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Figure S1. (a – b) Schematic of the 18O2 and H218O exchange rig set up.
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Figure S2. Diffusion profiles of LSCrF8255 pellets isotopically exchanged at (a) 600, (b) 700, (c) 800, and (d) 900 °C in a water vapour atmosphere (pO2 < 1 mbar, pH218O = 30 mbar) for 3 hours (the green horizontal ovals display the discrepancies arising from fast diffusion phenomena as grain boundaries and dislocations1,2).

Table S1. Comparison of the bulk oxygen tracer diffusion coefficient D* obtained from 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 with the same thermal history. The diffusivity measured in the dry oxygen is in an excellent agreement with our previous data report in2. The diffusivity measured in the wet oxygen is taken from our previous data reported in1. 
	Temperature (°C)
	Exchange duration
(h)
	D* (cm2 s-1)

	
	
	Water vapour
	Dry oxygen
	Wet oxygen1

	600
	3
	7.7×10-12
	4.7×10-16 
	6.6×10-16 

	700
	3
	1.1×10-10
	1.2×10-14 
	1.6×10-14 

	800
	3
	3.8×10-10
	1.4×10-13
	2.2×10-13

	900
	3
	2.9×10-9
	2.4×10-12
	3.8×10-12
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Figure S3. TGA and DSC curves of the sintered LSCrF8255 sample and of the samples annealed in the dry oxygen, wet oxygen, and water vapour environments at 900 °C with 27 hours total anneal time.

Table S2. TGA results and calculated oxygen non-stoichiometry δ of the sintered LSCrF8255 sample and samples annealed in the dry oxygen, wet oxygen, and water vapour environments at 900 °C with 27 hours total anneal time.
	Sample
	Mass gain %
	δ

	Sintered sample
	0.023(1)
	0.006(1)

	Dry oxygen annealed sample at 900 °C
	0.023(1)
	0.007(1)

	Wet oxygen annealed sample at 900 °C
	0.022(1)
	0.007(1)

	Water vapour annealed sample at 900 °C
	0.080(1)
	0.022(1)



[image: ]
Figure S4. TGA and DSC curves of LSCrF8255 samples annealed in the water vapour environment from 600 to 900 °C with 27 hours total anneal time.

Table S3. TGA results and calculated oxygen non-stoichiometry δ of LSCrF8255 samples annealed in the water vapour environment at 600, 700, 800, and 900 °C, with 27 hours total anneal time.
	Sample
	Mass gain %
	δ

	Water vapour annealed sample at 600 °C
	0.065(1)
	0.018(1)

	Water vapour annealed sample at 700 °C
	0.067(1)
	0.019(1)

	Water vapour annealed sample at 800 °C
	0.088(1)
	0.025(1)

	Water vapour annealed sample at 900 °C
	0.080(1)
	0.022(1)
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[bookmark: _Hlk67154862]The RGA results from the isotopic exchanges performed at 600, 700, 800 and 900 °C with an exchange time of 3 hours are shown in Tables S4, S5, S6 and S7.
[bookmark: _Hlk55992829]Table S4. RGA data from the water vapour isotopic exchange environment (pH218O = 30 mbar) measured at 600 °C. The 18O isotopic fraction in the gas atmosphere Cg is calculated to be 89% at the start of exchange, decreasing to 84% at the end.
	Gas species abundance
	Anneal in H218O at 600 °C for 3 hours

	
	At the start
	At the end

	Mass 1 - H
	8.4%
	8.3%

	Mass 2 - H2
	0.6%
	0.5%

	Mass 16 - 16O
	0.3%
	0.3%

	Mass 17 - 16OH
	1.4%
	2.3%

	Mass 18 - H2O or 18O
	7.4%
	11.9%

	Mass 19 - 18OH or H316O
	14.6%
	14.0%

	Mass 20 - H218O
	62.1%
	58.2%

	Mass 21 - H318O
	1.3%
	1.3%

	Mass 32 - 16O2
	3.6%
	2.7%

	Mass 34 - 16O18O
	0.1%
	0.2%

	Mass 36 - 18O2
	0.2%
	0.3%



[bookmark: _Hlk55993812]Table S5. RGA data from the water vapour isotopic exchange environment (pH218O = 30 mbar) at 700 °C. The 18O isotopic fraction in the gas atmosphere Cg is calculated to be 89% at the start of exchange, decreasing to 79% at the end.
	Gas species abundance
	Anneal in H218O at 700 °C for 3 hours

