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Abstract

Protonic ceramic electrolysis cells can directly produce dry, pressurized green hydrogen at
intermediate temperatures with an energy conversion efficiency approaching 100%, but slow
proton transport in oxygen electrodes limits their large-scale deployment. The coupling
between oxygen vacancy hydration and proton trapping fundamentally limits proton transport
in perovskite oxides. Here we introduce Sr3(PO4)2 (SPO), a phosphate built from PO4 tetrahedra,
into perovskite oxygen electrodes. Protons migrate between neighboring tetrahedra rapidly with
a calculated barrier of only 0.15 eV. This phosphate pathway is independent of the perovskite
host lattice and increases the proton chemical diffusion coefficient of SFM by nearly one order
of magnitude. The in situ self-assembly of SPO increases the electrolysis current density by up
to 148% at 600 °C, and the best electrode achieves a current density of 2 A cm™ at 600 °C and
1.3 V. Furthermore, this strategy demonstrates good universality for enhancing the performance

of PCEC oxygen electrodes.



Main

Green hydrogen plays an important role in building a clean, low-carbon, secure and
efficient energy system! 2. Protonic ceramic electrolysis cells (PCECs) offer a promising route
to hydrogen production by water electrolysis due to their unparalleled energy conversion
efficiency, feasible integration with other energy sources, and direct production of dry,
pressurized hydrogen> % °. However, the mature application of PCECs at scale has been limited
due to the shortage of suitable oxygen electrode materials®’. The oxygen electrode splits water
into ions and electrons, which are subsequently transported through the lattice. The rates of
proton and electron transport directly affect the water splitting reaction®. Compared with
electronic transport, proton transport depends more strongly on local lattice geometry and O—
H bonding, thus governing the sluggish kinetics of the oxygen electrode reaction’. Constructing
fast proton transport pathways within the oxygen electrode is therefore essential for improving
PCEC performance.

Conventionally, proton transport in ABOs-type perovskite oxygen electrodes relies on the
hydration reaction between H>O and oxygen vacancies, during which protons hop between
adjacent lattice oxygen ions via O—H bond reorientation within the BOs octahedra!® !, Under
this mechanism, proton incorporation and subsequent transport remain coupled to oxygen
vacancy chemistry!'?. Consequently, the classical approach to enhancing proton mobility
involves introducing lower-valence acceptor dopants at the B sites to increase both the oxygen
vacancy concentration and the extent of hydration interactions!® '* 15, However, acceptor
doping inevitably introduces negatively charged sites into the oxide lattice, which
electrostatically associate with positively charged protonic defects, thereby creating local
proton traps (Fig. 1a)'¢. As a result, oxygen vacancy formation becomes closely coupled with
proton trapping, fundamentally restricting long-range proton migration'’. Numerous strategies
have been proposed to overcome this intrinsic limitation, such as tuning the oxide lattice,
modulating the local electronic structure, or adjusting the oxygen vacancy concentration'® 1°,
Despite these attempts, the structural root cause of proton trapping remains unaddressed, and
proton transport is still confined within the same oxide framework.

Here we introduce a vancacy-independent Sr3(POs)> (SPO) into perovskite oxygen
electrodes to establish an ultrafast proton transport pathway (Fig. 1b). In situ spectroscopic and
spectrometric measurements, synchrotron measurements, isotope tracing and density functional
theory calculations show that the PO tetrahedral framework provides a homogeneous sublattice
environment free of proton trapping. Protons migrate rapidly between oxygen atoms on

neighboring POj4 tetrahedra. Through in situ self assembly, we incorporated SPO into four
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perovskite oxygen electrodes: SrFe1sMoosOs-s (SFM), SrFeooNbo.103-5 (SFN),
SrCoosFeps03-5 (SCF) and SrCoooNbg 1035 (SCN)?% 2!, At 600 °C, the in situ self-assembly of
SPO reduced polarization resistance by up to 57% and increased electrolysis current density by
up to 148%. The best-performing oxygen electrode (SCN-SPO) delivered an electrolysis
current density of 2 A cm™ at 600 °C and 1.3 V.
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Fig. 1 | Proton transport in SPO independent of oxygen vacancies. a, Proton incorporation
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and transport in a conventional acceptor doped perovskite, where acceptor defects
electrostatically associate with protonic defects. b, Proton transport through the POj4 tetrahedral
sublattice of SPO without structural oxygen vacancies or charged acceptor defects.
In situ assembly of a PO4 tetrahedral phase within a BOs octahedral perovskite oxygen
electrode

