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Abstract 

Protonic ceramic electrolysis cells (PCECs) are an attractive green H2 production technology, given 

their intermediate-temperature operating range and ability to produce dry H2. However, PCECs will benefit 

from development of more efficient and durable “triple conducting” anodes where steam is split, H 

incorporated, and oxygen evolved. In this work, we evaluated the kinetics of the steam-splitting / H 

incorporation reaction on BaPr0.9Y0.1O3-δ (BPY) in comparison to the benchmark Ba1-xCo0.4Fe0.4Zr0.1Y0.1O3-

δ (BCFZY) composition, replacing most of the transition metal elements (Co, Fe, Zr) with the lanthanide 

Pr. We prepared geometrically well-defined perovskite BPY and BCFZY thin films by pulsed laser 

deposition and performed simultaneous optical transmission relaxation and electrical conductivity 

relaxation measurements at 400-500 °C in 0.21 atm O2 during switching of the steam partial pressure to 

isolate and compare their proton surface exchange coefficients (k). The k values of BPY were comparable 

to those of BCFZY and more stable over time. According to angle-resolved XPS and STEM-EDS mapping 

of FIB cross-sections, the surface of BPY exhibited Ba enrichment, Pr deficiency, and Si contamination. In 

contrast, BCFZY exhibited Ba deficiency throughout, no obvious surface segregation, and less Si 

contamination. The Ba segregation on the BPY film appears to have promoted steam splitting / H 

incorporation kinetics even though the more basic surface reacted with the acidic environmental SiOxHy. 

Faster kinetics observed on stoichiometric BCFZY vs. Ba-deficient BCFZY confirmed the benefit of a high 

A-site Ba concentration. This result contrasts with most work on perovskites applied in solid oxide 

electrolysis cell anodes, in which A-site segregation is considered deleterious for surface reaction kinetics. 
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1. Introduction 

Green hydrogen production is gaining increasing interest in the transition to a carbon-neutral energy 

infrastructure. Protonic ceramic electrolysis cells (PCECs) are a promising electrochemical technology for 

green hydrogen production using waste heat at intermediate temperatures (300-600 ˚C) with a lower 

thermodynamic voltage requirement than low-temperature (e.g. polymer electrolyte) devices. [1–3] Further, 

compared to solid oxide electrolysis cells, PCECs have the advantage of producing dry, rather than humid, 

H2 gas at the cathode and lower temperature operation due to the faster transport of protons vs. oxide ions. 

[4,5] A key need for PCECs is the development of highly active anode materials for steam splitting, with 

both bulk chemo-mechanical and surface chemical stability in the presence of high steam concentrations, 

impurities, and/or acidic gases. [2,6,7] Surface chemistry can evolve under such extreme conditions, leading 

to time-dependent changes in steam-splitting performance. [8] Most anode compositions are based on an 

ABO3 perovskite-derived lattice with corner-sharing BO6 octahedra. [9] Typically some degree of basicity 

(e.g. aided by an A-site cation with low electronegativity), multivalency (e.g. a reducible B-site cation), and 

oxygen non-stoichiometry (via reducibility or acceptor doping) hosted in this structure can support bulk 

mobility of oxide ions, protons, and electronic charge-carriers, as well as surface mass and charge transfer. 

[10] Systematically clarifying the underpinning roles of A vs. B site cations in perovskites’ activity and 

particularly their stability is essential for rational development of scalable electrode compositions.  

The desired process taking place at the anode of PCECs is given in Eq. 1: incoming steam is split, 

oxygen is evolved with liberation of electrons, and protons are incorporated into the anode’s ceramic lattice 

where they can be transported to the solid electrolyte:  

𝐻𝐻2𝑂𝑂 (𝑔𝑔)→1/2𝑂𝑂2 (𝑔𝑔)+2𝐻𝐻++2𝑒𝑒− (Eq. 1)  

From a defect chemical perspective, this process corresponds to “hydrogenation” (Eq. 2), where steam 

splitting involves consumption of holes from the p-type anode, bonding of incoming protons to lattice 

oxide ions, and evolution of oxygen; it is a superposition of the hydration and reduction processes and 

takes place when hole concentrations are high relative to oxygen vacancy concentrations in triple 

conductors. [8] 

𝐻𝐻2𝑂𝑂 (𝑔𝑔)+2𝑂𝑂𝑂𝑂
×+2ℎ•→2(𝑂𝑂𝐻𝐻)𝑂𝑂• +1/2𝑂𝑂2 (𝑔𝑔) (Eq. 2)  

When hole concentrations are lower relative to oxygen vacancy concentrations, such as under 

intermediate pO2 atmospheres or for more purely proton conducting compositions (e.g. the electrolyte), 
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the pure hydration process (Eq. 3) dominates, which does not release oxygen nor electrons; this process in 

isolation is less helpful for the PCEC anode due to the lack of explicit charge transfer:  

𝐻𝐻2𝑂𝑂+𝑂𝑂𝑂𝑂
×+𝑣𝑣𝑂𝑂••→2(𝑂𝑂𝐻𝐻)𝑂𝑂• (Eq. 3) 

Equation 2 indicates that both p-type conduction and proton conduction must be supported in PCEC anodes; 

[10] however, the surface reaction is often a more sluggish process than bulk transport, governing efficiency 

for electrodes with short diffusion lengths. In this case, the proton surface exchange coefficient (k) is a key 

performance metric. A k value captures the catalytic activity of the electrode surface, as it is the 

proportionality factor (materials property) relating the interfacial proton flux to the driving force (e.g. 

concentration gradient). Although a handful of perovskite-derived anode compositions have been 

demonstrated in the context of cell performance targeting primarily steam electrolysis, their k values have 

very rarely been quantified and reported [6]. In light of this knowledge gap, it is essential to develop an 

understanding of how composition relates to k, to enable rational development of electrode compositions 

and structures.  

Among reports, BaCo0.4Fe0.4Zr0.1Y0.1O3-δ (BCFZY) is an established potential steam electrode 

candidate [11,12], with a reported proton exchange k value of 3.85×10-6 cm/s at 500 ˚C in 0.21 atm pO2. [13] 

This value was measured by the pH2O-switching electrical conductivity relaxation (ECR) technique on a 

bulk porous BCFZY ceramic, assuming negligible contribution from bulk diffusion; however, the surface 

area was unknown. In general, ill-defined porous ceramic electrodes complicate quantitative analysis of 

surface exchange kinetics due to various thickness, morphological, and geometry effects. Those can lead to 

larger uncertainty in the k values and difficulty comparing among samples where both composition and 

microstructure differ. Dense ceramics with known surface areas can also be difficult to analyze for surface 

exchange kinetics by relaxation methods, because typically then the bulk diffusivity (D) plays a non-

negligible role in observed kinetics. Fitting for both D and k simultaneously may introduce uncertainty in 

materials with one mobile ion, but the time-dependent responses for triple conductors with multiple 

diffusing species can be even more complex. For example, multiple conductivity relaxations in opposite 

directions can be superimposed, requiring careful fitting and analysis. [14,15] Therefore, a geometrically 

well-defined electrode structure that avoids diffusion contributions to the kinetic response is preferred. 