	
	At the start
	At the end

	Mass 1 - H
	8.3%
	8.5%

	Mass 2 - H2
	0.6%
	0.5%

	Mass 16 - 16O
	0.3%
	0.3%

	Mass 17 - 16OH
	1.5%
	3.2%

	Mass 18 - H2O or 18O
	8.1%
	15.0%

	Mass 19 - 18OH or H316O
	14.4%
	13.1%

	Mass 20 - H218O
	61.3%
	54.7%

	Mass 21 - H318O
	1.3%
	1.2%

	Mass 32 - 16O2
	3.8%
	3.0%

	Mass 34 - 16O18O
	0.1%
	0.2%

	Mass 36 - 18O2
	0.3%
	0.3%









Table S6. RGA data from the water vapour isotopic exchange environment (pH218O = 30 mbar) at 800 °C. The 18O isotopic fraction in the gas atmosphere Cg is calculated to be 88% at the start of exchange, decreasing to 45% at the end.
	Gas species abundance
	Anneal in H218O at 800 °C for 3 hours

	
	At the start
	At the end

	Mass 1 - H
	7.9%
	8.0%

	Mass 2 - H2
	0.5%
	0.4%

	Mass 16 - 16O
	0.2%
	0.5%

	Mass 17 - 16OH
	1.7%
	9.2%

	Mass 18 - H2O or 18O
	8.8%
	39.7%

	Mass 19 - 18OH or H316O
	15.3%
	8.3%

	Mass 20 - H218O
	61.3%
	30.7%

	Mass 21 - H318O
	2.3%
	1.0%

	Mass 32 - 16O2
	1.5%
	1.7%

	Mass 34 - 16O18O
	0.2%
	0.3%

	Mass 36 - 18O2
	0.3%
	0.2%



Table S7. RGA data from the water vapour isotopic exchange environment (pH218O = 30 mbar) at 900 °C. The 18O isotopic fraction in the gas atmosphere Cg is calculated to be 89% at the start of exchange, decreasing to 36% at the end.
	Gas species abundance
	Anneal in H218O at 900 °C for 3 hours

	
	At the start
	At the end

	Mass 1 - H
	7.9%
	7.9%

	Mass 2 - H2
	0.5%
	0.5%

	Mass 16 - 16O
	0.2%
	0.6%

	Mass 17 - 16OH
	1.4%
	10.6%

	Mass 18 - H2O or 18O
	7.7%
	45.9%

	Mass 19 - 18OH or H316O
	15.3%
	6.8%

	Mass 20 - H218O
	62.5%
	24.6%

	Mass 21 - H318O
	1.9%
	0.6%

	Mass 32 - 16O2
	2.2%
	2.2%

	Mass 34 - 16O18O
	0.2%
	0.2%

	Mass 36 - 18O2
	0.2%
	0.1%


[bookmark: _Hlk67167497][bookmark: _Hlk67167524]Tables S4, S5, S6 and S7 indicate that, throughout the isotopic exchange at each temperature, the abundance of H218O decreases, the abundance of H216O increases, and the sum of the abundance of H218O and H216O remains almost constant. The change in abundance of H218O and H216O in the gas atmosphere is particularly significant after exchange at high temperatures, 800 and 900 °C (Table S7 and Table S8). At 800 °C, the calculated Cg value decreases from 88% to 45% during the exchange. At 900 °C, Cg decreases from 88% to 36%. The calculation of k according to Crank’s solution for diffusion in a semi-infinite medium is based on a boundary condition3,4, which is expressed as:

The condition assumes that the exchanging gas flux across the surface,  , is directly proportional to the difference in 18O fraction in the gas atmosphere, Cg, and on the surface, Cs, at any time in the exchange condition3,4. The constant of proportionality is k. The value of Cg should be approximately constant throughout the exchange anneal and is the equilibrium value of the surface isotopic concentration condition3,4. A significant decrease in Cg would lead to an underestimation of the value of k, while the D* value would be unaffected as it is directly calculated through Fick’s second law of diffusion. The values of D* and k calculated by fitting Crank’s solution to diffusion in a semi-infinite medium3 with values of Cg measured at the start and end of the exchange anneal are shown in Table S8.
Table S8.  The values of D* and k obtained by fitting Crank’s solution to diffusion in a semi-infinite medium3 with the values of Cg measured at the start and end of the 3-hour exchange anneal.
	[bookmark: _Hlk56009969]T
(°C)
	Time
(h)
	D* (cm2 s-1)
	k (cm s-1)