The incorporation of Sr3(PO4)2 (SPO) into SroFei1.5sMoo.5Os-5 (SFM) perovskite oxygen
electrode was achieved by an in situ assembly stragety (Methods). SFM was selected as the
initial host because it is a representative perovskite oxygen electrode with a BOg octahedral
framework. Cubic SFM consists of a corner sharing (Fe,Mo0)Og¢ octahedral network, whereas
rhombohedral SPO contains isolated POa tetrahedra coordinated by Sr ion (Fig. 2a,b)*> 2.
Powder X-ray diffraction identified pristine SFM as a single perovskite phase. Rietveld
refinement reproduced the measured pattern without detectable crystalline impurities (Fig. 2c,e).
After in situ assembly, characteristic reflections from both SFM and SPO confirmed the
formation of the biphasic SFM-SPO composite (Fig. 2¢). Refinement assigned 90.92 wt% of
the composite to cubic SFM and 9.08 wt% to rhombohedral SPO, with R, = 5.3%, Rwp =7.6%
and %> = 1.13 (Fig. 2d). The biphasic structure remained unchanged from 400 to 700 °C, with

no additional reflections detected across this operating temperature range (Fig. 2f), confirming
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its phase stability.

Scanning transmission electron microscopy (STEM) combined with elemental mapping
showed how the two phases were distributed within the composite (Fig. 2g). Regions enriched
in P were spatially distinct from the Fe and Mo containing SFM matrix, whereas Sr was
distributed across both phases. High-resolution transmission electron microscopy (HRTEM)
resolved the interface between crystalline SFM and SPO domains (Fig. 2h). Lattice spacings of
2.69 A and 4.52 A corresponded to the SFM (110) and SPO (101) planes, respectively. No
continuous amorphous layer separated the two crystalline domains, establishing direct contact

between the phosphate and perovskite phases.
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Fig. 2 | In situ assembly of a PO4 tetrahedral phase within a BOs octahedral perovskite
oxygen electrode. a, Crystal structure of SFM showing the BOs octahedral framework. b,
Crystal structure of SPO showing the POy tetrahedral framework. ¢, Powder X-ray diffraction
patterns of SFM and SFM-SPO with reference reflections for SFM and SPO. d, Rietveld
refinement of SFM-SPO. The refined phase fractions are 90.92 wt% cubic SFM and 9.08 wt%
rhombohedral SPO. e, Rietveld refinement of pristine SFM. f, Temperature-dependent X-ray
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diffraction of SFM-SPO between 400 and 700 °C. g, STEM image with Sr, P, Fe and Mo maps.
h, HRTEM view of the SFM/SPO interface. The lattice spacings of 2.69 A and 4.52 A are
assigned to the SFM (110) and SPO (101) planes, respectively.

Electrochemical performance across composite oxygen electrodes

The electrochemical performance of SFM and SFM-SPO was evaluated in symmetric cells
(Supplementary Fig. S1). At 600 °C, the polarization resistance of SFM-SPO was
approximately 57% lower than that of SFM (Fig. 3a,b). Arrhenius fitting yielded activation
energies of 1.01 eV for SFM and 0.854 eV for SFM-SPO (Fig. 3b and Supplementary Note 1).
The simultaneous reductions in polarization resistance and activation energy show that SPO
accelerates the temperature dependent electrode kinetics. At matched temperatures, SFM-SPO
exhibited the lowest polarization resistance among the reported SFM based oxygen electrodes
(Fig. 3c and Supplementary Table S3).

