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Abstract
Electrical and oxygen ion transport in the dual-phase composite systems (La0.8Sr0.2)0.95CrxFe1-xO3-δ (LSCrF) (x = 0.3, 0.5, 0.7)-10mol% Sc2O3-1mol% CeO2-89mol% ZrO2 (10Sc1CeSZ) have been investigated. In these three (x = 0.3, 0.5, 0.7) dual-phase systems, the pure ionic conductor 10Sc1CeSZ, dominates the oxygen bulk diffusion while the mixed electronic and ionic conductor LSCrF is the predominant phase for oxygen surface exchange and provides pathways for a counter flow of electrons to maintain electrical neutrality. Hence the electrical conductivity of the dual-phase composite materials increases while the diffusion coefficient decreases with increase of the LSCrF content as expected. However, the surface exchange coefficients as a function of the LSCrF composition show significant scatter. For both phases, once the volume fraction is lower than 30% the continuous network starts to disconnect, and percolation thresholds were observed for both electrical conductivity and oxygen diffusion coefficients in the composites. For the composites with 3-dimensional networks of both phases, no obvious difference was observed for the electrical conductivity and oxygen tracer diffusion behaviour and it was also confirmed that the microstructures may have a minor effect on the oxygen diffusion behaviour of the dual-phase materials. Furthermore, the micro-scale studies of oxygen diffusion in each phase of the dual-phase composite reveal a synergistic effect between these two phases: the surface exchange coefficient, k, of LSCrF decreases while for the 10Sc1CeSZ phase k increases when compared with their corresponding isolated single phase materials. 