	
	
	Fit by using Cg at the start
	Fit by using Cg at the end
	Fit by using Cg at the start
	Fit by using Cg at the end

	600
	3
	7.7×10-12
	7.7×10-12
	1.5×10-8
	1.6×10-8

	700
	3
	1.1×10-10
	1.1×10-10
	5.2×10-8
	6.2×10-8

	800
	3
	3.8×10-10
	3.7×10-10
	2.8×10-8
	6.1×10-8

	900
	3
	2.9×10-9
	2.8×10-9
	5.6×10-8
	1.6×10-7


In Table S8, the D* values are consistent at each temperature while the k values obtained at 800 and 900 °C  displays a relatively large discrepancy. In order to probe accurate k values at high temperatures, the isotopic exchange anneal was carried out for a length of time optimized to minimize the change in Cg while keeping the system in chemical and thermal equilibrium. The exchange anneal duration is 0.46 hours for 800 °C and 0.22 hours for 900 °C. The diffusion profiles and the RGA results from these two sets of exchange anneals are shown in Figure S5 and Tables S9 and S10.
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Figure S5. Diffusion profiles of LSCrF8255 pellets exchanged at (a) 800 °C for 0.46 hours, and (b) 900 °C for 0.22 hours in the water vapour atmosphere.




Table S9. RGA data from the water vapour isotopic exchange environment (pH218O = 30 mbar) at 800 °C with optimized exchange anneal time. The 18O isotopic fraction in the gas atmosphere Cg is calculated to be 89% at the start of exchange, decreasing to 81% at the end.
	Gas species abundance
	Anneal in H218O at 800 °C for 0.46 hours

	
	At the start
	At the end

	Mass 1 - H
	8.6%
	8.9%

	Mass 2 - H2
	0.6%
	0.6%

	Mass 16 - 16O
	0.2%
	0.5%

	Mass 17 - 16OH
	1.5%
	2.5%

	Mass 18 - H2O or 18O
	7.6%
	12.5%

	Mass 19 - 18OH or H316O
	14.8%
	12.6%

	Mass 20 - H218O
	61.8%
	54.5%

	Mass 21 - H318O
	1.5%
	0.8%

	Mass 32 - 16O2
	3.0%
	6.6%

	Mass 34 - 16O18O
	0.1%
	0.2%

	Mass 36 - 18O2
	0.3%
	0.3%



Table S10. RGA data from the water vapour isotopic exchange environment (pH218O = 30 mbar) at 900 °C with optimized exchange anneal time. The 18O isotopic fraction in the gas atmosphere Cg is calculated to be 88% at the start of exchange, decreasing to 80% at the end.
	Gas species abundance
	Anneal in H218O at 900 °C for 0.22 hours

	
	At the start
	At the end

	Mass 1 - H
	8.7%
	8.8%

	Mass 2 - H2
	0.6%
	0.5%

	Mass 16 - 16O
	0.3%
	0.4%

	Mass 17 - 16OH
	1.6%
	2.9%

	Mass 18 - H2O or 18O
	8.2%
	14.3%

	Mass 19 - 18OH or H316O
	14.5%
	12.9%

	Mass 20 - H218O
	61.0%
	54.7%

	Mass 21 - H318O
	1.4%
	1.0%

	Mass 32 - 16O2
	3.3%
	4.1%

	Mass 34 - 16O18O
	0.1%
	0.1%

	Mass 36 - 18O2
	0.3%
	0.3%


At 800 °C, the decrease in Cg is 8% during the 0.46 hours exchange anneal, much less than the 43% decrease during the 3 hours exchange anneal. At 900 °C, the decrease in Cg is 8% during the 0.22 hours exchange anneal, much less than the 53% decrease during the 3 hours exchange anneal. 
Table S11 shows values of D* and k obtained from the two isotopic exchanges with 0.46 h and 0.22 h duration at 800 and 900 °C respectively, as compared to the previously obtained values with 3 hours of exchange duration.