The practical electrolysis performance was further evaluated in full electrolysis cells.
Cross sectional microscopy showed continuous interfaces linking the porous oxygen electrode,
dense electrolyte and porous fuel electrode (Supplementary Fig. S2). The SFM-SPO full
electrolysis cell reached 1.25 A cm™ at 600 °C and 1.3 V, representing the highest electrolysis
current density reported for an SFM based oxygen electrode under comparable operating
conditions (Fig. 3d-f and Supplementary Table S4). This performance also compares favourably
with recently reported high performing oxygen electrodes based on other transition metal
chemistries, including compositions that do not contain Fe. At 600 °C, the SFM-SPO cell
produced hydrogen at a higher rate than the SFM cell from 1.3 to 1.5 V (Supplementary Fig.
S4). Its Faradaic efficiency increased from approximately 63% to 79% at 1.3 V and remained
higher than that of the SFM cell at 1.4 and 1.5 V (Supplementary Fig. S5 and Supplementary
Note 2). The SFM-SPO cell also sustained electrolysis at 600 °C and 1.3 V for 250 h without a
progressive decrease in current density (Supplementary Fig. S3). These -electrolysis
measurements link the lower polarization resistance to higher hydrogen production and more
efficient charge utilization.

The generality of this performance improvement was demonstrated across four
representative perovskite oxygen electrodes: SroFer sMoo.sOs-5 (SFM), StFeo.oNbo.103-5 (SFN),
SrCoo.5Fe0.503-5 (SCF) and SrCoo.9Nbo.103-5 (SCN). These materials encompass representative
Co-based and Fe-based perovskite oxygen electrodes with BOs octahedral frameworks. For the
three additional hosts, X-ray diffraction identified both the perovskite and SPO phases without
additional crystalline products (Supplementary Figs. S6, S9 and S12). Impedance

measurements showed lower polarization resistance for every SPO containing electrode across
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the measured temperature range (Supplementary Figs. S7, S10 and S13). At 600 °C, SPO
lowered the polarization resistance of SFN, SCF and SCN by 45%, 22% and 52%, respectively

(Fig. 3g). Full electrolysis cells confirmed that these reductions translated into improved

electrolysis performance. Relative to the corresponding unmodified electrodes, the electrolysis

current densities increased by 73%, 45% and 116%, respectively (Fig. 3h and Supplementary

Figs. S8, S11 and S14). These results demonstrate that the in situ self-assembly of SPO

tetrahedra within conventional perovskite oxygen electrodes built from BOs octahedra provides

a general strategy for improving electrochemical performance.
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spectra of SFM and SFM-SPO symmetric cells at 600 °C. b, Arrhenius plots of polarization
resistance from 500 to 700 °C. ¢, Comparison of the polarization resistance of SFM-SPO with
reported SFM-based and other high-performing oxygen electrodes. d, e, Electrolysis
polarization curves of cells with SFM (d) and SFM-SPO (e) oxygen electrodes. f, Comparison
of electrolysis current density with reported SFM-based and other high-performing oxygen
electrodes. g, h, Polarization resistance (g) and electrolysis current density (h) of SFN, SCF and
SCN before and after SPO assembly.

Selective acceleration of proton transport by SPO in the SFM composite

The oxygen electrode reaction involves two coupled processes: hydration and proton
transport. Water molecules first adsorb and dissociate at oxygen vacancies to form protonic
defects, after which the protons migrate between neighboring lattice oxygen ions (Fig. 4a)!!:2*
25, To determine the origin of the electrochemical performance enhancement, we separately
examined oxygen vacancies, hydration and proton transport in SFM and SFM-SPO.

Whether SPO altered the oxygen vacancy chemistry or local structure of the SFM host
was first examined by Fe K-edge X-ray absorption spectroscopy. The absorption edge of SFM-
SPO shifted slightly towards lower energy relative to SFM, indicating a modest decrease in the
average Fe oxidation state (Fig. 4b)?®. This electronic adjustment was not accompanied by a
reconstruction of the local Fe coordination. The principal Fe—O and higher-shell features
remained at similar positions after SPO assembly (Fig. 4c)?’. Wavelet transform maps also
displayed matching Fe—O and higher shell maxima in both samples, with no additional

scattering feature in SFM-SPO (Supplementary Fig. S16)*®. EXAFS fitting gave Fe-O

distances of 1.88 + 0.02 A for SFM and 1.90 + 0.02 A for SFM-SPO, with coordination numbers
of 5.8 £ 1.2 and 6.1 + 1.1, respectively, while the Fe—Sr and Fe-O—Fe distances changed by no
more than 0.02 A. The slightly higher mean Fe-O coordination number in SFM-SPO is
consistent with more complete Fe—O coordination rather than oxygen vacancy enrichment
(Supplementary Table S1). Thermogravimetric analysis likewise showed only a small
difference in mass loss between the two samples (Supplementary Fig. S15). The preserved Fe
coordination and similar water uptake exclude increased oxygen vacancy concentration or
enhanced bulk hydration of SFM as the origin of the electrochemical improvement.