Dense, thin-film samples can support both surface exchange-limited kinetics and well-defined 

surface areas for direct comparison of different compositions’ performance. [16] Pulsed laser deposition 

(PLD) is a useful growth technique for preparing dense, complex compositions with a high degree of control 

over structure across length scales. [17] Another benefit of the thin-film geometry is ability to measure 

simultaneous ECR/optical transmission relaxation (OTR), which has previously been applied to study 
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oxygen reduction/evolution reactions on mixed ionic/electronic conductor (MIEC) thin films. [18] The OTR 

technique measures optical transmission relaxations, leveraging a linear relationship between defect 

concentration and optical absorption at a key wavelength; as a contact-free method, by itself it eliminates 

concerns about the catalytic contribution of metal current collectors. [19] However, by using buried 

electrodes (under the film, away from the film-gas interface), simultaneous in-situ OTR/ECR measurements 

can also determine reliable k values and, moreover, insight into the nature of the kinetic response or 

dominant reaction (e.g. Eq. 2 vs. Eq. 3). In prior work on (MIEC) perovskite thin film electrodes, oxygen 

exchange k values have been studied and evaluated by ECR and/or OTR. [18,20,21] However, there are no 

reports yet on the proton exchange k values of triple-conducting thin films by any method to the best of our 

knowledge. Growth of BCFZY thin films by PLD has been reported, but the thin-film k values have not 

been investigated yet. [22]  

Our aims in this work were to a) measure proton exchange k values on thin-film triple conducting 

oxides for the first time, leveraging simultaneous OTR/ECR and the well-defined geometry, and b) gain 

insight into the impact of composition on k, by systematically altering the B-site composition and A-site 

occupancy and observing evolution of surface chemistry in each case. BCFZY was chosen as a reference 

composition. Because of its high number of cations and Ba volatility, both the synthesis and analysis of 

precise stoichiometry in BCFZY are difficult, given overlapping peaks in various spectroscopy methods. 

[11,23] We nonetheless were able to prepare films with differing levels of Ba sub-stoichiometry on the A-

site for comparison of k values and to confirm bulk and surface stoichiometry across various techniques. 

We also selected the simpler composition BaPr0.9Y0.1O3-δ (BPY) as a comparator, in which the transition 

metals Co, Fe, and Zr on the B-site are replaced by the lanthanide Pr. BPY maintains the low 

electronegativity of the A-site cation but alters the reducibility of the B-site cation, with the same nominal 

acceptor (Y) concentration. The more comparable volatility of Pr and Ba may assist in forming 

stoichiometric electrodes. Pr-oxides have been applied in the context of surface coatings for MIEC oxygen 

exchange [24], as single-phase MIECs demonstrating sensitivity to Si poisoning [25], and in PCEC electrodes 

tested under high steam contents [26,27].  BaPrO3-δ with various B-site acceptor dopants such as Gd, Yb, and 

Y was reported as a potential triple conductor (holes, oxide ions, protons), [28,29,30] and thin films of BaPrO3-

δ that supported both protonic and electronic conductivity apparently hosted multivalent Pr3+/4+ which 

contributed to oxygen vacancy formation. [31,32,33] In prior work, we also demonstrated that BPY can 

undergo oxygen exchange, where it has an anomalously low redox coefficient of chemical expansion, [34] 

which may aid chemo-mechanical stability.  

In this work, we grew dense BPY and BCFZY thin films by PLD on various substrates and 

measured the proton exchange k at 400-500 °C by simultaneous OTR/ECR. As mentioned, while ECR has 
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been applied in very limited studies to evaluate hydrogenation kinetics on bulk ceramics, the OTR method 

was applied for the first time here in the context of H2O splitting / H incorporation analysis on triple 

conductors. The electrical and optical relaxation responses upon introduction of H2O were consistent with 

hydrogenation, where holes are consumed. The BPY thin films exhibited relatively higher proton exchange 

k and more stable, repeatable relaxation behavior over time than the BCFZY thin films. To understand the 

difference in proton surface exchange kinetics between BPY and BCFZY, the surface morphology, 

structure, and surface vs. bulk compositions were characterized before and after relaxation measurements 

through atomic force microscopy, X-ray diffraction, Rutherford backscattering spectrometry (RBS), angle-

resolved X-ray photoelectron spectroscopy, and scanning transmission electron microscopy (STEM) with 

energy-dispersive X-ray spectroscopy (EDS). BPY exhibited a stoichiometric bulk composition with 

significant Ba segregation to the surface; this basic surface reacted with acidic SiOx from the quartz tube 

during OTR/ECR, and the surface morphology coarsened dramatically. Despite these changes, the k values 

were higher and more stable. BCFZY typically exhibited a Ba-deficient bulk composition, which gave rise 

to a more stable surface chemistry and morphology over time; however, its steam-switching 

optical/electrical relaxation behavior was unstable and slower. Preparation of more stoichiometric BCFZY 

with higher Ba content resulted in higher k values. For both compositions, the choice of (inert) substrate 

played a role in k. These results suggest that: a) multivalent transition metals are not required for good 

proton exchange k values since Pr works well in place of Fe and Co; b) a highly basic surface rich in the A-

site cation seems beneficial even though it reacts with impurities; and c) substrate-induced effects play a 

role in the k values. 

 

2. Experimental methods 

2.1. PLD target fabrication 

BPY and BCFZY PLD ceramic targets were prepared by a modified Pechini method [34] as described in the 

following. After determining the H2O content of each nitrate precursor via mass loss analysis, calculated 

amounts of Ba(NO3)2 (99.999%, Alfa Aesar), Pr(NO3)3 (99.9%, Alfa Aesar), Y(NO3)3 (99.99%, Alfa Aesar), 

Co(NO3)2 (99.999%, Alfa Aesar), Fe(NO3)3 (99+%, Acros Organics), and/or Zr(NO3)3 (99.9%, Thermo 

Scientific Chemicals) were dissolved into deionized water for at least 30 mins with stirring. Citric acid 

(Fisher Chemical) was added into the solution at 60 ˚C according to a citric acid: total metal cation molar 

ratio of 3:1. The pH of the solution was balanced to ~ 6 with pH meter paper (HYDRION, pH 0.0 – 13.0) 

using ammonia solution additions. Then, ethylene glycol (Fisher Chemical) was added. The addition of 

citric acid and ethylene glycol plays a role in formation of a polymer network with trapped metal ions. The 
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solution was stirred and heated to become a viscous gel for ~ 6 hours at ~ 105 ˚C, measured by mercury 

thermometer on the hot plate. The gels then underwent further drying to remove excess water for 18 hours 

at a setting temperature of 225 ˚C in a muffle furnace (ThermolyneTM, Thermo Scientific) within the fume 

hood. The dried sponge-like gels were transferred to alumina crucibles for calcination at 800 and 700 ˚C 

for the BPY and BCFZY powders, respectively, in the muffle furnace to remove most of the organics. The 

powders were then re-ground using a mortar and pestle for uniaxial pressing into approximately 1.1 inch 

diameter pellets at 125 MPa. The BPY and BCFZY green targets were sintered in air at temperatures of 

1400 and 1200 ˚C, respectively, for 10 and 5 h, respectively, in a box furnace inside a bed of sacrificial 

powder of the same compositions and with nested alumina crucibles with lid to lessen Ba evaporation. The 

heating/cooling rates were 2 ˚C/min during the sintering process. 

2.2. Thin film growth and structural characterization 

BPY and BCFZY thin films were grown on double-side polished single crystalline c-Al2O3 (0001) 

substrates (MTI Corporation) using pulsed laser deposition (PLD) with a KrF (248 nm) ultraviolet excimer 

laser (Lambda Physick, LPX 210) in 35 mtorr of O2 (base pressure: 0.003 mTorr) at 700 ˚C. The deposition 

took place by rastering the laser on the target, with a repetition rate of 5 Hz and a laser energy of ~350 mJ 

(in the laser) / 0.09 ~0.1 W at the intelligent window entering the chamber, with a target-to-substrate 

distance of 55 mm, and rotation of the substrate at 5 rpm (PVD Products, Inc.). The film growth rates and 

thicknesses were calibrated and verified by X-ray reflectivity (Bruker, D8 Advance) and Rutherford 

Backscattering Spectrometry (RBS, Pelletron Accelerator). The films’ crystalline phases and orientations 

were measured by out-of-plane X-ray diffraction (Bruker, D8 Advance) coupled 2theta-omega scans, in 

Bragg–Brentano geometry with Cu Kα (~1.54 Å) radiation. Film surface topographies were scanned in 

tapping mode by atomic force microscopy (AFM, Asylum Research – Oxford Instruments, MFP-3D SPM); 

topographic plots and root mean square roughnesses were processed and calculated by Gwyddion free SPM 

data analysis software.  

