Significantly enhanced oxygen transport properties in mixed conducting perovskite oxides under humid reducing environments
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Abstract
Mixed ionic and electronic conducting (MIEC) perovskite oxides (ABO3) have a substantial role in carbon-neutral clean energy conversion and storage technologies. Owing to their favourable catalytic properties, high ionic and electronic conductivity, and chemical and redox stability, MIEC perovskite oxides are promising electrode materials in multiple applications such as solid oxide fuel/electrolysis cells (SOFC/SOEC), oxygen transport membranes (OTMs), metal-air batteries, electrochemical sensors, and electrocatalysts for water splitting. Here, taking (La0.8Sr0.2)0.95Cr0.5Fe0.5O3-δ (LSCrF8255) as a model MIEC perovskite oxide, we demonstrate that the oxygen mass transport properties are significantly enhanced under a humid reducing water vapour environment (pO2 < 1 mbar, pH2O = 30 mbar), by up to 4 orders of magnitude compared to those measured under dry (pO2 = 200 mbar) and wet (pO2 = 200 mbar, pH2O = 30 mbar) oxygen atmospheres. A 0.8 eV decrease in the activation energy for oxygen bulk diffusion was also found under water vapour, and a decrease in activation energy of 0.7 eV for water surface exchange compared to oxygen surface exchange. The mechanisms underpinning these enhancements were explored. Further, LSCrF8255 has also exhibited a consistent surface composition evolution regarding Sr segregation and phase separation, and an excellent bulk stability under both oxidizing and reducing environments at elevated temperatures. 
1. Introduction
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Climate change, together with the shortage of fossil fuels and sharp increase in energy demand, have necessitated a shift from low efficiency, carbon-intensive technologies to decarbonized, energy efficient, and renewable alternatives1. In the field of sustainable energy conversion and storage, mixed ionic and electronic conducting (MIEC) perovskite oxides (ABO3) have received substantial attention and made prominent contributions. MIEC perovskite oxides have been widely studied for decades with applications in solid oxide fuel/electrolysis cells (SOFCs/SOECs), oxygen transport membranes (OTMs), chemical sensors, metal-air batteries and electrocatalysts for water splitting due to their favourable catalytic properties, high mixed electronic and ionic conductivity, and chemical and redox stability2,3,12,13,4–11. For example, as the fuel electrode of a SOFC/SOEC, MIEC perovskite oxides offer advantages over the conventional cermet Ni/YSZ, by avoiding degradation through Ni agglomeration and enlarging the electrochemically active surface area from just the triple phase-boundary region14–18.
Despite huge commercial and academic interest, the majority of studies on the oxygen transport properties of MIEC perovskite oxides have been carried out under dry oxygen environments while during practical operation conditions the actual environment can be significantly more complicated. For MIEC perovskite oxides applied as the air electrode (cathode) of SOFCs, or as OTMs operating in atmospheric environments, humid water vapour is an important oxygen bearing molecule contained in the air mixture, besides molecular oxygen. Meanwhile, water is also considered as an ideal source for hydrogen production19. Hydrogen production through water electrolysis is achieved through the application of MIEC perovskite oxides as the fuel electrode (cathode) of SOECs or membrane reactors operating in humid environments with low oxygen chemical potential9–13. Despite water vapour being a fundamental oxygen bearing molecule present in the input gas stream in the aforementioned electrochemical systems, studies on the water-induced oxygen transport properties are rather scarce.  Early studies have suggested that water-induced oxygen transport kinetics and mechanisms can be discrete from those of molecular oxygen20–25. The surface chemistry of MIEC perovskite oxides can also be modified by the presence of water vapour in humid environments, which would further influence the materials’ performance and durability21,25–27.
We present this work as a fundamental study of the oxygen transport properties and mechanisms of (La0.8Sr0.2)0.95Cr0.5Fe0.5O3-δ (LSCrF8255) as a model MIEC perovskite oxide under water vapour conditions. To achieve a comprehensive understanding of the topic, this work will be correlated with oxygen transport properties of LSCrF8255 in both dry and wet oxygen atmospheres21,28. 