Introduction
Ceramic membranes are currently used in a range of diverse applications allowing significant improvement in industrial processes: producing high purity oxygen, hydrogen production by a hydrocarbon conversion process, partial oxidation of methane to syngas, oxidative coupling of methane to C2 products etc.1–5 Among the types of membrane reactors proposed, Oxygen Transport Membranes (OTMs) for the generation of syngas and heat by directly supplying oxygen and fuel gas are of increasing interest, with significantly lower operational expenditure and dramatic improvements in energy efficiency.6–10 For an OTM, the Mixed Ionic-Electronic Conducting (MIEC) dense ceramic separation layer is one of the fundamental components of the device.11 In a typical membrane reactor, one side of the dense layer is under high oxygen partial pressure while the other side is exposed to low oxygen partial pressure. Owing to the oxygen partial pressure gradient across the device, oxygen is driven to migrate across the membrane. On the high oxygen partial pressure side, gaseous oxygen is reduced to oxygen ions on the surface layer and the ions then migrate through the membrane to the oxygen depleted side (i.e. the reforming side). In order to avoid the build-up of charge, counter migration of electrons is needed to balance the neutrality. Thus, continuous networks to provide pathways for oxygen ions and electrons are both required.
To function effectively with reasonable operating lifetimes based upon commercial time scale, materials for the dense layer are required to possess both high ionic and electronic conductivity as well as good stability over a wide range of oxygen partial pressure. Among all the essential criteria, high oxygen transport properties of the dense layer are no doubt advantageous for the membrane performance and this diffusion property can either be achieved by a single phase material with mixed conductivity or by a dual-phase material with one phase being a good ionic conductor and the other phase being a good electronic or mixed conductor. Single phase materials, e.g. (La,Sr)(Co,Fe)O3-δ (LSCF), have been shown to possess excellent oxygen permeation properties but suffer from dimensional and chemical instabilities under operation. To improve the long-term stability manganese, chromium etc. can substitute for cobalt but this will sacrifice the permeability of the membranes.12 In order to improve the oxygen diffusion, substituting elements is an approach commonly adopted to increase oxygen vacancy concentration, but it may also reduce the chemical stability of the membrane.13 For single phase materials, it is almost impractical to possess appropriate conductivity and simultaneously maintain good chemical and thermal stability. Alternatively, focus has been shifted onto dual-phase materials which consist of one phase as a good ionic conductor and the other phase as a good electronic conductor.
Previous studies on oxygen diffusion behaviour via an oxygen isotopic exchange technique have been carried out on the (La,Sr)MnO3-δ-Yttria-Stabilised Zirconia (YSZ)14 and the La1-xSrxCo1-yFeyO3-δ (LSCF)-(Ce,Gd)O2-δ15 dual-phase systems, whilst in the present work the (La0.8Sr0.2)0.95CrxFe1-xO3-δ (x = 0.3, 0.5, 0.7, LSCrF55, LSCrF37 and LSCrF73)-Scandia, Ceria-Stabilised Zirconia [10mol% Sc2O3-1mol% CeO2-89mol% ZrO2 (10Sc1CeSZ)] based dual-phase composite systems have been investigated. For oxygen transport membranes, continuous pathways to transport oxygen ions and electronic species are necessary and high oxygen diffusivity, stability and durability are all essential requirements. Among all the reported co-doped compositions, ZrO2 co-doped with both Sc2O3 and CeO2 exhibits higher conductivity than YSZ at all temperatures and better long-term performance than any other ScSZ-based materials16. Hence, 10Sc1CeSZ with high ionic conductivity, adopting the fluorite structure, is designed to be the predominant phase for oxygen diffusion in this composite system. Meanwhile, it has been reported that substitution of Fe by Cr is advantageous for increasing the stability of the chromite perovskites17 and the LSCrF materials present good electrical conductivity18. Though significant substitution of Fe by Cr decreases the oxygen diffusion behaviour18 and results in decreased sinterability19, in the dual-phase composites ScCeSZ phase provides sufficient pathways for oxygen species and is advantageous for densification of the composites. Therefore, in this system, perovskite-structured LSCrF, capable of providing electronic pathways, is a good candidate to complete the composite ceramic.
For the dual-phase materials, in order to obtain improved understanding of the mass transport behaviour as a function of different compositions and to further achieve improved properties, composites with different volume fractions (LSCrF:10Sc1CeSZ) were investigated. Furthermore, investigations regarding the microstructural effects on transport were performed.
Experimental 
All of the materials (LSCrF and 10Sc1CeSZ) were provided by Praxair Inc., (USA) and the dual-phase powders of the LSCrF and 10Sc1CeSZ were produced by mixing a range of compositions from 10:90 to 90:10 (by volume) with an increment of 10%. After overnight ball milling mixing in acetone, all the blends were dried and uniaxially pressed followed by isostatic pressing (300MPa). The green bodies were then sintered at 1450  for 6 hours with a heating and cooling rate of 5  min-1. After sintering, the density of the sintered specimens was confirmed by the Archimedes method that all samples were with density >95% of the theoretical values. 