Table S11. Values of D* and k obtained at different anneal times in the water vapour at 800 and 900 °C through IEDP-SIMS. The duration of the long anneal is 3 hours at both 800 and 900 °C. The duration of the short anneal is 0.46 h for 800 °C and 0.22 h for 900 °C.
	Temperature (°C)
	D* (cm2 s-1)
	k (cm s-1)

	
	long anneal
	short anneal
	long anneal
	short anneal 

	800
	3.8×10-10
	4.5×10-10
	2.8×10-8
	7.0×10-8

	900
	2.9×10-9
	3.0×10-9
	5.6×10-8
	3.4×10-7


In Table S11, the D* values obtained after the different anneal times are consistent, while the k values are much improved after a shorter exchange duration at each temperature. 
Table S12 summaries the diffusion kinetic parameters obtained in the water vapour condition. The accuracy and reliability of the D* and k  values are indicated by the h-plot illustrated in Figure S6, where the normalized 18O surface fraction is plotted as a function of the reduced variable h’ derived from Crank’s solution to diffusion at a surface (x = 0)1–3. The plot shows that the experimental diffusion kinetic parameters have a good fit. Additionally, a previous study by Kilner and De Souza5 suggests that reliable D* and k values are obtained in the h’ range 0.1 – 4. All experimental h’ values in Table S12 fit this criterion.
Table S12. Diffusion kinetic parameters of LSCrF8255 exchanged in the water vapour atmosphere. 
	T (°C)
	Exchange duration (h)
	D* (cm2 s-1)
	k (cm s-1)
	(cm-1)

	600
	3
	7.7×10-12
	1.5×10-8
	0.6

	700
	3
	1.1×10-10
	5.2×10-8
	0.5

	800
	0.46
	4.5×10-10
	7.0×10-8
	0.1

	900
	0.22
	3.0×10-9
	3.4×10-7
	0.2


[image: ]
Figure S6. Normalized surface isotope fraction as a function of the reduced variable h’: the blue curve is the theoretical surface isotope fraction based on Crank’s solution to diffusion in a semi-infinite medium3 and the points are the experimental values.
Table S13. Comparison of surface exchange coefficient k obtained from the LSCrF8255 samples isotopically exchanged in the water vapour atmosphere (pH218O = 30 mbar), dry oxygen (p18O2 = 200 mbar), and wet oxygen (pO2 = 200 mbar, pH218O = 30 mbar) atmospheres. The diffusivity measured in dry oxygen is in excellent agreement with our previous data reported in2. The diffusivity measured in the wet oxygen is taken from our previous data reported in1. 
	Temperature (°C)
	k (cm s-1)

	
	Water vapour
	Dry oxygen
	Wet oxygen1

	600
	1.5×10-8
	9.5×10-10 
	5.6×10-10 

	700
	5.2×10-8
	9.8×10-9 
	1.9×10-9 

	800
	7.0×10-8
	4.8×10-8
	6.0×10-9

	900
	3.4×10-7
	1.7×10-7
	8.0×10-9
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[bookmark: _Hlk56429954]Table S14. Atomic ratio of [Si]/[La] on the surface of LSCrF8255 samples annealed in water vapour from 600 to 900 °C with the same annealing duration.
	T (°C)
	Exchange duration
(h)
	[Si]/[La]

	
	
	XPS with ≈ 10 nm probe depth
	ARXPS with  1 nm probe depth

	600
	3
	25: 75
	47: 53

	700
	3
	28: 72
	50: 50

	800
	3
	36: 64
	64: 36

	900
	3
	50: 50
	63: 37



Table S15. Atomic ratio of [Si]/[La] on the surface of LSCrF8255 samples annealed in water vapour at 800 and 900 °C with different annealing durations.
	T (°C)
	Exchange duration (h)
	Pre-anneal duration (h)
	[Si]/[La]

	800
	3
	24
	36: 64

	800
	0.46
	4
	37: 63

	900
	3
	24
	50: 50

	900
	0.22
	2
	46: 54


[image: ]
Figure S7. An example of fitted Sr 3d XPS spectrum collected from the LSCrF8255 sample annealed in water vapour at 800 °C.
Table S16. The fitting parameters of the Sr 3d spectrum shown in Figure S6.
	Peak
	Binding energy (eV)
	FWHM (eV)

	Sr 3d5 (bulk Sr)
	132.0
	1.0

	Sr 3d3 (bulk Sr)
	133.8
	1.0

	Sr 3d5 (surface Sr)
	133.4
	1.7

	Sr 3d3 (surface Sr)
	135.2
	1.7



Table S17. Atomic ratio of [Sr]surface/[Sr]bulk and [La]total/[Sr]total of LSCrF8255 samples after isotopic exchange in the water vapour as a function of temperature and probe depth. 
	[bookmark: _Hlk56157036]T (°C)
	Exchange duration (h)
	[Sr]surface/[Sr]bulk
	[La]total/[Sr]total

	
	