2. Experimental Section
[bookmark: _Hlk68705767][bookmark: _Hlk512686702](La0.8Sr0.2)0.95Cr0.5Fe0.5O3-δ (LSCrF8255) powders were directly supplied by Praxair, Inc. (LOT: 03-P6760DM). La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF6428) powders were supplied by Sigma Aldrich, Inc. (LOT: MKBT7480V). Dense ceramic pellets ( 97% of the theoretical density) were obtained by sintering the green pellets with either a 13 mm or a 6 mm diameter after uniaxial pressing at a load of 2 tons. The sintering condition was at 1450 °C for 6 hours for LSCrF8255, and at 1250 °C for 8 hours for LSCF6428, both in static air with 5 °C/min heating and cooling rates. Sintered pellets were then abraded with successive grades of SiC paper (Struers UK Ltd) and polished down to ¼ µm with diamond suspensions (Struers UK Ltd) to reduce any error arising from surface roughness.
The mass transport properties of the oxygen ions were probed through oxygen isotope exchange depth profiling (IEDP) coupled with secondary ion mass spectrometry (SIMS).  A dry oxygen exchange rig system (Figure S1a in supplementary information (SI)) was applied to undertake 18O2 (supplied by CK Isotopes Ltd, enrichment measured at 93%) exchange in dry oxygen environments (p18O2 = 200 mbar). The IEDP technique has been modified through use of a wet exchange rig system (Figure S1b in SI) to undertake H218O (supplied by Sigma-Aldrich, enrichment measured at 89%) exchange in water vapour environments (pH218O = 30 mbar). The oxygen isotopic exchange process consists of two stages: an 16O pre-anneal, designed to eliminate any chemical gradient of oxygen within the sample and to mitigate the mechanical damage introduced by polishing, followed by an 18O exchange anneal step. The 16O pre-anneal was conducted for 8 times the duration of the exchange anneal and both steps were carried out under equivalent thermal and chemical atmospheres. During the exchange anneal, the 18O tracer species is introduced and the diffusion profile of the tracer oxygen ions is determined through time-of-flight secondary ion mass spectrometry (ToF.SIMS 5, IONTOF GmbH, Germany). The depth of the crater after SIMS analysis was measured using a 3D optical interferometer (NewView 200, Zygo Corporation, US). The tracer oxygen self-diffusion coefficient D* and the surface exchange coefficient k were calculated by fitting the diffusion profiles with Crank’s solution to Fick’s second law of diffusion for a semi-infinite medium29:

where  is the normalised isotopic fraction,  is the ratio of 18O signal intensity to the total intensity of (16O+18O) in the material measured by SIMS, x is distance from the sample surface, t is the time of the 18O isotope exchange anneal, Cbg is the natural isotopic background of 18O, Cg is the isotopic fraction of the 18O exchange annealing gas. In-situ residual gas analysis (HALO51, Hiden Analytical Ltd, UK) was also carried out during the exchange anneal to study the change in gas composition.
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were performed on dense sintered LSCrF8255 pellets before and after annealing under the different environments (‘Jupiter’ STA449C and F5 simultaneous DSC/TGA instruments, Netzsch GmbH, Germany). Before each thermal analysis, the chamber cell was heated to 1000 °C to minimize the effect of residual humidity. For each thermal analysis, the LSCrF8255 sample was heated to 1000 °C at 10 °C min-1 in compressed air (H2O < 2 vpm, BOC Ltd, UK) flow of 60 ml min-1.