Hydration produced different O K-edge responses in SFM and SFM-SPO (Fig. 4d,e). In
SFM, hydration attenuated the dry state feature near 533 eV and transferred intensity to
approximately 534 eV, together with broader changes above 536 eV (Fig. 4e). The preedge
region arises from O 2p states hybridized with Fe 3d and Mo 4d states, while the higher energy
envelope contains O 2p states mixed with metal 4sp and Sr states®®. These changes reflect
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oxygen vacancy filling, O—H formation and the accompanying redistribution of the Fe/Mo—O
electronic states. SFM-SPO showed an additional phosphate related response. Hydration
increased the intensity between 531 and 533 eV, suppressed the feature near 534 eV and
redistributed spectral weight mainly between 537 and 540 eV (Fig. 4d). The changes near 532
and 534 eV correspond to the P=O n* and protonated P-OH environments, respectively, while
the response above 536 eV contains higher energy phosphate and cation—oxygen states! %°.
These phosphate related changes show that water derived protons interact with SPO after
assembly, while the principal Fe/Mo—O framework of SFM is retained.

Electrical conductivity relaxation then separated the effects of SPO on surface water
exchange, oxygen diffusion and proton diffusion®. Following a switch from dry gas to pH,O =
0.1 atm at 700 °C, SFM-SPO reached its characteristic response within 219 s, whereas SFM
required 672 s (Fig. 4f). Fits across the measured temperature range yielded the surface water
exchange coefficient, ku20, the oxygen chemical diffusion coefficient, Do, and the proton
chemical diffusion coefficient, Du. SPO produced only modest changes in kmo and Do,
showing that neither surface water incorporation nor oxygen transport was substantially
accelerated (Fig. 4g,h). By contrast, Dy increased from the low 10° cm? s! range in SFM to the
107 cm? s range in SFM-SPO, an increase of nearly one order of magnitude (Fig. 4i). The
dominant increase in Dy identifies accelerated proton transport as the origin of the lower
polarization resistance and higher electrolysis performance in Fig. 3, rather than increased

hydration capacity or modified oxygen transport®.
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Fig. 4 | Selective acceleration of proton transport by SPO in the SFM composite. a,
Schematic of water incorporation and proton transport in a proton-conducting perovskite oxide.
b, Fe K edge XANES spectra of SFM, SFM-SPO and Fe reference compounds. c, Fourier
transformed Fe K edge EXAFS spectra. d,e, Normalized O K edge spectra of dry and hydrated
SFM-SPO (d) and SFM (e). f, Electrical conductivity relaxation transients following a change
from dry gas to pH,O = 0.1 atm at 700 °C. g-i, Surface water exchange coefficients, k20 (g),
oxygen chemical diffusion coefficients, Do (h), and proton chemical diffusion coefficients, Dn
(1), from 600 to 750 °C.
Hydration thermodynamics in BZCYYb and SPO

The selective increase in Dy in SFM-SPO poses a materials question that cannot be
resolved from the composite alone: does SPO improve proton transport by accommodating
more protons, or by allowing a smaller proton population to move more freely? To separate
proton formation from proton mobility, we compared isolated SPO with BaZro.1Ceo.7Y0.1Y0.10s-
5 (BZCYYDb). BZCY YD provides a stringent benchmark because it is a widely used Ba(Ce,Zr)Os
based proton conductor in which acceptor enabled hydration supplies a high proton
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concentration and proton migration proceeds through a BOs octahedral framework®® 3! 32,
Comparing the two materials therefore tests whether a POj4 tetrahedral phosphate can establish
a different balance between hydration thermodynamics and proton mobility. We first resolveed
how BZCYYDb and SPO interact with water and then determined how the incorporated protons
move.