X-ray diffraction (XRD) measurements were performed using a Bruker D2 Phaser instrument with Cu Kα radiation (λ = 1.5418 Å) on the as-sintered pellets. X-ray diffraction data (2θ) were collected between 20° and 80° with 0.017° increments. Rietveld refinement was performed subsequently to obtain the lattice parameters of each phase and confirm the phase ratios of the dual-phase pellets based on the XRD patterns. The secondary electron microstructure images were taken by the Focused-Ion-Beam (FIB)200-SIMS work station (FEI, Co) with a Ga+ liquid metal ion source and the secondary electrons are collected by the equipped channeltron electron detector.
Detailed information on the electrical conductivity measurements and the oxygen diffusion studies using the Isotopic Exchange Depth Profile (IEDP) coupled with Secondary Ion Mass Spectrometry (SIMS) can be found in literature18.
Samples with varied microstructures were purposely fabricated and supplied directly by Praxair Inc., (USA). The microstructural imaging and the intragranular depth profiles into the two phases were both performed via a FEI FIB200-SIMS work-station equipped with a quadrupole mass analyser. 
Results and discussion
XRD
Fig. 1 displays the X-ray diffraction patterns of the as-sintered LSCrF55-10Sc1CeSZ dual-phase pellets and the as-received LSCrF55 and 10Sc1CeSZ single-phase powders as reference. All of the detected peaks in the patterns for these dual-phase composite samples can be assigned either to the fluorite-structured phase of 10Sc1CeSZ or to the perovskite-structured LSCrF55 phase. No obvious extra peaks were observed in the XRD patterns indicating that no extra crystalline phase formed during the sintering process within the detection limits of the laboratory X-ray diffraction (XRD) instrument.
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Figure 1 X-ray diffraction patterns of the LSCrF55-10Sc1CeSZ dual-phase composite materials with an increment of 10vol% LSCrF55 (the patterns of LSCrF55 and 10Sc1CeSZ were collected on powders as reference). Inset figure is the Rietveld refinement pattern of the LSCrF55 50vol%-10Sc1CeSZ 50vol% dual-phase pellet
Rietveld refinement of the XRD patterns of all LSCrF55-10Sc1CeSZ dual-phase pellets was performed by using the Fullprof software suite20 and the inset in Fig. 1 is a representative figure showing the refinement results of the LSCrF55 50 vol%-10Sc1CeSZ 50 vol% sample and based on the Rietveld refinement, the phase ratio was confirmed to be the nominal value. Additionally, the lattice parameters of each phase in the dual-phase system were also obtained and the lattice parameters of each phase as a function of the LSCrF55 content are shown in Fig. 2.
[bookmark: _Hlk525226642][bookmark: _Hlk525650666]For the 10Sc1CeSZ phase, the lattice parameter decreased as the LSCrF55 content increased and interestingly it seems that the trend of the lattice parameters for the 10Sc1CeSZ phase present linear behaviour. Thus, a linear fit was applied, shown as the red line in Fig.2(a). The shrinkage of the 10Sc1CeSZ lattice with the increased LSCrF55 content may be related to cation inter-diffusion between the two phases. A similar linear behaviour was reported in literature on the Y2O3-Sc2O3-ZrO2 and Yb2O3-Sc2O3-ZrO2 systems, highlighting that the lattice parameters of the cubic structured phase depended upon the content of the large Y and Yb cations.21,22 Thus, it is likely is that the large Ce4+/3+ ions diffuse into the LSCrF55 lattice from the 10Sc1CeSZ, reducing the lattice parameter of the zirconia phase as the larger cation (Ce3+/4+) moves to the perovskite23. Moreover, in order to obtain further information about the cation diffusion, an empirical equation for the lattice parameter changes of the stabilised-ZrO2 solid solution developed by Kim24, Eq.(1), has been applied.
                                       (1)
where d is the lattice parameter of the fluorite-structured zirconia at room temperature,  is the difference of the ionic radius between the incorporated cation of the dopant and Zr,   is the valence difference and  is the mole percent of the corresponding dopant. 
The lattice parameter of the single phase 10Sc1CeSZ can be determined by the above equation as 5.093 Å which agrees well with the experimental data and result from the linear fit in Fig.2a (5.094(1) Å). For the composite with composition LSCrF55 10vol%-10Sc1CeSZ 90vol%, on the assumption that the valence of Ce is 4+ and that transition metal cation diffusion from the perovskite is negligible, 43% Ce4+ was calculated to diffuse into the perovskite. Due to the inevitable cation diffusion from the perovskite phase, the calculated quantity of diffused Ce will be overestimated. Moreover, for the composite with composition LSCrF55 50vol%-10Sc1CeSZ 50 vol%, the experimental lattice parameter determined for the 10Sc1CeSZ is 5.082Å and based on Eq.(1) with the above assumptions, if all Ce in the fluorite phase diffused into the perovskite, the lattice parameter would be 5.090 Å which is greater than that derived  experimentally. This analysis suggests that there is indeed transition metal diffusion from the perovskite phase to the fluorite as this would lead to the observed decrease in the fluorite lattice parameters in agreement with Eq.(1).  
For the perovskite-structured phase LSCrF55, a peak value for the lattice volume was observed for the composite with 60 vol% LSCrF55 and the composite with 80 vol% LSCrF presents the minimum lattice volume. The expansion behaviour in the LSCrF55 lattice may also be associated with the cation inter-diffusion. The potential reasons for the shrinkage when 20 vol% 10Sc1CeSZ incorporates into the LSCrF55 matrix and whether this shrinkage has an effect on the oxygen surface exchange and diffusion behaviour in the following oxygen diffusion studies are yet to be fully understood. 
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Figure 2 Lattice parameters of the 10Sc1CeSZ and LSCrF55 in the dual-phase materials as a function of LSCrF55 content (a) lattice parameter of 10Sc1CeSZ (b) LSCrF55 lattice volume (solid line in (a) is the linear fitting line of the lattice parameters and solid line in (b) is for eye guide) Invisible error bars are smaller than the symbols.