X-ray photoelectron spectroscopy (XPS) and angle-resolved XPS (ARXPS) were performed using a high-throughput X-ray photoelectron spectrometer (K-Alpha+, Thermo Fisher Scientific, US) with a monochromated Al Kα radiation source (h = 1486.6 eV) operating at 2×10-9 mbar base pressure. The X-ray source used a 6 mA emission current and 12 kV anode bias, giving an X-ray spot size of up to 400 µm2. Survey and core level spectra were collected with pass energies of 200 eV and 20 eV respectively. ARXPS was conducted at a sample tilt angle of 80°, probing the chemical composition at a depth of less than 1 nm, compared to the average depth of 10 nm probed in XPS. Spectra were processed by subtraction of a Shirley-type background and peaks were fitted using a Gaussian-Lorentzian line shape.
Scanning electron microscopy (SEM) was carried out using a LEO Gemini 1525 Field Emission Gun (FEG)-SEM (Carl Zeiss Ltd, Germany) instrument to study chemical composition and microstructure. Further investigation into the chemical composition of phases formed during the exchange anneal was carried out through scanning transmission electron microscopy (STEM) on a JEM-2100F transmission electron microscope (JEOL Ltd, Japan) operated at 200 kV and equipped with an EDX detector (Oxford instruments plc, UK). EDX was carried out in STEM mode, using a 0.7 nm spot size and 20 cm camera length. TEM foils were prepared from LSCrF8255 dense pellets by FIB milling using a focussed ion beam scanning electron microscope (FIB-SEM) (Helios NanoLab 600, Thermo Fisher Scientific, US). 
X-ray diffraction (XRD) and neutron diffraction were used to study the bulk stability of the LSCrF8255 material under both the reducing and oxidizing environments. XRD analysis was carried out using a PANalytical MPD instrument (PANalytical plc, UK) with Cu Kα radiation (λ=1.5406 Å) used to collect data in the 20° to 100° 2θ range. Neutron diffraction data was collected on the high resolution powder diffractometer (HRPD) at ISIS neutron and Muon source in UK, and on the super high resolution powder diffractometer (superHRPD) at J-PARC centre in Japan. Dense LSCrF8255 pellets were contained in a vanadium can for neutron diffraction analysis. Both the XRD and neutron diffraction data were collected at room temperature and fitted by Le Bail refinement30 with the FullProf 31 and GSAS32 software suite.
3. Results and discussion
Figure 1 shows an Arrhenius plot of the values of oxygen tracer diffusion coefficient, D*, obtained from LSCrF8255 samples isotopically exchanged in the water vapour environments (pO2 < 1 mbar, pH218O = 30 mbar), together with those exchanged in dry (p18O2 = 200 mbar) and wet (pO2 = 200 mbar, pH218O = 30 mbar) oxygen atmospheres. The corresponding values are shown in Table S1 in supplementary information (SI). The diffusion profiles of LSCrF8255 pellets exchanged at 600, 700, 800, and 900 °C in the water vapour atmospheres are shown in Figure S2 in SI. As can be seen from Figure 1, the D* values obtained from the samples exchanged in the wet and dry oxygen atmospheres, both with an oxygen partial pressure of 200 mbar, are consistent at each temperature. However, the samples exchanged in water vapour show an extraordinarily larger value of D* than those exchanged in the wet and dry oxygen atmospheres respectively, with an increase of 4 orders of magnitude at 600 and 700 °C and 3 orders of magnitude at 800 and 900 °C. This result indicates that the oxygen bulk diffusion kinetics of LSCrF8255 are significantly enhanced under the water vapour conditions. 
[image: ]
Figure 1. Oxygen diffusion coefficients of LSCrF8255 samples isotopically exchanged in water vapour (pO2 < 1 mbar, pH218O = 30 mbar), dry oxygen (p18O2 = 200 mbar), and wet oxygen (pO2 = 200 mbar, pH218O = 30 mbar) atmospheres as a function of inverse temperature. Lines are least squares fits to Arrhenius behaviour.