The contrasting hydration behaviour of BZCYYb and SPO begins with their different
oxygen vacancy populations. Powder X-ray diffraction confirmed the expected crystal
structures of both materials before hydration (Fig. 5a). Dry BZCYYb exhibited an intense
oxygen vacancy related EPR signal near g = 2.00, which weakened after hydration, whereas
SPO remained close to the baseline under both conditions (Fig. 5b)**. BZCYYDb also showed a
substantially larger mass loss in air than SPO (Fig. 5c). This mass loss reflects greater oxygen
release and a higher oxygen vacancy content. The EPR and thermogravimetric results therefore
establish that BZCY YD contains many more oxygen vacancy sites available for hydration than
SPO.

The different oxygen vacancy populations produce distinct hydration responses in
BZCYYDb and SPO. Under pH,O = 0.1 atm, BZCYYb developed a broad O—H stretching
response between 300 and 500 °C, whereas SPO retained its characteristic phosphate vibrations
without a comparable broad hydroxyl band (Fig. 5d,e)’* 3°. The surface oxygen response
followed the same contrast. Under humidified air containing 10 vol% H»O at a total pressure of
1 mbar, corresponding to pH>O = 0.1 mbar, the O 1s spectrum of BZCYYb contained
components near 529 and 531 eV whose relative contributions changed with temperature (Fig.
5f)*¢. The higher binding energy component was assigned to hydroxyl containing species. SPO
retained one dominant O 1s component over the same temperature range (Fig. 5g)*’. BZCYYb
therefore undergoes extensive vacancy mediated hydroxylation, whereas SPO does not form
the same large hydroxyl population and largely preserves its phosphate oxygen environment.

The contrasting hydration behaviour has a thermodynamic origin. In BZCYYb, the
calculated oxygen vacancy formation energy is 2.26 eV and the vacancy mediated hydration
energy is -1.32 eV (Fig. 5h). Once an oxygen vacancy is present, its hydration is therefore
energetically favourable. In SPO, the oxygen vacancy formation energy reaches 6.14 eV, which
is 3.88 eV higher than that of BZCYYD (Fig. 5i)*®. Water can therefore hydrate BZCYYb by
filling oxygen vacancies, but this reaction is energetically inaccessible in the PO4 framework
of SPO. The proton population detected in SPO must instead arise from local interaction with

phosphate oxygen without consuming a structural oxygen vacancy.
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Fig. 5 | Hydration thermodynamics in BZCYYb and SPO. a, Powder X-ray diffraction
patterns of BZCYYb and SPO. b, Electron paramagnetic resonance spectra of BZCYYb and
SPO under dry and hydrated conditions at 400 °C. c, Thermogravimetric curves of BZCYYb
and SPO. d, e, In situ infrared spectra of BZCYYb (d) and SPO (e) under pH>O = 0.1 atm from
300 to 500 °C. f, g, Near ambient pressure O 1s X-ray photoelectron spectra of BZCYYb (f)
and SPO (g). h, Calculated oxygen vacancy formation and vacancy mediated hydration energies

for BZCYYb. i, Calculated oxygen vacancy formation energy and structural model of SPO.
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Ultrafast proton migration between PO4 tetrahedra in SPO

Because SPO forms a smaller proton population than BZCYYD, its contribution to
electrode kinetics is expected to arise from greater proton mobility. TOF-SIMS was used to

compare the isotope distributions after DO treatment at 600 °C and pD>0O = 0.1 atm for 30 min.
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BZCYYb produced a much stronger D" signal, whereas SPO showed a lower overall intensity
(Fig. 6a,b)*°. The calibrated depth profiles, however, showed that the D* signal in BZCYYb
decreased rapidly with depth, while SPO exhibited a slower relative attenuation and deeper
isotope penetration (Fig. 6¢)*°. This slower attenuation indicates deeper deuterium penetration
and faster isotope transport through the SPO phosphate sublattice.

The deeper isotope penetration in SPO is accompanied by a more dynamically active
proton environment. Under identical acquisition conditions, solid-state '"H NMR showed a
broad and intense resonance for BZCY YD but a weaker and narrower resonance for SPO (Fig.
6d)*°. The lower integrated intensity confirms the smaller proton population in SPO, while the
narrower line reflects motional narrowing associated with faster local proton motion.
Complementary 3'P MAS NMR identified the phosphate sites involved in this process. The
SPO resonances near 2, 6 and 9 ppm were retained after hydration, while the envelope between
6 and 9 ppm broadened and developed an intermediate component (Supplementary Fig. S17)*!"
#2_ This redistribution reflects local changes in P-O geometry caused by proton coupling to a
fraction of the POy tetrahedra*!. SPO therefore contains a small but dynamically active proton
population coupled directly to its phosphate structure.