2.3. Thin film compositional characterization 

For chemical analysis, RBS (NEC Pelletron Accelerator), angle-resolved X-ray photoelectron spectroscopy 

(XPS, Kratos Axis ULTRA), X-ray fluorescence spectrometry (XRF, Shimadzu EDX-7000), and (scanning) 

transmission electron microscopy with energy dispersive X-ray spectroscopy (S/TEM-EDS) measurements 

were performed to analyze the elemental compositions at various depths, on both as-prepared films and 

films after elevated-temperature measurements. From RBS spectra, the elemental concentrations and 

thicknesses of the BPY and BCFZY thin films were estimated using SIMNRA software, assuming target 

densities for BPY and BCFZY of 5.622 and 6.05 g/cm3, respectively, which are their bulk theoretical mass 
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densities. XPS data analyses were carried out with CasaXPS software [35], where the binding energies were 

adjusted with respect to the C 1s reference peak, set to 284.8 eV [36].  For S/TEM-EDS sample preparation, 

a ~10 nm layer of Au was sputtered (Emitech Inc., USA) onto the surface of the processed films to prevent 

charging. Then, an additional 2.5 µm Pt surface protection layer was deposited over a region of interest 

(ROI), and cross sections from the ROIs were prepared for S/TEM and EDS using a lift out technique in a 

dual-beam focused ion beam/scanning electron microscope (Scios 2 FIB/SEM, ThermoFisher Scientific, 

USA). The cross sections were cut out, transferred, and thinned with a 30 kV Ga-ion beam, and further 

thinning and polishing was carried out at lower energy (5 kV, 2 kV) to reduce beam damage. The 

microstructure and composition were evaluated with a Talos F200X G2 S/TEM (ThermoFisher Scientific, 

USA) operated at 200 kV using a Ceta-M camera (ThermoFisher Scientific, USA), high angle annular dark 

field (HAADF) detector, and a 4-crystal Super-X EDS detection system (ThermoFisher Scientific, USA). 

2.4. In-situ optical and electrical relaxation measurements  

A schematic of the sample geometry and in-situ Optical Transmission Relaxation and Electrical 

Conductivity Relaxation (OTR/ECR) measurements system is given in Figure S1. Prior to simultaneous 

OTR/ECR measurements, two Pt strip current collectors with a ~2 mm gap were deposited by RF-sputtering 

(AJA Sputter Coater) on each substrate, and the current collectors were then coated by the PLD-deposited 

BPY and BCFZY thin films. This buried current collector geometry was chosen to avoid the contribution 

of the Pt metal-film-gas interfaces on observed reaction kinetics, [18,20] and to thereby isolate the film-gas 

interface response; the buried geometry may also lessen Pt diffusion. [19] Pt wires were attached to the 

current collectors for connection with an impedance analyzer (ModuLab Xm, Solartron) using Ag paste. 

Each thin film sample was positioned in the center of a quartz tube within a custom tube furnace with 

windows (MELLEN Company). Chopped and collimated 442 nm filtered light passed through the thin film 

sample, and two photodetectors monitored the incident (I1) and transmitted (I2) light intensities. The I1 and 

I2 intensities were synchronized via lock-in amplifiers (Model SR830 DSP Lock-In Amplifier) to reduce 

contributions from background light fluctuations and were recorded using a custom LabView software 

program. Simultaneously the in-plane electrical resistances of the thin films were measured at constant 

frequencies of 1 and 5 Hz and ac amplitude of 100 mV using the impedance analyzer, after determining 

that this frequency adequately captures the dc resistances at each temperature and gas atmosphere in the 

study using complete impedance spectra over the frequency range 106-10-1 Hz. Oxygen partial pressure 

(pO2) (21%O2) and water partial pressure (pH2O) (~2.3% via flowing the Ar/O2 gas through a water bubbler 

held at ~ 20 ˚C vs. ~0% via avoiding the bubbler) were controlled by mass flow controllers (ALICAT 

SCIENTIFIC) and switched through a four-way valve equipped with bubbler and water bath (HAAKE SC 

100, Thermo Scientific). For the OTR/ECR experiments at 21%O2/Ar to determine proton surface exchange 
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coefficients, the pH2O was stepped quickly by switching the 4-way switch to change to the gas stream from 

the nominally dry stream to that coming from the bubbler. Only the dry  humid condition was used for 

quantitative analysis, since the gas switch is very rapid (<5 s); the tube takes considerably longer to return 

to the “dry” state after H2O introduction, and so the humid  dry relaxations were not analyzed 

quantitatively.  

 

3. Results and discussion 

3.1 As-Grown Film Structure 

The BPY and BCFZY thin films were prepared on optically inert and electrically insulating sapphire or 

MgO substrates, with the sapphire case shown schematically in Figure 1(a). The buried Pt current collectors 

for ECR measurements were deposited by DC-sputtering at a room temperature to a thickness of ~100 nm 

prior to BPY and BCFZY thin film growth. To assess the crystalline phase and crystallographic orientations 

of the BPY and BCFZY thin films, X-ray diffraction out-of-plane 2theta-omega scans were performed, as 

shown in Figure 1(b). Only the Bragg diffraction peaks of BPY and BCFZY crystalline phases, platinum 

current collector, and c-Al2O3 single-crystal substrate were observed, without secondary phases. The XRD 

patterns of BPY and BCFZY PLD targets are shown in Figure S2. On sapphire, the (121) and (242) 

reflections were the strongest observed for the 700 ˚C-grown BPY thin film, suggesting a primary (121) 

out-of-plane orientation, with hints of (100) and (001) out-of-plane orientations observed in very minor 

(200) and (020) peaks. Note that the (200), (002), (121) Bragg diffraction peaks are positioned within a 

narrow 2θ range of ~0.2˚. The film Bragg diffraction peak positions are reasonably matched with those of 

BaPrO3-δ thin films in the literature. [32,37] For the BCFZY thin film on sapphire, (110), (211), (220), and 

(311) Bragg reflections were observed, suggesting a polycrystalline film without strongly preferred 

orientation. The peak positions are also similar with those of a BCFZY thin film grown by PLD in literature. 

[22] Figure 1(c),(d) display the surface morphologies of as-deposited BPY and BCFZY thin films on 

sapphire, having RMS roughness values of ~0.57 nm (BPY) and ~1.1 nm (BCFZY). The AFM images also 

suggest that the BPY and BCFZY thin film surfaces feature sub-50 nm grains, with a slightly larger apparent 

grain size for BCFZY (Mean grain size of ~ 40.9 nm) vs. BPY (~ 33.3 nm), as-grown. For characterization 

of both thin films grown on MgO substrates instead, see Figure S3. 
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Figure 1 (a) Schematic of well-defined thin film structure with Pt current collector underneath. X-ray 

diffraction patterns (b) and topographic surface atomic force microscopy images with scan size of 1 μm2 

(c),(d) of BPY and BCFZY thin films on (0001) sapphire substrates, as-deposited. Asterisks indicate the 

diffraction peaks of the (111)Pt reflected by residual Cu_kβ (λ = 1.392 Å) and W_Lα (λ = 1.4767 Å) 

radiation in Figure 1(b). For as-deposited films on MgO substrates instead, see Figure S3. 

3.2. Optical/Electrical Relaxation Results 

Through simultaneous electrical and optical measurements, we obtained k values from different techniques, 

providing robust values, and we gained insight into the process taking place in the films as the pH2O is 

increased (e.g., hydrogenation vs. hydration). Figure 2(a)-(d) show example OTR and ECR curves of the 

BPY and BCFZY thin films on sapphire, over time at a temperature of ~ 400 ˚C. Further relaxation data for 

different thicknesses, substrates, replicates, and temperatures are shown in the Supporting Information 

(Figures S4-S12). Upon increasing the pH2O, the optical transmission and the resistance both increased. 