Further, the Arrhenius plots in Figure 1 all show a good linear fit. The calculated activation energy for oxygen ion bulk diffusion in LSCrF8255 was found to be approximately 2.5 eV under the dry and wet oxygen atmospheres. Under the water vapour atmosphere, the activation energy for oxygen bulk diffusion was remarkably reduced, at 1.7(1) eV. Bulk diffusion of oxygen ions through the perovskite structure occurs due to the solid-state migration of oxygen vacancies33–35. The oxygen tracer diffusion coefficient, D*, is proportional to the oxygen vacancy diffusion coefficient, DV, and the site fraction of oxygen vacancies, nV35. Based on this proportional relationship, it can be deduced that the activation energy for bulk oxygen ion diffusion is the sum of the vacancy migration enthalpy and an enthalpy related to oxygen vacancy generation35. Following on from the oxygen ion diffusion theory, the significant enhancement in the oxygen ion bulk diffusion kinetics of LSCrF8255 under water vapour is very likely related to the change in the concentration of oxygen vacancies under this condition compared to the wet and dry oxygen atmospheres. 
Thermogravimetric analysis (TGA) was applied to probe the oxygen vacancy content in each LSCrF8255 sample after thermal treatment in different annealing environments. Two series of measurements were performed. The first series was performed on a set of four samples: one sample sintered in static air at 1450 °C and further samples obtained after annealing sintered samples under water vapour, dry oxygen and wet oxygen atmospheres respectively at 900 °C. The second set of TGA measurements was carried out on samples annealed at 600, 700, 800, and 900 °C in water vapour. Each annealed sample was subject to the same annealing duration of a 24-hour 16O pre-anneal followed by a 3-hour 18O isotopic exchange anneal. The result of the first set of TGA measurements is shown in Figure S3 and Table S2 in SI. The TGA curves in Figure S3 indicate that the mass of each sample increased during the TGA process, becoming constant within 2 hours. In Table S2, the samples annealed in the wet and dry oxygen conditions show a similar degree of oxygen uptake during TGA analysis with approximately 0.023 % mass increase for both samples. The oxygen non-stoichiometry, δ, for these two samples was calculated to be 0.007(1), very close to the value obtained from the sintered sample (0.006(1)). In comparison, the oxygen uptake was much higher in the sample annealed in water vapour, with a 0.080(1) % increase in mass. The calculated oxygen non-stoichiometry of  = 0.022(1) is therefore considerably higher than the values obtained from the samples annealed isothermally in the two oxidizing conditions. The result of the second set of TGA measurements is shown in Figure S4 and Table S3 in SI. Figure S4 and Table S3 indicate that, for the samples annealed at 600 and 700 °C, the mass increase was approximately 0.067 % and the δ value was approximately 0.019. The mass increase in the samples annealed at 800 and 900 °C is slightly higher, at approximately 0.088 % and 0.080 %, with δ values of approximately 0.025 and 0.022, respectively. As indicated by the δ values, the oxygen vacancy level in the LSCrF8255 sample annealed in water vapour at various temperatures is considerably greater than that in the sintered sample, and the samples annealed in oxidizing conditions identified in the first series of measurements. The increased oxygen vacancy concentration plays a critical role in facilitating the bulk diffusion of oxygen ions. Additionally the increase in the δ values of LSCrF8255 annealed in water vapour has a good agreement with previous studies on lanthanum chromites heat treated in reducing atmospheres36.
[bookmark: _Hlk67155392]The enhancement in oxygen ion diffusion kinetics under water vapour raises an issue in the determination of the surface exchange coefficient, k, through the isotope exchange depth profiling (IEDP) method as the H218O fraction of the environment, Cg, decreases dramatically throughout the exchange anneal, particularly at high temperatures. The values of k obtained at 800 and 900 °C have therefore been corrected, details of which are given in Section 4 in SI. Figure 2 presents an Arrhenius plot of the k values obtained from LSCrF8255 samples isotopically exchanged in the water vapour atmosphere (pO2 < 1 mbar, pH218O = 30 mbar) with samples exchanged in dry (p18O2 = 200 mbar) and wet (pO2 = 200 mbar, pH218O = 30 mbar) oxygen atmospheres. The corresponding values are shown in Table S13 in SI. 