Hydration couples the small mobile proton population in SPO directly to phosphate
oxygen sites. In BZCYYDb, hydration increased the low energy intensity near 532 eV, strongly
redistributed the metal-oxygen hybridized feature around 534 eV and increased the broad
spectral weight above 536 eV (Fig. 6e). These changes arise from vacancy filling, hydroxyl
formation and the resulting redistribution of the Ce/Zr/Y/Yb-O electronic states**. SPO
displayed a more localized response (Fig. 6f). Hydration changed the P=O n* feature near 532
eV and the P-OH related region near 534 eV, while the broad P-O o* envelope above 536 eV
retained its overall shape®!. Together with 'P NMR, these spectra locate the incorporated
protons on PO4 tetrahedra and distinguish local phosphate protonation from the extensive
vacancy mediated hydroxylation observed in BZCYYb.

The arrangement of neighboring PO4 tetrahedra provides the atomistic origin of the rapid
proton motion identified by TOF-SIMS and NMR. In BZCYYb, the proton first reorients
around a lattice oxygen atom and then transfers to a neighboring oxygen site within the BOs
framework. The highest barrier along this pathway is about 0.35 eV (Fig. 6g and Supplementary
Fig. S18)** % In SPO, the proton reorients around an oxygen atom of one PO4 tetrahedron
before hopping to an oxygen atom on a neighboring tetrahedron. The rate limiting hop has a
barrier of about 0.15 eV, only about 43% of the corresponding barrier in BZCYYb (Fig. 6h and
Supplementary Fig. S19)* 47, Rapid rotational diffusion followed by this low barrier transfer
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enables ultrafast proton migration between adjacent POy tetrahedra.

Together, these results establish SPO as an ultrafast proton conducting phosphate.
BZCY YD incorporates more protons through vacancy mediated hydration, but acceptor defects
create proton traps within its BOs framework. SPO contains fewer protons, yet its PO4
tetrahedra provide a more uniform environment and a substantially lower migration barrier.
SPO therefore enhances perovskite oxygen electrodes by introducing a distinct fast proton
conducting material, rather than by further strengthening hydration in the oxide host. These

results establish SPO as an ultrafast proton conducting phosphate for protonic ceramic oxygen

electrodes.
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Fig. 6 | Ultrafast proton migration between POj4 tetrahedra in SPO. a, b, Three-dimensional
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TOF-SIMS reconstructions of D* distributions in BZCYYb (a) and SPO (b) after DO treatment.
¢, Corresponding D* depth profiles. d, Solid-state 'H NMR spectra of BZCYYb and SPO after
H>O treatment. e, f, Normalized O K edge spectra of dry and hydrated BZCYYb (e) and SPO
(f). g, h, Calculated proton migration paths and energy profiles in BZCYYD (g) and SPO (h).

Conclusion
We identify Sr3(PO4). as a proton conducting material that operates outside the oxygen

vacancy chemistry of conventional perovskite oxygen electrodes. Its PO4 tetrahedral framework
makes vacancy formation energetically costly and contains no acceptor dopants that can
electrostatically trap protonic defects. The small proton population incorporated into SPO
moves through rapid reorientation and a low barrier hop between oxygen atoms on neighboring
tetrahedra. In situ self-assembly places the phosphate phase against the perovskite host. SFM-
SPO retains the local Fe coordination, while its proton chemical diffusion coefficient rises by
roughly one order of magnitude. The same strategy lowers polarization resistance and raises
electrolysis current density in SFN, SCF and SCN. SPO therefore changes the structural basis
of proton transport instead of further tuning vacancy related traps within the oxide lattice. These
results establish an independent phosphate pathway for accelerating proton transport in protonic

ceramic oxygen electrodes.

Methods
Materials synthesis

Sr3(PO4)2 (SPO) was obtained by a solid-state route from stoichiometric SrCO3 and
NH4H2PO4. After 24 h of dry milling, the mixture was heated in air at 600 °C for 2 h. The
product was reground and fired again at 1,400 °C for 5 h.

