all cases (PCNC-AT reached
96%), confirming that our nanoengineered positrodes were
indeed electrolyzing steam.

For long-term durability, the PCNC-AT sample that exhibited
the highest faradaic efficiency was selected by applying a

constant current of �0.4 A cm�2 and monitoring the voltage
and the produced hydrogen for an extensive period of 4500 h
(Fig. 5i). The cell displayed outstanding stability during the
long-term test, with even a slight decrease of cell voltage from
1.41 V to 1.39 V in 500 h, whereas a 495% FE was calculated at
different points throughout the study. Post-mortem analysis
was carried out on the cell using XRD and SEM (Fig. S27 and
Fig. 5j, k). Following the durability test some minor delamina-
tion of the Ag current collector as well as some BaCO3 (originat-
ing from BaO) secondary phases on the ceramic electrolyte were
identified that could affect performance. Regarding the PCNC-
AT positrode and the positrode-ceramic electrolyte interface,
the cross-sectional SEM analysis (Fig. 5j and k) revealed no
visible cracks or delamination of the positrode. Meanwhile,
numerous exsolved Pr6O11 nanoparticles could still be

Fig. 6 DFT calculations of the steam splitting pathway. (a) The calculated optimal DEOv for PNC, PCNC, and Pr6O11. (b) Lattice structure with the most
stable oxygen vacancy site in PNC and PCNC. (c) Energy profiles for the elemental steps of the OER on the surface of PNC and PCNC.
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observed, exhibiting a modest increase in particle size com-
pared to the fresh PCNC-AT sample (Fig. 5k).

To elucidate further the origins of the performance enhance-
ment due to praseodymium oxide nanoparticles and Ca doping,
we employed DFT calculations for the critical steps in H2O
electrolysis, starting with the oxygen vacancy formation energy
(DEOv). We have considered two possible positions (bottom/top,
middle) of Ca doping sites within the crystal structure model
and all different configurations with oxygen vacancy to calcu-
late the DEOv values (Fig. 6a–c and Fig. S28–S33). The DEOv

related to Ov1, Ov2, and Ov3 exhibit a decreasing order of PNC
4 PCNC 4 Pr6O11. For example, the lowest DEOv in PNC is
3.14 eV, which is 0.41 eV higher than that of PCNC (2.73 eV) and
4.4 eV higher than that of Pr6O11 (�1.3 eV). Such results
confirm that PCNC and Pr6O11 possess higher concentration
of oxygen vacancies compared to PNC, indicating that Ca
doping and Pr6O11 exsolution effectively enhance the hydration
capability and oxygen kinetics in agreement with the XPS, EPR
and O2-TPD experimental findings (Fig. 2 and Fig. S15).

We also investigated the adsorption energy of H2O and the
migration energetics of protons in PNC and PCNC with
the most stable oxygen vacancy site. As shown in Fig. 6, the
adsorption of H2O exhibits an energy increase of 0.07 eV in
PNC, yet an obvious energy decrease of �1.15 eV in PCNC. The
adsorption of H2O on Pr6O11 particles has a large energy
decrease of �2.26 eV, indicating that higher populations of
Pr6O11 nanoparticles in PCNC facilitate commensurate interac-
tions with the reaction intermediates (Fig. S33). The proton of
H2O hops to the nearby O atom and it should cross/bind to a Ni
atom, which requires 0.92 eV in PCNC, and 1.07 eV in PNC. The
subsequent hydrogen transfer from the Ni site to the nearby O
atom is an energy decrease, with similar values for PCNC and
PNC (�1.31 vs. �1.35 eV, respectively). Subsequent steps are
energetically unfavorable on both surfaces, with molecular O2

formation incurring a large energy increase, amounting to 1.83
eV for PCNC and 2.23 eV for PNC. Overall, the proton migration
energy in PCNC is 0.15 eV lower than that of PNC, while the
energy required for the uphill (energy-climbing) steps is
reduced by 0.81 eV when employing PCNC over PNC. The above
findings in combination with our extensive experimental stu-
dies prove the beneficial role of Ca and higher populations of
Pr6O11 nanoparticles in boosting the performance of PCNC
samples for steam splitting.

Conclusions

PCECs display the unique feature of being capable of operating
at an intermediate temperature range that may unlock direct
electrification of chemical processes when suitable electrodes are
used. Our study introduced for the first time the choice of the
ceramic electrolyte as a critical parameter for defining the high
electrocatalytic activity of the positrode itself. We employed a
simple perovskite structured PNC with triple conducting (O2�,
H+, e�) properties on a ceramic electrolyte where possibly free Ce
ions from the electrolyte after Ba evaporation interact at the

interface of the positrode and electrolyte, resulting in the dec-
oration of the PNC-based electrode surface with exsolved Pr6O11

nanoparticles (10–13 nm, 250–950 mm�2). Additionally, Ca dop-
ing at the A-site was utilised to boost key properties for the OER
such as the concentration of oxygen vacancies, water uptake and
proton migration as supported by experimental characterization
techniques and DFT modeling. The synergy between Pr6O11

exsolution and Ca doping allowed 2–3 times higher current
densities and hydrogen production than the pristine PNC by
concurrently achieving 495% faradaic efficiency while exhibit-
ing excellent stability for several weeks of continuous operation
(500 h). Our results demonstrate for the first time the critical role
of cross-interface ion diffusion in creating multifunctional het-
erostructures that may assist PCECs to achieve commercially
viable performance.
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