[image: ]
Figure 2. Oxygen surface exchange coefficients of LSCrF8255 samples isotopically exchanged in water vapour (pO2 < 1 mbar, pH218O = 30 mbar), dry oxygen (p18O2 = 200 mbar), and wet oxygen (pO2 = 200 mbar, pH218O = 30 mbar) atmospheres as a function of inverse temperature. Lines are least squares fits to Arrhenius behaviour.
In Figure 2, it is interesting to note that the activation energy for water surface exchange in both the humid oxidizing and humid reducing conditions is approximately 0.8 eV. This may indicate a similarity in the mechanisms of water surface exchange onto the MIEC perovskite surface in both conditions. In a H218O-containing environment, the adsorption and dissociation of H218O in the gas phase is mostly likely to occur on an oxygen vacancy site, forming two hydroxyl groups with an adjacent oxygen (Equation 1). Further incorporation of the tracer 18O ions occurs via desorption of H216O molecules (Equation 2). 
	
	(Equation 1)
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	(Equation 2)


This potential water surface exchange mechanism is illustrated in Figure 3a. The in-situ residual gas analysis (RGA) results shown in Table S4, S5, S6, S7, S9, and S10 in SI indicate this mechanism is highly likely: throughout the water isotopic exchange, the abundance of H218O decreases and the abundance of H216O increases, while the sum of the abundance of both remains almost constant. An example of the RGA result is illustrated in Figure 3b. 
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Figure 3. (a) A schematic of the water surface exchange mechanism, (b) An example of an in-situ RGA result from the isotope exchange in water vapour at 900 °C showing the change in the abundance of H216O and H218O.
Figure 2 also shows that the activation energy for water surface exchange (approximately 0.8 eV) is remarkably lower than the activation energy for oxygen surface exchange measured in the dry oxygen atmosphere at 1.5(1) eV. A decrease in the activation barrier for water-induced oxygen dissociation has been studied by Staykov et al.26 and Nenning et al.22 in other MIEC perovskite oxides through both theoretical and experimental approaches. The formation of hydrogen bonds in the water surface exchange process is one potential reason for the decrease in the activation barrier26. It has also been suggested that the oxidation state of O could remain at -2 throughout the surface exchange process; electron transfers are not required for oxygen incorporation from water vapour22,23. The non-redox oxygen exchange, in contrast to the oxygen reduction reactions (ORR) that occur under the dry oxygen environment, could lead to the enhanced surface exchange properties. Indeed, compared to samples exchanged in the wet and dry oxygen atmospheres, the samples exchanged in water vapour show a larger value of k, indicating faster surface exchange kinetics. This enhancement is believed to be primarily due to the different exchange mechanism between molecular oxygen and water, as well as the greater concentration of oxygen vacancies present on the sample surface in the humid reducing condition. In addition, samples exchanged in the wet oxygen atmosphere display lower k values than those exchanged in the other two atmospheres. This is due to the competition between water and oxygen molecules for the oxygen vacancy sites on the sample surface, as well as the scrambling behaviour between H218O and 16O2 forming 16,18O220,21.