Considering that the films are p-type, both the optical and electrical relaxation directions are consistent with 

a reduction in hole concentration in the presence of H2O. Further discussion of optical changes is provided 

in the Supporting Information. We observed OTR curves for five times upon switching steam from 0% to 

2.3% pH2O in the BPY thin film as shown in Figure 2(a). However, only the first OTR curve of BCFZY 

thin film was observed in response to steam exchange, because the kinetics became too slow as the film 

aged, as shown in Figure 2(b). The ECR curves of BPY and BCFZY thin films corresponded with those in 

the OTR curves, as shown in Figure 2(c),(d), respectively. The BPY thin film exhibited relatively high 
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resistances at ~ 400 ˚C due to the buried ~ 2 mm distance of the Pt current collector, leading to the noisy 

data due to the measurement limitation of the impedance analyzer. At ~500 ̊ C, the BPY thin film resistance 

data show clear electrical relaxation curves; see Figure S8(c). The repeatable steam-switching behavior 

indicates that the BPY thin film was more catalytically stable than BCFZY thin film in terms of proton 

exchange. To quantify k values for the BPY and BCFZY thin films, we analyzed the OTR and ECR curves 

based on the following equations (1)-(3) for OTR and (4)-(6) for ECR, appropriate for surface exchange-

limited kinetics in the linear regime; example resulting k values are plotted in Figure 3. For the fitted 

relaxation curves, see Figures S9 and S10. 

𝑔𝑔(𝑡𝑡) ≡ ln 𝐼𝐼(𝑡𝑡)−ln 𝐼𝐼(0)
ln 𝐼𝐼(∞)−ln 𝐼𝐼(0)

= 1 − 𝑒𝑒−𝑡𝑡 𝜏𝜏�   (1) 

− 𝑡𝑡
𝜏𝜏

= ln(1 − 𝑔𝑔(𝑡𝑡))  (2) 

𝑘𝑘chem = 𝐿𝐿
𝜏𝜏
  (3) 

where I(0) is the initial light transmittance intensity prior to steam switching to 2.3% pH2O, I(∞) is the final 

light transmittance intensity after the relaxation, I(t) is the transmitted light intensity over time, τ is the time 

constant, and L is the thin film thickness. 

ℎ(𝑡𝑡) ≡
1
𝑅𝑅(𝑡𝑡)� − 1 𝑅𝑅(0)�

1
𝑅𝑅(∞)� −1 𝑅𝑅(0)�

= 1 − 𝑒𝑒−𝑡𝑡 𝜏𝜏�  (4) 

− 𝑡𝑡
𝜏𝜏

= ln(1 − ℎ(𝑡𝑡)) (5) 

𝑘𝑘chem = 𝐿𝐿
𝜏𝜏
 (6) 

where R(0) is the initial resistance prior to steam switching to 2.3% pH2O, R(∞) is the equilibrated resistance 

after the relaxation, R(t) is the instantaneous resistance, τ is the time constant, and L is the thin film thickness. 

The resistances were recorded at low frequency impedance real-axis-intercepts that correspond to the thin 

film’s DC resistance, R.  

The fitted k values of all the BPY and BCFZY thin films are summarized in Table 1. Considering the initial 

data on sapphire at 400 °C, the first k value of the BPY thin film was approximately 10 times higher than 

that of the BCFZY thin film, although the BPY thin film exhibited a slight decrease in the k values over 

time. There are very limited k values for the benchmark BCFZY in the literature from porous bulk ceramics 

[13], and if those are extrapolated to 400 °C they would exceed the k values for the dense BCFZY film in 

this work. Slight compositional deviation in the BCFZY film from the nominal composition, discussed later, 

may be responsible, or the gas-facing current collectors or less-defined surface area and thickness in the 
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previous work may play a role. On the other hand, the higher k values of BPY thin films in this work are 

comparable to those of extrapolated bulk BCFZY from the previous report. [13] Although we were not able 

to extract the k values for either composition at the higher temperature of 500 ˚C due to the time constant 

of the surface reaction becoming comparable to or faster than the gas flush time, the k values were certainly 

above ~ 2.5x10-6 cm/s, which was the upper limit of measurable k value based on the film thicknesses of ~ 

100 nm and gas flush time of ~ 4 s. The corresponding measured relaxations displaying very fast responses 

at 500 °C are shown in Figures S8, S11, and S12. We also observed an effect of substrate on the k values, 

with films on MgO exhibiting slightly faster surface proton exchange than those on c-Al2O3, with this effect 

present for both BPY and BCFZY films. 

 

Figure 2 OTR and ECR curves upon pH2O switching as a function of time for the BPY (a),(c) and BCFZY 

(b),(d) thin films on sapphire at a constant temperature around ~ 400 ˚C. (The relaxations corresponding to 

~ 500 °C are given separately in Figure S8.) 
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Figure 3 Comparison of proton surface exchange coefficients (k) of BPY and BCFZY thin film electrodes 

at a temperature of ~ 400 ˚C in our work, unless noted otherwise. Open and closed symbols indicate the k 

values from OTR and ECR curves, respectively. The upper limit of measurable k value in this work is 

2.5*10-6 cm/s, due to the finite gas flush time, which was calculated using the following equation: kchem = 

L/tflush. (L = 100 nm film thickness and tflush is up to 4 s). Reported bulk ceramic proton exchange k values 

from two literature studies at higher temperatures are included. Bulk BCFZY data from ref. [13] and bulk 

PBSCF (PrBa0.5Sr0.5Co1.5Fe0.5O5+δ) data from ref. [38]. 
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Table 1 Comparison of proton-exchange kchem values of the BPY and BCFZY thin films. 

Thin film samples kchem (cm/s) 
OTR ECR 

BPY thin film grown on Al2O3 
(measured at ~ 400 ˚C) *replicate 

1.10*10-6 ± 2.2*10-7 6.64*10-7 ± 1.99*10-7 
9.08*10-7 ± 1.82*10-7 6.80*10-7 ± 2.04*10-7 

BPY thin film grown on Al2O3 
(measured at ~ 400 ˚C)  

5.76*10-7 ± 1.15*10-7 

Noisy data 
3.68*10-7 ± 7.35*10-8  
1.72*10-7 ± 3.45*10-8 
1.48*10-7 ± 2.96*10-8 
1.22*10-7 ± 2.43*10-8 

BPY thin film grown on MgO 
(measured at ~ 400 ˚C) 

1.74*10-7 ± 3.48*10-8 

No measurements 

7.00*10-7 ± 1.40*10-7 
7.66*10-7 ± 1.53*10-7 
8.96*10-7 ± 1.79*10-7 
5.48*10-7 ± 1.10*10-7 
3.30*10-7 ± 6.6*10-8 

BPY thin film grown on Al2O3 
(measured at ~ 500 ˚C; probably gas-
flush-time-limited) 

8.5*10-6 ± 1.7*10-6 1.56*10-6 ± 4.69*10-7 
1.24*10-6 ± 2.48*10-7 1.65*10-6 ± 4.96*10-7 
5.3*10-6 ± 1.06*10-6 2.37*10-6 ± 7.10*10-7 

6.45*10-6 ± 1.29*10-6 3.20*10-6 ± 9.61*10-7 
3.9*10-6 ± 7.8*10-7 3.14*10-6 ± 9.42*10-7 

BCFZY thin film grown on Al2O3 
(measured at ~ 400 ˚C) 3.13*10-8 ± 6.26*10-9 4.39*10-8 ± 8.78*10-9 

20 Hz deposited BCFZY thin film (~ 
50 nm) grown on Al2O3 (measured at ~ 
400 ˚C) 

Noisy data 
5.57*10-7 ± 1.67*10-7 

2.49*10-7 ± 7.46*10-8 

BCFZY thin film grown on MgO 
(measured at ~ 400 ˚C) 5.07*10-8 ± 1.01*10-8 7.41*10-8 ± 2.22*10-8 

BCFZY thin film grown on Al2O3 
(replicate) (measured at ~ 500 ˚C) 

5.85*10-9 ± 1.17*10-9 3.74*10-9 ± 1.12*10-9 
3.36*10-9 ± 6.72*10-10 - 
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3.3. Understanding the Behavior: Chemical and Structural Analysis Before vs. After Relaxation Testing 

To interrogate surface exchange kinetics differences between fast, relatively stable BPY and sluggish, 

quickly degrading BCFZY thin films, we performed topographic surface AFM, cross-sectional STEM-EDS 

measurements, and XRD, before vs. after relaxation measurements, as shown in Figures 4-7 and Figure 

S13. The topographic AFM images of both BCFZY and BPY thin films demonstrated significant changes 

in surface morphology after relaxation measurements, as shown in Figure 4. Grain coarsening is evident, 

and the calculated RMS surface roughnesses of ~ 6.68 nm (BPY) and ~ 4.58 nm (BCFZY) after relaxation 

measurements were significantly larger than the as-grown values listed in section 3.1. These results imply 

that heating to 400 ˚C, exposure to steam, or both led to significantly altered surfaces compared to the as-

grown films. However, although BPY was deposited with a smaller initial apparent grain size, considerably 

larger surface features were evident on BPY post-relaxation compared to BCFZY. 