BaZro.1Ce0.7Y0.1Ybo.103-5 (BZCY Yb) was prepared from stoichiometric BaO, ZrO», CeOo,
Y»03 and Yb2Os. The oxides were ball milled for 72 h and calcined in air at 1,100 °C for 10 h.
After regrinding, the same calcination step was repeated.

A sol-gel combustion process produced the four electrode compositions and their SPO-
containing variants. Each solution contained the required stoichiometric amounts of Sr(NO3)z,
Fe(NO3)3-9H>O, Co(NOs3)2:6H20, (NH4)6M07024-4H>O, ammonium niobium oxalate and
NH4H2PO4. Total metal ions, glycine and citric acid were combined at a molar ratio of 1.5:1:1.
Stirring at 80 °C converted the solution into a yellow gel. The gel was heated at 250 °C with
sufficient aeration to form a black precursor, which was subsequently calcined in air at 1,100 °C
for 5 h.

Structural and chemical characterization
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Powder X-ray diffraction patterns were recorded on an X’Pert Pro MPD instrument using
Cu Ka radiation at 40 kV and 40 mA. GSAS was used for Rietveld refinement. For variable
temperature diffraction, the sample was held in air for 10 min at each 50 °C step between 400
and 700 °C before data collection. An FEI Tecnai F20 microscope operated at 200 kV provided
the EDX, HRTEM and SAED data. Mass changes in flowing air at 100 ml min~! were recorded
on a Netzsch STA 449 F5 at a heating rate of 5 °C min"!. A VG MultiLab 2000 system was
used for laboratory XPS.

EPR spectra were recorded at 9 GHz with 100 kHz modulation on a Bruker ES00. Dry and
humidified specimens were conditioned for 0.5 h at 400 °C. Humidification used 10 vol% H>O
at a total flow of 100 ml min™"'.

In situ diffuse reflectance infrared Fourier transform spectroscopy

DRIFTS measurements used a Bruker VERTEX 80v. Ar carrying 10 vol% water vapour
flowed over the sample at 100 ml min~'. After 30 min equilibration at 300, 350, 400, 450 and
500 °C, 32 scans were averaged from 4,000 to 400 cm™! at a resolution of 4 cm ™.

Near ambient pressure X-ray photoelectron spectroscopy

Near ambient pressure X-ray photoelectron spectroscopy was performed using a SPECS
NAP-XPS Backfilling system. About 60 mg of each powder was pelletized and attached to the
laser heated holder. The sample entered the analysis chamber after evacuation of the load lock
to 1 x 1078 mbar. Once the analysis chamber reached 1 x 10~ mbar, humidified air containing
10 vol% H>O was supplied at 100 ml min'. The total pressure was held at 1 mbar, giving pH>O
= 0.1 mbar. Measurements were made from 300 to 500 °C after 10 min equilibration at each
temperature. A monochromatic Al Ka source at 15 kV and 20 W was used to acquire high
resolution O 1s and C 1s spectra in 0.1 eV steps. Binding energies were referenced to
adventitious C s at 284.8 eV. CasaXPS fits used a Shirley background and GL(30) Gaussian-
Lorentzian line shapes.

Synchrotron soft X-ray spectroscopy

TEY O K-edge spectra were measured at the BL10B photoemission spectroscopy
beamline (31131.02.HLS.PES), National Synchrotron Radiation Laboratory, Hefei. BL10B
covers photon energies from 100 to 1,100 eV with E/AE greater than 1,000. Dry and hydrated
BZCYYDb, SPO, SFM and SFM-SPO samples were loaded together. Hydration was carried out
at 600 °C for 30 min under pH>O = 0.1 atm at a total flow of 100 ml min~'. Before collection,
the complete batch remained under vacuum at room temperature for 3 h. TEY was recorded
from the sample compensation current. Incident photon flux correction preceded alignment to

a shared energy reference and normalization against the post edge intensity. The hydrated minus
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dry difference was calculated from the normalized spectra. Data were acquired between 520
and 560 eV in 0.1 eV increments.
XANES and EXAFS