Despite the significant enhancement in oxygen transport properties in water vapour, it is important to investigate surface chemistry and bulk stability under such conditions. Through studying the chemical change on the material surface, we propose two phenomena which could influence the surface exchange kinetics. The first is the reaction of water molecules with the quartz glass tube used for the isotopic exchange. This may result in the deposition of a Si enriched layer on the sample surface, which could limit the surface exchange kinetics25. Tables S14 and S15 in SI display the quantity of Si species on the surface of the LSCrF8255 samples annealed in water vapour obtained through X-ray photoelectron spectroscopy (XPS) and angle-resolved XPS (ARXPS). The amount of Si species increases with annealing temperature but varies little with annealing duration. The second phenomenon to consider is Sr surface segregation, which has been studied intensively in a range of perovskite oxides21,25,43–50,26,27,37–42. The key driving forces for Sr segregation originate from the elastic and electrostatic interactions of Sr with the surrounding lattice in a perovskite oxide37,38, and the formation of an inert Sr-enriched surface layer would suppress the reaction between water and the LSCrF8255 surface25,37,39–42. Figure 4 summarizes the study of Sr segregation in this work. The quantification of Sr in the surface precipitates [Sr]surface, and in the perovskite lattice [Sr]bulk, were performed through peak fitting the Sr 3d spectra (Figure 4a). Details of the fitting can be found in Figure S7 and Table S16 in SI. The atomic ratio of the total La content [La]total over the total Sr content [Sr]total (analysing total peak areas: surface and bulk) was also calculated based on the peak areas of the La 3d5 and Sr 3d5 photoelectron peaks. The quantification results are illustrated in Figures 4b and 4c (corresponding data shown in Table S17 in SI). On the surface of the samples annealed in water vapour for 27 hours (3-hour exchange anneal, 24-hour pre-anneal), the atomic ratio of [Sr]surface/[Sr]bulk was found to increase with annealing temperature, while the ratio of [La]total/[Sr]total decreased. This indicates that the degree of Sr surface segregation and enrichment increased with annealing temperature and was particularly high at temperatures above 800 °C. Additionally, Table S18 in SI displays the atomic ratio of [Sr]surface/[Sr]bulk and [La]total/[Sr]total on the surface of LSCrF8255 samples annealed in water vapour at 800 and 900 °C with different durations. The concentration of [Sr]surface was found to increase with annealing time. Further, the growth of surface precipitates with annealing temperature was also revealed by scanning electron microscopy (SEM). A series of backscattered electron (BSE) images of samples annealed in water vapour from 600 to 900 °C is illustrated in Figures 4d – 4g. In Figure 4g, on the sample annealed at 900 °C, the precipitates can be observed in the grains, along the grain boundaries and along the mechanical scratches induced by polishing. The presence of a Sr-enriched top surface layer on the sample to a depth of a few nm was confirmed by the energy dispersive X-ray spectroscopy mapping carried out in scanning transmission electron microscopy mode (STEM-EDX) (Figure 4h). Moreover, we turned our attention to the chemical environment of Sr in the surface species. In water vapour, the Sr-enriched precipitates are more likely to be Sr(OH)2, considering the strong hydroxyl bond signature shown in the O 1s spectra (Figure S8a in SI) and the lack of carbonate bond signature in the C 1s spectra (Figure S8b in SI). The formation of Sr(OH)2 could be due to water dissociation on the surface SrO: . It is also interesting to note that the Sr surface species could react with the deposited Si species, forming a reconstructed SrSiO3-like phase. This is verified by the STEM-EDX map shown in Figure 4h. In addition to a Sr-rich surface segregated phase, the BSE images of annealed samples (Figure 4d – 4h) show another secondary phase which is not present in the sintered samples (Figure S9 in SI). This phase is B-site cation enriched (significantly Fe enriched and relatively Cr enriched) and A-site cation (La and Sr) deficient (grains “A”, “B”, “C” in Figure 4h). The surface composition evolution in LSCrF8255, specifically Sr segregation and phase separation, was also observed on the material annealed in the dry and wet oxygen atmospheres21. 
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Figure 4. (a) An example of XPS (black) and ARXPS (red) Sr 3d spectra collected from the annealed LSCrF8255 sample in water vapour at 800 °C; (b – c) the concentration ratios of (b) [Sr]surface/[Sr]bulk and (c) [La]total/[Sr]total at the sample surface annealed at 600 – 900 °C in water vapour, the dashed line indicates the bulk stoichiometry; (d – g) BSE images of the sample annealed in water vapour at (d) 600, (e) 700, (g) 800, and (f) 900 °C; (h) STEM-EDX map focusing on the surface region of the 900 °C annealed sample highlighting the Sr- and Si enriched top surface layer and the B-site cation enriched secondary phase (grain “A”, “B”, “C”).