 

Figure 4 Topographic AFM surface images of BPY (a) and BCFZY (f) thin films on sapphire (0001) after 

relaxation measurements. 

 

From the BPY transmission electron micrographs (taken after relaxation measurements), shown in Figure 

5(a),(b), we observed dense, 80 nm-thick films. There was a notable ~10 nm-thick region at the surface of 

the film with a difference in contrast in the bright field micrograph (Figure 5(a)), indicating that the 

surface phase differs from that of the bulk of the film. To gain more insight into the cation distribution 

through the thickness of the film, we performed STEM EDS measurements on this cross-section. From 

STEM EDS measurements, elemental maps for Si, Ba, and Pr are shown in Figure 5(c)-(e), and a line 
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scan across the surface of the film is shown in Figure 5(f). The outermost surface of the BPY film was 

clearly comprised of Si and Ba with noted depletion of B-site cations Pr and Y. Using the EDS Kα lines 

for quantification, the A- to B-site ratio ([Ba]:[Pr+Y]) at the surface was nominally 2:1, while the ratio 

approached the ideal 1:1 ratio in the bulk of the film. The Si contamination at the surface likely arose 

during the OTR/ECR measurement period in a quartz tube with steam switching.  

 

 

Figure 5 Bright field TEM micrograph (a) and HAADF STEM micrograph (b) of BPY thin film cross 

section after OTR/ECR measurements. Red arrow indicates the line scan position shown in (f). EDS 

mapping of Si (c), Ba (d), and Pr (e). The white dashed lines show the ~10 nm thick surface region with Si 

contamination. 

 

We prepared multiple BCFZY thin film samples and FIB cross sections for S/TEM-EDS measurements 

under comparable conditions to those of the BPY film, in the optical furnace equipped with quartz tube and 

steam switching. (The corresponding OTR curve of the particular BCFZY thin film shown here for STEM-
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EDS measurements is given in Figure S14.) From the bright field BCFZY micrograph, shown in Figure 

6(a), we observed a dense, monolithic film (~260 nm) comprising 20 nm-wide, columnar grains. Unlike 

for BPY, the cation distribution is uniform through the thickness of the film, shown in Figure 6(c)-(e). 

Using the EDS Kα lines for quantification, the A- to B-site ratio ([Ba]:[Co+Fe+Zr+Y]) at the surface is 

nominally 0.75:1, with the same cation ratio preserved within the bulk of the film. The most pronounced 

difference between the BPY and BCFZY thin films seen with electron microscopy techniques after 

processing was the surface composition. The EDS spectra around the Si Kα  peak (1.739 keV) for surface 

and bulk regions in BPY and BCFZY are shown in Figure 7(a),(b), respectively. In Figure 7(a), the BPY 

surface showed a large Si signal at the surface which is not present within the bulk of the film. However, 

the BCFZY film did not reveal any evidence of Si poisoning or Ba segregation by STEM-EDS. 

 

 

Figure 6 Bright field TEM micrograph (a) and HAADF STEM micrograph (b) of BCFZY thin film cross 

section. EDS mapping of Ba (c), Co (d), and Fe (e).  
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Figure 7 EDS spectra around the Si Kα peak for BPY (a) and BCFZY (b) thin films. The purple spectrum 

is representative of the surface layer (~10 nm) and the orange spectrum is from the bulk of the film – 

away from the surface and film-Pt interface.   

 

Next, we performed angle-resolved XPS analyses on BCFZY and BPY films before vs. after relaxation 

measurements to identify the surface composition and its evolution, as shown in Figure 8. Angle-

resolved XPS is a useful composition analysis technique which enables variation of the information depth 

by modulating the X-ray emission angles. [39] (A schematic of the angle-resolved XPS geometry is 

provided in Figure S15.) The XPS compositional analyses were performed at X-ray take-off angles (θ) of 

90 and 30˚. When the X-ray take-off angle is 30˚ in XPS measurements, the detection depth is around ~1 

nm theoretically, whereas for a take-off angle of 90° the information depth is closer to ~6 nm. (For the 

detection depth depending on elements, see Table S1.)  

The high-resolution XPS spectra of Y 3d, Si 2s, and C 1s for the BPY and BCFZY thin films were measured 

at θ = 30˚, as shown in Figure 8. (For the XPS spectra of Y 3d and Si 2s at θ = 90˚, see Figure S16.) In 

Figure 8(a), the XPS spectra of Y 3d were fitted with two peaks corresponding to Y 3d3/2 and Y 3d5/2 in the 

as-grown BPY thin film. However, after relaxation measurements, the XPS spectra revealed the presence 

of Si in addition to Y on the BPY thin film. The XPS spectra of C 1s also implied the presence of Si, 

considering the appearance of a shoulder attributed to a C-Si peak after OTR/ECR, as shown in Figure 

8(b). [40] In the case of the BCFZY thin film, the XPS spectra also included both the Si 2s and Y 3d peaks, 

similar to the BPY thin film. On the other hand, there was no evidence of a C-Si peak in the C 1s spectrum 

before or after relaxation measurements for BCFZY, as shown in Figure 8(d). For BCFZY, this partial 

XPS evidence of surface Si appears inconsistent with its absence by STEM-EDS. It might be due to greater 
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sensitivity by XPS, or uneven Si contamination at the BCFZY thin film surface. We note that several 

BCFZY replicate films (post-ECR/OTR) and different positions on the films were examined by STEM-

EDS, none of which revealed the presence of Si, and all of which demonstrated the absence of Ba 

segregation, unlike for the BPY film. 

 

Figure 8 (a) XPS spectra of Y 3d, Si 2s, and C 1s for the BPY and BCFZY thin films, at a take-off angle 

(θ) of 30˚ before and after relaxation measurements. 

To further assess the surface compositional changes of both thin films, all elemental XPS spectra were 

analyzed in terms of intensities. Figure 9(a)-(d) shows XPS spectra of Ba 3d specifically, for the BPY and 

BCFZY thin films at take-off angles of 30 and 90˚ before vs. after relaxation measurements, while XPS 

spectra pertaining to the other elements are provided in Figure S17. For BPY, the more surface-sensitive (θ 

= 30˚) Ba 3d spectra intensities decreased after relaxation measurements vs. the as-grown condition as 

shown in Figure 9(a), while the data drawing from slightly deeper in the film at θ = 90˚ were almost 

constant before vs. after relaxation measurements, as shown in Figure 9(c). These results are consistent 

with Si contamination (deposition) on the film surface during the relaxation measurements in the quartz 

tube in humid environments, which lessens the Ba signal (and all the film elements’ signals) from the top 

~ 0.3 nm of the BPY thin film. For the BCFZY thin film, the Ba 3d spectra intensities reduced at both 

angles of θ = 30 and 90˚ after relaxation measurements, as shown in Figure 9(b),(d). The XPS results 
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suggest that, similar to the case of BPY thin film, the Si deposition from the quartz tube under humid 

environments altered the surface chemistry of the BCFZY thin film. Additionally, the Ba 3d core spectra 

were shifted to higher binding energies after ECR/OTR, indicating possible oxidation of the BCFZY film 

and/or change in carrier concentration during its relaxation heat treatment. In support of this interpretation, 

Figure S13 shows that the primary film XRD peak for BCFZY shifted to a higher angle after ECR/OTR, 

suggestive of oxidation-induced out-of-plane lattice contraction, where oxidation likely corresponds to 

higher hole concentration via electroneutrality considerations. This shift was not observed for the BPY film 

before vs. after ECR/OTR. 