Fe K-edge spectra were recorded in transmission on a SuperXAFS H3000 laboratory
instrument. The first inflection point of Fe foil at 7,112 eV defined the energy scale. Athena
handled data processing, and Artemis was used for fitting. Fits covered k =3 to 12 A™! and R
=1.0to 3.5 A, with a Hanning window and S¢*> = 0.9.
Solid-state NMR and isotope tracing

Solid-state 'H/*'P NMR measurements used a Bruker Avance Neo 400WB. Samples were
humidified at 600 °C for 30 min under pH>O = 0.1 atm and a total flow of 100 ml min™'. Spectra
were acquired in a 4 mm zirconia rotor at 10 kHz MAS using a single pulse, a 5 s recycle delay
and 128 scans. Chemical shifts were referenced to tetramethylsilane at 0 ppm. Dry and hydrated
SPO were examined by solid state >'P MAS NMR on the same instrument. The 4 mm rotor
spun at 10 kHz. A single 90° pulse, a 5 s recycle delay and 256 scans were used. The external
reference was 85% H3PO4 at 0 ppm.

D»0O exchange was performed at 600 °C for 30 min in Ar/O2 containing pD>0O = 0.1 atm.
The carrier contained 21 vol% O and flowed at 100 ml min!. A PHI nano TOF II recorded the
D" depth profiles using a 30 kV Bi*" analysis beam and a 3 kV, 100 mA Ar" sputtering beam.
The analysis and sputtering areas were 40 x 40 nm? and 400 x 400 nm?, respectively.
Electrical conductivity relaxation

SFM and SFM-SPO were pressed into 2 x 4 X 10 mm bars and sintered at 1,100 °C for 2
h, giving relative densities above 95%. Four probe d.c. conductivity and ECR data were
obtained with a Keithley 2400 source meter. Between 600 and 750 °C, the atmosphere was
changed from dry to humidified Ar/O> with pH2O = 0.1 atm. Both streams contained 21 vol%
0> and flowed at 100 ml min~'. Recording continued until equilibrium. The normalized
transients were fitted with the rectangular bar solution to Fick’s second law under finite surface
exchange conditions to extract kw20, Do and Dy.
Cell fabrication and electrochemical measurements

Dense BZCYYDb electrolyte substrates were prepared by dry pressing and sintered at
1450 °C for 5 h. Symmetric cells were prepared by screen printing oxygen electrode slurries on
both sides of the electrolyte and calcining in air at 1100 °C for 2 h. Silver paste was used as the
current collector.

Fuel electrode supported cells were prepared with a NiO-BZCYYDb | BZCYYDb | oxygen
electrode configuration. Impedance was recorded on a PARSTAT 2273 from 10° to 102 Hz
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using a 10 mV perturbation. Electrolysis current-voltage curves were measured from 500 to
700 °C at 10 mV s™!. The fuel side received equal volumes of H, and Ar at 100 ml min"!, while
air containing 10 vol% H>O flowed over the oxygen electrode at the same rate. Polarization
resistance was taken as the separation between the high and low frequency intercepts on the
real impedance axis.

DFT calculations

All DFT calculations used the Vienna Ab initio Simulation Package. Exchange and
correlation were treated within the PBE generalized gradient approximation using projector
augmented wave potentials. The plane wave cutoff was 450 eV. Spin polarization and DFT-D3
dispersion corrections were included. Electronic energies converged to 107> eV, and structures
were relaxed until every residual force was below 0.05 eV AL,

A 15 A vacuum gap separated periodic images along the BZCYYb slab normal. During
relaxation, the lower third of the slab was fixed and all remaining atoms could move. The
BZCYYb and SPO Brillouin zones were sampled with 2 X 1 x 1 and 4 x 2 x 1 Monkhorst-Pack
meshes, respectively.

The oxygen vacancy formation energy was calculated as

Eove = Edefective + 1/2E02 — Epristines

Here, Edefective and Epristine denote the energies of the oxygen deficient and pristine models,
and Eoz is the energy of an isolated Oz molecule.

The vacancy mediated hydration energy was calculated as

Enydr = Enydrated — Evacancy — Enzo,

Here, Enydrated and Evacancy denote the hydrated and vacancy containing models, while Enzo
is the energy of an isolated H>O molecule.

Migration barriers were obtained with the climbing image nudged elastic band method.
Each path comprised two endpoints and five intermediate images. Transition state optimization

used the same force threshold of 0.05 eV A",
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