Electrical conductivity
Considering these two individual phases have significantly different conductivity values, a percolation limit behaviour was expected to be seen in these systems. In order to observe the percolation behaviour and optimise the electrical conductivity, the conductivity values of the LSCrF55-10Sc1CeSZ composite materials measured at different temperatures from 400  to 950  as a function of the LSCrF55 content (volume percent) has been plotted in Fig. 3. For the electrical conductivity measurements, the microstructure has significant impact on the apparent behaviour of a dual-phase composite system. Hence, a representative FIB-SEM micrograph of the polished LSCrF55 40 vol%-10Sc1CeSZ 60 vol% dual-phase pellet is inserted in Fig. 3, reflecting the typical microstructure of the samples used for the conductivity property measurements as well as the following diffusion studies. The dark phase in the SEM image is the 10Sc1CeSZ phase whilst the bright phase is LSCrF55, confirmed by SIMS measurements. From this inset figure it can be clearly seen that a homogeneous distribution of the phases was achieved. Apart from the LSCrF55 40vol%-10Sc1CeSZ 60vol% dual-phase pellet, other dual-phase materials produced under the same fabrication conditions exhibited similar microstructural features but with different phase fractions, the SEM images of which are not presented in this paper.
It is clearly observed that an addition of only 10 vol% 10Sc1CeSZ decreased the conductivity significantly and that a continuous network of the LSCrF55 phase still exists when up to 60 vol% 10Sc1CeSZ is incorporated into the LSCrF55 matrix. However, when the 10Sc1CeSZ content increased to 70 vol% in the dual-phase composite materials, the LSCrF55 phase approached the limit of percolation and the 3-dimensional network of the LSCrF55 begins to disconnect. This result agrees well with the theoretical calculation via Monte Carlo simulations by Lorenz and Ziff25  where the critical threshold for a cube with randomly dispersed spherical particles was confirmed to be 29 vol%. Moreover, the conductivity of the LSCrF55 20 vol%-10Sc1CeSZ 80 vol% composite sample has the lowest electrical conductivity among all the measured samples and the values are even lower than that of the pure 10Sc1CeSZ single phase through the entire measured temperature region. Discussion of this behaviour will be provided later.
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Figure 3 Electrical Conductivity of the LSCrF55-10Sc1CeSZ dual-phase composite materials as a function of the LSCrF55 content from 400  to 900  in static air and the inset is the Focused-Ion-Beam (FIB)-Secondary Electron Microscopy (SEM) image of the LSCrF 40 vol%-10Sc1CeSZ 560 vol% dual-phase materials presenting the percolation of the two phases. (The solid line is for guide only)
Fig. 4 presents Arrhenius plots for the LSCrF55-10Sc1CeSZ system with different phase ratios from LSCrF 10 vol% to LSCrF 90 vol% with an increment of 10 vol% LSCrF55, as well as the two single-phase end members. The activation energy values are all tabulated in Table 1. It is clearly shown that the conductivity of the samples all increased at elevated temperatures, as expected. The activation energy for the LSCrF55 single phase remains consistent (Ea = 0.20(1) eV) throughout the entire measured temperature region and for the dual-phase materials which contain LSCrF55 phase greater than 70 vol%, the activation energy of these materials agrees with the value of the LSCrF55 single phase. Thus, it can be concluded that the conductivity of these dual-phase materials (L90S10, L80S20 and L70S30) is dominated by the perovskite materials. Under these circumstances the 10Sc1CeSZ grains are insufficient to form a continuous 3-dimensional network in the LSCrF55 matrix, thus the incorporation of the pure ionic 10Sc1CeSZ is considered to dilute the electronic conductivity provided by the perovskite phase in the measured temperature region. 
However, by increasing the content of the 10Sc1CeSZ phase, the activation energy of the dual-phase materials tends to separate into two distinct values at different temperature regions. For the L60S40, L50S50, L40S60 and L30S70 dual-phase materials, in the low temperature region (700 -400 ) the fitted lines are still parallel to the fitted line of the LSCrF55 single phase. Thus, in this temperature region, the predominant phase for the conductivity is still the perovskite phase and the contribution from the pure ionic conductor 10Sc1CeSZ is negligible. However, the activation energy of the 10Sc1CeSZ with 20 vol% and 10 vol% LSCrF55 is much closer to the values of pure 10Sc1CeSZ phase suggesting that in these dual-phase composites the LSCrF55 network breaks and the conductivity of the composite is mainly from the movement of oxygen species through the pure ionic conductor 10Sc1CeSZ.
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Figure 4 Arrhenius plots for LSCrF55-ScCeSSZ dual phase materials with different phase ratios 