Analysis of surface compositions was attempted from XPS spectra for comparison to results from the other 

methods in this work. For BCFZY, an overlap of Ba 3d and Co 2p XPS spectra hindered quantitative 

compositional analysis. [23] However, the surface composition of the BPY film was quantified by fitting its 

XPS spectra as shown in Figure 9(e),(f), using sensitivity factors for each element for this particular XPS 

instrument. The calculated Ba/(Pr+Y) ratio at a take-off angle of 30˚ was ~2.01 and ~ 2.48 before and after 

relaxation measurement, respectively. The calculated Ba/(Pr+Y) ratio at a take-off angle of 90˚ was ~ 2.11 

and ~ 3.28 before and after relaxation measurement, respectively. It is evident that the Ba/(Pr+Y) ratio after 

relaxation measurement is higher than that of as-grown BPY thin film. Considering a nominal Ba/(Pr+Y) 

ratio of 1 in the bulk of BPY (as supported to some extent by other methods), the XPS results demonstrate 

a clear surface Ba enrichment relative to (Pr+Y) in the as-grown BPY film, which is further enhanced after 

the relaxation measurements. This result is consistent with the observed Ba-enrichment and Pr/Y deficiency 

at the surface of the BPY film after relaxation by STEM-EDS.   

Comparisons of bulk and surface compositional analyses resulting from various methods in this work (XRF, 

RBS, XPS, STEM-EDS) for both the films and the ceramic PLD targets are given in Tables 2-3. Taken 

together, the results indicated that the BPY film was more Ba-rich than the BCFZY film, and that this higher 

overall A-site Ba concentration coincided with Ba excess on the surface. By contrast, STEM-EDS 

demonstrated that the Ba deficiency observed throughout the BCFZY film extended to the surface. Since 

the Ba-deficient BCFZY film exhibited a lower and less stable proton exchange k value, we pursued 

fabrication of a more stoichiometric BCFZY film. As shown in Table 3, a film grown later from the BCFZY 

target that had become Ba-enriched and at 20 Hz rather than the typical 5 Hz resulted in a higher Ba content 

in the film, as analysed by RBS (Figure 10). The corresponding k values were higher than those of the Ba-

deficient BCFZY, as shown in Figure 3.  
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Figure 9 Ba 3d XPS spectra for the BPY (a),(c) and BCFZY (b),(d) thin films at take-off angles of θ = 30˚ 

and 90˚, before vs. after relaxation measurements. Comparison of surface atomic percentages analyzed from 

XPS spectra fitting for the BPY thin film at take-off angles of θ = 30 (e) and 90˚ (f) before and after 

relaxation measurements. 
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Figure 10 Rutherford backscattering spectrometry results and fitted lines of BCFZY thin films grown using 

an as-synthesized PLD target (at a repetition rate of 5 Hz) and a Ba-surface-enriched target after 1 year of 

PLD laser ablation (at a repetition rate of 20 Hz). 
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Table 2 Comparison of BPY thin film compositions. 

BaPr0.9Y0.1O3-δ Ba Pr Y Si 
Ba/(Pr+Y) 

ratio 

Ideal atomic % 50% 45% 5% 0% 1 

XRF PLD target 
atomic % 

(As synthesized) 

(± 0.5%) 

52.01% 44.15% 3.84% 0% 1.08 

(After ~ 1 year) 
(± 0.5%) 51.70% 44.45% 3.85% 0% 1.07 

RBS thin 
film 

atomic % 

(± 1%) 

(*For the 
RBS 

spectra, 
Figure 
S18) 

Before 
relaxation 58.75% 

35.93% 5.32% 

0% 1.42 
B-site: 41.25% 

XPS  

(θ = 90˚) 

(± 2%) 

Before 
relaxation 67.86% 26.59% 5.55% 0% 2.11 

After 
relaxation 47.21% 8.07% 6.32% 38.39% 3.28 

XPS  

(θ = 30˚) 

(± 2%) 

Before 
relaxation 66.83% 24.42% 8.75% 0% 2.01 

After 
relaxation 33.55% 5.16% 8.39% 52.92% 2.48 

STEM-
EDS 

(Bulk) 

(± 2%) 

After 
relaxation 47% 41% 7% 5% 0.98 

STEM-
EDS 

(Surface) 

(± 2%) 

After 
relaxation 44% 19% 4% 33% 1.91 
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Table 3. Comparison of BCFZY thin film compositions.  

Ba(Co0.4Fe0.4Zr0.1Y0.1)O3-δ Ba Co Fe Zr Y A/B ratio 

Ideal atomic % 50% 20% 20% 10% 10% 1 

XRF PLD target atomic % 

(As synthesized) 

(± 0.5%) 

46.86% 24.39% 16.47% 7.91% 4.38% 0.88 

(After ~ 1 year) 
(± 0.5%) 64.95% 14.38% 9.22% 7.47% 3.98% 1.85 

RBS thin 
film 

atomic % 

(5 Hz laser 
rep rate) 

(± 1%) 

Before 
relaxation 47.4% 

13.78% 22.26% 9.81% 6.75% 

0.90 

B-site: 52.6% 

RBS thin 
film 

atomic % 
(20 Hz laser 

rep rate) 
(± 1%) 

Before 
relaxation 49.6% 

11.8% 23.1% 7.99% 7.51% 

0.98 
B-site: 50.4% 

*20 Hz BCFZY thin film was grown from the BCFZY target with surface Ba-enrichment 
(confirmed by XRF) after approximately one year of laser ablation in the PLD system. 

XPS 
(Surface) 

Before 
relaxation 

Ba & Co spectra overlap 

After 
relaxation 

XPS (More 
surface 

sensitive) 

Before 
relaxation 

After 
relaxation 

STEM-EDS 
(Bulk) 

(± 2%) 

After 
relaxation 42% 13% 24% 14% 7% 0.72 

STEM-EDS 
(Surface) 

(± 2%) 

After 
relaxation 42% 13% 24% 14% 7% 0.72 
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4. Discussion 

4.1. Reaction taking place 

The application of simultaneous OTR and ECR provided insight into the nature of the material response to 

H2O introduction. Typically, under intermediate-to-high pO2 conditions, proton conductors can respond to 

an increase in pH2O with hydration or hydrogenation (Eqs. 2-3), with the ratio of oxygen vacancy 

concentration to hole concentration influencing which response may dominate. [8] If hydration takes place, 

the proton concentration increases and oxygen vacancies are filled. If hydrogenation takes place, holes are 

consumed while protons are added. These two different ways to change the defect chemistry are expected 

to have distinct and distinguishable consequences for the optical and electrical behavior. In the present work, 

the decrease of the predominantly p-type conductivity and increase of optical transmission upon H2O 

introduction is consistent with the lowering of hole concentration, as expected with hydrogenation. (By 

contrast, pure hydration would be expected to increase conductivity and cause little optical change at this 

wavelength.) We have shown previously that for MIECs, the optical absorption change can be proportional 

to the change in hole concentration. [19,21,41] In future work, DFT simulations of electronic structure and 

optical absorption changes in response to simulated hydration vs. hydrogenation processes (associated 

defect concentration changes) may be beneficial for more direct insight into the responses and identification 

of the most optimal probe wavelength to use (here ~2.8 eV worked well, but it may not be the most sensitive 

to hole concentration). For the most part, considering lower-temperature data that were not gas-flush-time-

limited, the transient response took the form of an exponential function, consistent with the expectation of 

surface exchange-limited kinetics for this model geometry and enabling determination of the proton 

exchange k value. 