The bulk stability of LSCrF8255 under the humid reducing atmosphere is further studied through X-ray diffraction (XRD) and neutron diffraction techniques. Figure S10 in SI shows fitted XRD patterns of samples annealed in water vapour, which agree with the study by Sabarou et al.51 on LSCrF perovskites. Figure S11 in SI presents a comparison of the XRD patterns obtained from samples annealed in the different conditions with the same annealing time as those samples which underwent isotopic exchange from 600 to 900 °C (3-hour exchange anneal, 24-hour pre-anneal). All the diffraction peaks are consistent in position. Further, Figure S12 in SI illustrates a comparison of the neutron diffraction patterns of the sintered LSCrF8255 sample and samples annealed in the wet oxygen and water vapour conditions at high temperatures with the same 27-hour annealing time. The diffraction peaks are again consistent in position. An example of the fitted neutron diffraction pattern is displayed in Figure S13 in SI. The lattice parameters of the LSCrF8255 as a function of annealing temperature and environment are summarized in Table S19 in SI. The XRD and neutron diffraction results indicate a high level of bulk stability of LSCrF8255 in both oxidizing and reducing atmospheres at elevated temperatures.
Finally, the phenomenon of enhanced mass transport of oxygen ions under humid reducing conditions was also demonstrated in another MIEC perovskite oxide, La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF6428). Table 1 presents the values of D* and k obtained from samples of LSCF6428 after exchange annealing in the dry oxygen and water vapour atmospheres at 800 °C. 
Table 1. Diffusion kinetic parameters of La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF6428) exchanged in the dry oxygen and water vapour atmospheres. 
	Condition
	T (°C)
	Exchange duration (h)
	D* (cm2 s-1)
	k (cm s-1)

	Dry oxygen
	800
	1
	3.6×10-8
	1.2×10-6

	Water vapour
	800
	0.36
	2.1×10-7
	1.4×10-6


In Table 1, increased D* and k values were observed in the sample exchanged in water vapour. It is therefore demonstrated that the phenomenon of enhanced oxygen diffusion induced by reduction in a humid atmosphere with low oxygen partial pressure is not only present in the LSCrF material but can also be applied to a broader range of MIEC perovskite oxides that could be considered for steam electrolysis applications.
4. Conclusions
The LSCrF8255 perovskite oxide demonstrates a significant enhancement in oxygen ion mass transport properties under a humid reducing water vapour environment (pO2 < 1 mbar, pH2O = 30 mbar), compared to dry (pO2 = 200 mbar) and wet (pO2 = 200 mbar, pH2O = 30 mbar) oxygen atmospheres. An increase in oxygen bulk diffusivity of up to 4 orders of magnitude was observed, alongside a 0.8 eV decrease in the activation energy for oxygen bulk diffusion. The increased concentration of oxygen vacancies generated in water vapour facilitates the oxygen bulk diffusivity. Further, an increase in the surface exchange kinetics of up to 2 orders of magnitude was observed, and a decrease in activation energy of 0.7 eV for water surface exchange compared to oxygen surface exchange. The enhancement in the surface exchange kinetics is due to the greater oxygen vacancy concentration on the surface, as well as the differing surface exchange mechanisms of water vapour and molecular oxygen. Furthermore, LSCrF8255 has exhibited a consistent surface composition evolution regarding Sr segregation and phase separation, and an excellent bulk stability under both oxidizing and reducing environments at elevated temperatures. We propose that the water-induced oxygen transport properties and mechanisms identified in this paper can be applied to a wider range of MIEC perovskite oxides in electrochemical technologies.
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