Table 1 Activation energy of the electrical conductivity of LSCrF-10Sc1CeSZ dual phase composite materials
	
	Activation Energy (eV)
	
	Activation energy (eV)

	
	High Temperature
	Low Temperature
	
	High Temperature
	Low Temperature

	LSCrF55
	0.20(1) [16]
	L40S60
	0.26(1)
	0.20(1)

	L90S10
	0.21(1)
	L30S70
	0.37(1)
	0.22(1)

	L80S20
	0.20(1)
	L20S80
	0.97(2)
	1.21(2)

	L70S30
	0.22(1)
	L10S90
	0.93(2)
	1.28(1)

	L60S40
	0.25(1)
	0.20(1)
	10Sc1CeSZ
	0.74(3)
	1.37(3)

	L50S50
	0.23(1)
	0.20(1)
	
	
	



In the high temperature region (700 -1000 ), the activation energy of these dual-phase materials with continuous LSCrF55 network is higher than that in the low temperature region, indicating that at high temperature the conductivity of the ionic conducting phase cannot be simply neglected. Moreover, with more 10Sc1CeSZ phase incorporating into the LSCrF55, the electrical conductivity is more affected by the ionically conducting phase: the activation energy of the composites tends to increase with the increase of the 10Sc1CeSZ content. Where the fraction of the 10Sc1CeSZ reaches 80 vol% and above in the final composite sample, that is to say, the continuous network of the LSCrF phase breaks, the activation energy of the composites (0.93 eV for 90 vol% 10Sc1CeSZ and 0.97 eV for 80 vol% 10Sc1CeSZ) is greater than that of the pure ionic conductor 10Sc1CeSZ single-phase (0.74 eV). Based upon the activation energy, it indicates that the dilution effect is not the only reason for the low conductivity of the composites with 20 vol% and 10 vol% LSCrF55. Similar behaviour was reported for the YSZ-LSM dual-phase composite system and it was suggested that this phenomenon may be due to the formation of the insulating phase La2Zr2O7 based on the XRD patterns.26,27 However, in this work, from the XRD patterns (Fig. 1) and the microstructure image (Fig. 3), no obvious and valid evidence for the formation of the insulating phase La2Zr2O7 within the limitations of the techniques was found, but the possibility of the existence of the insulator as a thin layer on the grain boundaries cannot be excluded. Additionally, possible Ce diffusion into the LSCrF lattice is another interpretation combined with the lattice shrinkage of the 10Sc1CeSZ phase in Fig.2 which may also affect the ionic conductivity of the 10Sc1CeSZ. Consequently, the electrical conductivity of the composite which was dominated by the ionic conducting phase was lowered and the activation energy increased. 
· [bookmark: _Toc486596175]Comparisons among the LSCrF37, 55 and 73-based dual-phase systems
Fig. 5 presents the isothermal electrical conductivity of the systematically measured LSCrF37, 55 and 73-based dual-phase composites as a function of the compositional variations at 900 , 600  and 400 . It is obvious that throughout the measured temperature range the LSCrF73-10Sc1CeSZ dual-phase composites possess the highest electrical conductivity while the LSCrF37-10Sc1CeSZ composites present the lowest value independent of any compositional variation. The findings here agree with the electrical conductivity values for the LSCrF single-phase materials where the LSCrF73 phase presents the highest conductivity among the tested single-phase materials18.
The percolation behaviour of the three systems are very similar and the percolation limits for these systems all fall around 30 vol% LSCrF. Moreover, the percolation thresholds of the dual-phase systems display different behaviour in the high temperature and low temperature regimes for the three systems: the percolation thresholds are more apparent at low temperatures while at high temperatures the conductivity drop at the composite with 20 vol% LSCrF is relatively small in each case. This is because at high temperatures the pure ionic conductor 10Sc1CeSZ presents high conductivity while at low temperatures the difference of the electrical conductivity between the two phases is more significant (4-5 orders of magnitude). Hence, at high temperatures the ionic conducting phase cannot be treated as an insulator and the influence from the ionic conductor cannot be simply regarded as diluting the conductivity provided by the LSCrF phase. Consequently, the model in the literature in the frame of ‘conductor-insulator’ (M-A) type28 using a general mixing rule cannot be applied to simulate the conductivity curves for the LSCrF-10Sc1CeSZ composites, especially at high temperatures. Similar behaviour was reported for the LSCF-CGO composite, where the characteristic minimum or the consequent maximum values of the resistivity was observed around the percolation threshold of the ionic conductor29.
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[bookmark: _Toc485375891]Figure 5 Electrical conductivity of the dual-phase composites as a function of the LSCrF volume fraction at selected temperatures (a) 900  (b) 600  (c) 400  (Note: the plots are taking different scales; estimated error bars are smaller than the symbols)