4.2. Relationship between bulk composition, surface composition, and proton exchange kinetics 

It is important to build up an understanding of how electrode composition impacts the proton exchange k 

values, performance stability, and the related surface chemistry evolution. By comparing BPY, Ba-deficient 

BCFZY, and more stoichiometric BCFZY we can contribute some initial inferences about the roles of A- 

and B-site cations. Considering the A-site, we observed a correlation between the proton-exchange k values, 

the overall A:B ratio, and the surface A:B ratio. Higher overall A-site concentrations promoted A-site 

enriched surfaces and were favorable for high k values, with good steam-splitting performance stability in 

the case of BPY. Comparing compositions summarized in Table 2, it is evident that the surface [Ba]/[Pr+Y] 

concentration ratio was above 1 in the as-grown BPY thin film, and it increased even further as a result of 

performing the relaxation measurements at 400-500 °C. On the other hand, the Ba deficiency in the initial 

BCFZY thin film (bulk and surface) correlated to poorer k and stability over time. The non-stoichiometric 
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BCFZY thin film with the lowest k values exhibited a [Ba]/[Co+Fe+Zr+Y] ratio as low as 0.72-0.9 

according to S/TEM-EDS and RBS in Table 3, after relaxation measurements. To test the possible role of 

Ba concentration, we deposited BCFZY thin films using a Ba-enriched BCFZY target (also at a laser 

repetition rate of 20 Hz vs. the initial 5 Hz), leading to a recovery of the overall [Ba]/[Co+Fe+Zr+Y] ratio 

in the film from 0.9 to 0.98 (from RBS spectra, Figure 10  and Table 3). The more stoichiometric BCFZY 

thin film with the increased overall A-site concentration showed faster k values upon steam switching 

compared to the non-stoichiometric BCFZY thin film, as shown in Figure 3. (For the corresponding 

OTR/ECR curves, see the Figure S19.) Therefore, it seems that a high A-site cation concentration boosts 

steam-splitting kinetics at intermediate temperatures. This finding stands in contrast to the A-site 

compositional strategy employed in preparation of established oxygen electrodes for solid oxide cells, 

where oxygen surface exchange (typically pure redox rather than redox plus hydration in the present work) 

takes place. There, A-site Ba/Sr surface segregation is considered to be a significant cause of performance 

deterioration, and compositions are often prepared intentionally A-site deficient to lessen the segregation 

tendency and thereby inhibit degradation [42–45]. A-site rich surface layers might hinder both electronic 

charge transfer and oxide ion transfer in that case. In the present work, perhaps the basicity conferred by 

the A-site cation is a more important contributor to the fast proton surface exchange, since that feature 

supports proton uptake. However, taken to the extreme, one might expect severe A-site segregation to form 

an electronically poor surface coating, which may hinder electronic charge transfer and possibly then favor 

hydration over hydrogenation, assuming protons can still transfer. 

The basicity of the A-site cation-enriched surface also appears to promote reaction with acidic impurities, 

such as SiOx from the gas phase, in the present work. Under humid conditions, volatile SiOx or SiOxHy may 

form inside the quartz measurement tube, leading to Si deposition via vapor phase transport from the quartz 

tube onto the film surface. [25,46,47] Si is also a common impurity to consider for its potential presence in 

actual PCEC operation. For the mixed-conducting, fluorite-structured solid oxide cell electrode 

Pr0.1Ce0.9O2−δ [25], Si is well known as a surface impurity that can degrade the oxygen exchange ability. [47] 

However, when it comes to perovskite (rather than fluorite) surface exchange performance in the presence 

of Si and to steam-splitting (rather than nominally dry oxygen exchange), little is known about the role of 

Si. In the present study, BPY exhibited a relatively thick (~ 10 nm by STEM-EDS) layer rich in Ba and Si 

after relaxation measurements, whereas Ba-deficient BCFZY did not. Despite formation of that Si-rich 

reaction phase, the BPY exhibited relatively stable and high proton-exchange k values over time, in contrast 

to the unstable BCFZY, which was unable to complete even 5 relaxations upon steam-switching. The exact 

structure of the surface layer on BPY is not fully known. From Figure 8, considering the XPS peak positions 

in the Si 2s and C 1s spectra, Si might form bonds such as Si-O-Si, Ba-O-Si, Pr-O-Si, Si-C, and/or Si-OH 
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at the BPY thin film surface. STEM-EDS indicates the surface layer has a cation composition of 44 at% 

Ba, 19 at% Pr, 4 at% Y, and 33 at% Si. 

Considering the B-site, we observed that replacement of transition metal Co, Fe, and Zr with lanthanide Pr, 

upon going from BCFZY to BPY, did not harm the steam-splitting kinetics. Pr in BaPrO3-δ films reportedly 

maintains multivalency and p-type conductivity at least under dry conditions, [33] which is likely essential 

for hydrogenation. Additionally, the lower electronegativity of Pr vs. Fe, Co, and Zr may promote greater 

basicity of the oxide ion and thus more favorable hydration thermodynamics. The larger size of Pr vs. Fe, 

Co, and Zr lowers the crystal symmetry and thus the B-O-B angles in the perovskite, with potential 

consequences for B-O bond charge distribution, which also may impact hydration thermodynamics. The B-

site average ionic radius in BCFZY is approximately 71.9 pm (assuming high-spin Fe and Co in 3+ valence 

states, Y3+, and Zr4+ in VI-fold coordination), and in BPY it is approximately 87.5 pm (assuming primarily 

Pr4+ and Y3+ in VI-fold coordination), yielding tolerance factors of ~1.00 and ~0.94, respectively. 

Correspondingly BCFZY has been reported as cubic [48] whereas the BPY exhibits a rhombohedral 

structure at intermediate temperatures (e.g., 400-700 ˚C) [49]. It seems possible that Pr also contributes to 

the stability of BPY despite being partially depleted at the surface, because both Ba-deficient and Ba-

stoichiometric BCFZY films exhibited stability problems during relaxation studies. In other words, the A-

site cation may not be the only or primary determiner of the long-term stability in the presence of humidity 

and at intermediate temperatures.  

4.3. Further Insight into Surface Chemistry Evolution of BPY from Y 3d and Ba 3d X-ray Photoelectron 

Spectra 

From analysis of XPS peak positions including splitting, comparing different take-off angles and pre- vs. 

post- steam relaxation testing results, one can in principle gain further insight into depth-dependent 

evolution of local chemical environment. In this part of the discussion, we suggest some possible 

interpretations of the BPY films’ Y 3d and Ba 3d peak positions, noting some uncertainty due to the close 

convolution of “surface” vs “lattice” contributions in some cases and any potential charging effects. 

Y 3d.: Although the there is some peak overlap, we fitted and summarized the peak positions of the Y 3d 

spectra using two doublets to deconvolute the surface and lattice Y species in the BPY thin films at θ = 30 

and 90˚ as shown in Table S2 and Figure S20. First, the lower-binding-energy Y 3d peak positions (Y 3d3/2 

at 156.7~156.8 eV of and Y 3d5/2 at 154.7~154.8 eV) in the BPY thin film are reasonably consistent (+/- 

0.5 eV) with the peak positions (Y 3d3/2 at 157.2 eV and Y 3d5/2 at 155.1 eV) of lattice YʹZr in Y doped 

BaZrO3 in the literature [50]. This agreement suggests that Y substituted on the Pr site in the 6-fold-

coordinated perovskite B-site, as expected. Note that the charging effect can slightly shift the peak positions 
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to higher binding energies. [51] Second, the other peak pairs (Y 3d3/2 at 158.4~158.8 eV and Y 3d5/2 at 

156.4~156.8 eV) featured a positive shift of binding energy, which implies the Y bonds to a more 

electronegative group [e.g., hydroxide Y(OH)3, carbonate Y(CO3)3, hydroxycarbonate Y2(OH)x(CO3)y, 

oxycarbonate Y2Ox(CO3)y], suggesting that they correspond to possible surface yttrium compounds when 

the samples are exposed to the ambient air. Among them, the yttrium hydroxide might be a possible surface 

secondary phase in the as-grown BPY thin film because the peak positions (Y 3d3/2 of 158.4 eV and Y 3d5/2 

of 156.4 eV) are closer to those of yttrium hydroxide (Y 3d3/2 at 158.5 eV and Y 3d5/2 at 156.5 eV) from 