	XPS with  10 nm probe depth
	ARXPS with  1 nm probe depth
	XPS with  10 nm probe depth
	ARXPS with  1 nm probe depth

	600
	3
	25: 75
	51: 49
	83: 17
	81: 19

	700
	3
	36: 64
	70: 30
	82: 18
	80: 20

	800
	3
	52: 48
	81: 19
	79: 21
	76: 24

	900
	3
	93: 7
	97: 3
	76: 24
	72: 28


Table S18. Atomic ratio of [Sr]surface/[Sr]bulk and [La]total/[Sr]total of LSCrF8255 after isotopic exchange in water vapour at 800 and 900 °C with different annealing durations.
	T (°C)
	Exchange duration (h)
	Pre-anneal duration (h)
	[Sr]surface/[Sr]bulk
	[La]total/[Sr]total

	800
	3
	24
	52: 48
	79: 21

	800
	0.46
	4
	45: 55
	81: 19

	900
	3
	24
	93: 7
	76: 24

	900
	0.22
	2
	68: 32
	80: 20


[image: ][image: ]
Figure S8. An example of XPS (black) and ARXPS (red) (a) O 1s and (b) C 1s spectra collected from the annlealed LSCrF8255 sample in water vapour at 800 °C.
[image: ]   [image: ]  (b)
(a)

Figure S9. (a – b) Backscattered electron (BSE) images of the sintered sample.

Section 6:
Figure S10 shows fitted XRD patterns of samples annealed in water vapour which agree with the study by Sabarou et al.6 on LSCrF perovskites.
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Figure S10. XRD patterns of the LSCrF8255 sample annealed in the water vapour at (a) 600, (b) 700, (c) 800, and (d) 900 °C for 27 hours fitted by Le Bail refinement7, highlighting a shoulder feature on the left of the diffraction peak at 2θ = 22.7, 46.5, and 57.8o which could be due to the formation of a secondary phase. The black circles are the observed experimental data, the red solid line represents the calculated intensities, the blue line is the difference in intensity between the observed and calculated data, and the red and blue vertical bars are the Bragg reflection position for the main phase and the secondary phase, which are fitted with orthorhombic structure with space group Pnma.

[image: ][image: ]
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Figure S11. Comparisons of the XRD patterns of the LSCrF8255 samples annealed in water vapour, wet oxygen, and dry oxygen atmospheres at (a) 600, (b) 700, (c) 800, and (d) 900 °C with 27 hours total anneal time.
[image: ]
Figure S12. Comparison of the neutron diffraction patterns of the sintered LSCrF8255 sample, and samples annealed in the water vapour and wet oxygen conditions at 800 and 900 °C with 27 hours total anneal time.
[image: ]
Figure S13. The neutron diffraction pattern of the LSCrF8255 sample annealed in water vapour at 800 °C for 27 hours fitted by Le Bail refinement7, highlighting several unindexed peaks which are highly likely to be due to magnetic scattering. The black circles are the observed experimental data, the red solid line represents the calculated intensities, the blue line is the difference in intensity between the observed and calculated data, and the red and blue vertical bars are the Bragg reflection position for the main phase and the potential secondary phase, which are fitted with orthorhombic structure with space group Pnma.
Table S19. The lattice parameters of the LSCrF8255 main phase as a function of annealing atmosphere and temperature. The lattice parameter of the sintered sample is: a = 5.4979(1) Å, b = 7.7778(1) Å, c = 5.5336 (1) Å1.
	T (°C)
	Dry oxygen
	Wet oxygen
	Water vapour

	
	a (Å)
	b (Å)
	c (Å)
	a (Å)
	b (Å)
	c (Å)
	a (Å)
	b (Å)
	c (Å)

	600
	5.4974(1)
	7.7762(1)
	5.5333(1)
	5.4964(1)
	7.7761(1)
	5.5342(1)
	5.5025(1)
	7.7848(1)
	5.5368(1)

	700
	5.4969(1)
	7.7762(1)
	5.5328(1)
	5.4974(1)
	7.7775(1)
	5.5338(1)
	5.5013(1)
	7.7839(1)
	5.5361(1)

	800
	5.5028(1)
	7.7850(1)
	5.5369(1)
	5.5035(1)
	7.7860(1)
	5.5362(1)
	5.5022(1)
	7.7849(1)
	5.5349(1)

	900
	5.5031(1)
	7.7848(1)
	5.5364(1)
	5.5035(1)
	7.7861(1)
	5.5362(1)
	5.5023(1)
	7.7854(1)
	5.5350(1)
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