BaCexZr0.9−xY0.1O2.95 in the literature. [50] After steam exposure/relaxation, one Y 3d doublet overlaps with 

the Si 2s peak. It is therefore challenging to deconvolute the XPS spectra, to determine the contributions 

from lattice Y or surface Y. Nevertheless, after intermediate-temperature steam relaxation testing, at θ = 

30˚ (more surface-sensitive) the peaks attributed to lattice and surface Y are shifted to lower binding 

energies, with a decrease of 0.6 and 2.3 eV, respectively, as shown in Figure S20. On the other hand at θ 

= 90˚ (deeper information depth), the binding energy of lattice Y is increased by 1.4 eV after heating and 

steam relaxations. It indicates that the heating plus steam exposure/relaxation transformed the Y 

coordination environment differently depending on its depth. The negative and positive chemical shifts 

relative to the as-grown state might indicate growth of surface secondary phases such as surface yttrium 

hydroxide and oxidation in the bulk, respectively. [52] Meanwhile, the heating and steam exposure increases 

surface roughness from 0.57 to 6.68 nm. This change might also be due to larger grains of adsorbed 

hydroxides at the BPY thin film surface. Grain size / surface roughness typically increases with film 

annealing even in the absence of hydroxides however. Moreover, the main difference between before and 

after steam exposure/relaxation in the BPY thin film is the emergence of Si 2s spectra by formation of Si-

related compounds, so the larger grains may reflect those species. 

Ba 3d: For the quantitative analyses of XPS Ba 3d and O 1s spectra, we performed all the data fitting and 

report peak positions of Ba 3d3/2 and Ba 3d5/2 in Table S2 and Figure S21. The peaks at higher binding 

energy (blue lines) of the Ba 3d spectra are characteristic of the surface sensitive environment, whereas the 

peaks at lower binding energy (red lines) are characteristic of the lattice environment. [53] The area ratio of 

the surface:bulk fitted Ba 3d5/2 spectra is 0.174 at θ = 30˚ and 0.112 at θ = 90˚, in the as-grown BPY thin 

film, in Table S3. The as-grown BPY thin film already contains some surface Ba in an environment different 

to that of the bulk Ba, e.g. Ba hydroxide or under-coordinated Ba-O units. [52] After steam relaxation, the 

surface:bulk area ratios of the fitted Ba 3d5/2 spectra are 1.367 and ꝏ at θ = 30 and 90˚, respectively, in the 

BPY thin film in Table S3. In other words, the surface Ba signal increased considerably in intensity after 

steam-relaxation testing, which is consistent with the observed Ba-enriched surface seen more clearly by 

STEM-EDS measurements. Also, we fitted O 1s spectra to deconvolute the components as shown in Figure 

S22. At the O 1s spectra measured at θ = 30˚ in the BPY thin film after steam relaxation, we observed the 
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unusual peak of 527.7 eV, which is closer to that of BaO in the literature. [54] This result is also consistent 

with Ba-enrichment/segregation at the BPY surface after steam relaxation. 

 

4.4. Impact of substrate 

Observed proton exchange k values were generally slightly higher for films grown on MgO vs. those grown 

on Al2O3. A comprehensive investigation of the possible reasons is beyond the scope of this work, but we 

note that both substrates individually were confirmed to be inert in terms of electrical and optical responses 

to introduction of H2O at 400-500 °C, unlike certain perovskite substrate compositions tested in isolation 

(e.g. SrTiO3). The relationship of the substrate lattice parameter and symmetry to those of the film can 

influence the crystallographic orientation/ degree of texture, microstructure, and crystalline quality of films, 

all of which may in principle impact the k values. Further, strain, whether from coherent matching to 

substrates, growth-induced stress [55], and/or stoichiometry variations [56] could play a role in the k values. 

Compared to hexagonal sapphire, the cubic MgO substrate has both better lattice parameter matching to the 

films (~2.6% mismatch vs. BCFZY at 4.10 Å [12] and ~4.0% mismatch vs. BPY at 4.38 Å [49]) and closer 

coefficient of thermal expansion (1.26*10-5 K-1 [41] for MgO, 2.16*10-5 K-1 [12] for BCFZY, and 1.31*10-5 

K-1 for BPY (R3̅c) [34] vs. 7.3*10-6 K-1 [57] along sapphire a-axis). On this basis, one expects potentially 

better crystalline quality for the films grown on MgO with the possibility for substrate-induced strain. A 

comparison of XRD patterns and AFM images in Figure 1 and Figure S3 reveals however only slight 

differences in films’ structures, as deposited, depending on substrate. Within the limited data set of 4 films, 

there is no systematic impact of substrate on grain size or RMS roughness of the films, as-deposited: the 

grain size appears larger for BPY on MgO and smaller for BCFZY on MgO relative to the films on sapphire, 

but the differences are small. The out-of-plane orientations of the films are also not varying with substrate. 

For the BCFZY films, the strong (110) reflection of the film grown on MgO is positioned at a higher angle 

than that of the film grown on sapphire, where the reflection is less intense. Its smaller out-of-plane lattice 

parameter might imply that the film grown on MgO was more oxidized or less hydrated at that time. On the 

other hand, for the BPY films, the (121) peak of the film grown on MgO is positioned at a slightly lower 

angle than that of film grown on sapphire, suggesting perhaps slightly higher reduction or hydration at that 

point. Regardless, the degree of oxidation and hydration is expected to change during the elevated-

temperature testing in steam, so these small differences as-deposited may not be significant for the 

measured k values. One possibility may be that different ions/impurities from the two substrate chemistries 

diffuse up through the films’ grain boundaries to the surfaces causing slight changes in k values as a function 

of substrate; we did not specifically observe trace impurities beyond Si by XPS or STEM-EDS in this work, 

however. 
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5. Conclusion 

In this work, we fabricated and compared two perovskite triple conducting oxides by growing geometrically 

well-defined films of BPY and BCFZY with PLD. We examined the proton exchange k-values using 

simultaneous in-situ optical transmission relaxation and electrical conductivity relaxation measurements 

upon switching pH2O at ~ 400 and 500 ˚C, and continued these switches as a function of time to assess 

stability. To our knowledge, this is the first use of an optical transmission method to probe elevated 

temperature steam splitting kinetics, and we interpreted the optical (and electrical) changes as indicative of 

reduction/oxidation during the hydrogenation/dehydrogenation process. The k values of BPY thin films 

were generally higher than those of the BCFZY thin films grown under identical conditions, and BPY also 

retained higher k values over time, demonstrating greater performance stability. Counter to the observed 

surface exchange behavior, the BPY film demonstrated the largest changes in surface composition and 

morphology after vs. before OTR/ECR. The BPY film as a whole was close to the ideal stoichiometry as-

deposited, perhaps slightly A-site rich (depending on analysis method); relatedly, its surface was Ba-

enriched as-grown, and this Ba enrichment increased as a result of the ECR/OTR testing. STEM-EDS 

revealed a significant Si concentration in the Ba-enriched surface region after ECR/OTR. For BCFZY, the 

films grown under the same condition were Ba-deficient overall, leading to no obvious Ba surface 

segregation, and a suppressed reaction with Si at the surface. Given the better performance of Ba-surface-

rich BPY for steam-splitting, we prepared BCFZY with a higher Ba content, and these films exhibited 

improved proton exchange k values vs. the Ba-deficient BCFZY. We conclude that, in contrast to SOEC 

electrodes where A-site Ba/Sr enrichment is thought to be avoided for fast oxygen surface exchange, PCEC 

electrodes’ proton exchange kinetics are benefitted by a basic Ba-rich surface, even though it reacts with 

acidic impurities. Further, replacement of the nominally multivalent transition metal elements (Fe, Co) with 

lanthanide (Pr) on the B-site did not prevent hydrogenation from taking place well. Our work offers a 

beneficial approach, leveraging geometrically well-defined thin films and continuous OTR/ECR, to 

quantify proton exchange k values and their stability on emerging triple conductor compositions. 

Additionally, we suggest the BPY composition as a simpler, Co-free, potentially more efficient and stable 

alternative to the benchmark BCFZY anode.  
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