Diffusion studies
The obtained diffusion data of the dual-phase materials is based on the assumption that the sample is a single-phase media so a homogeneously distributed microstructure is preferred. Moreover, the diffusion coefficients and surface exchange coefficients achieved for the dual-phase materials are known as the ‘‘effective’’ or ‘‘macroscopic’’ diffusion data.15,26 A typical diffusion profile for the LSCrF55 50 vol%-10Sc1CeSZ 50 vol% composite pellet exchange annealed at 900  is shown in Fig. 6(a) and the inset is the same diffusion data plotted on a logarithmic scale. Clearly the diffusion profile is well defined and gives credibility for the precision and accuracy of the determination of D* and k.
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Figure 6 (a) Diffusion profile of LSCrF55 50 vol%-10Sc1CeSZ 50 vol% composite material at 900  for 1 hour (Inset figure is the same diffusion data plotted on logarithmic scale)
(b) Normalised surface isotope fraction as a function of the reduced variable h’: the curve is the calculated surface isotope fraction [details are in literature18; the green square and blue triangle marks are experimental values of normalised surface isotope fraction of the dual phase materials at 800  and 900  respectively. (Inset is the zooming-in figure of the part in the orange rectangular) 
Fig. 6(b) presents the calculated (solid line) and experimental (points) surface 18O isotopic fraction as a function of the reduced variable . The green square and blue triangle marks are the experimental values of the normalised 18O surface isotopic fraction of the dual-phase materials isotopically exchanged at 800  and 900 , respectively. Though according to the literature, h’ should be in the range of 0.1-4 to achieve reliable values of the diffusion kinetics30, for the dual-phase composites in this work, in order to achieve h’ = 0.1-4 extremely long durations of the isotopic exchange would be necessary, and in order to avoid the encounter of the two diffusion frontiers, the pellets would be required to be of considerable thickness. Practically it is difficult to fully meet the requirements. However, by plotting the experimental surface 18O isotopic fraction together with the theoretical surface isotopic fraction curve, it is clear that the discrepancy between the experimental and theoretical values is negligible for the oxygen surface fraction. This confirms the validity of the effective diffusion data of the dual-phase composites.  
The home-written Matlab app TraceX31,32, which was used for fitting the diffusion profiles, is capable of calculating the standard deviations for the fitting of the diffusion profiles. For example, a deviation of 15-25% is given to the diffusion kinetic parameters of the LSCrF55 50 vol%-10Sc1CeSZ 50 vol% composite material isotopically annealed at 900  for 1 hour in Fig.6(a). Detailed discussion of the potential origins of the errors can be found in literature 33,34. 6% uncertainty to D* and 20% errors to k were determined for ‘best-fit’ with the additional random error component by the least square fitting routine33. Besides, an estimated deviation of 10-30% based upon the obtained data was provided in literature34. In most scenarios, compared to the diffusion coefficient, the surface exchange coefficients which are more sensitive to the surface conditions, present more scattered and deviated behaviour. Moreover, the estimated errors here are mainly for the fitting process and during the entire IEDP-SIMS experiment, some errors cannot be easily quantified. In this work, an estimated deviation of 30% was added to the plots of the diffusion coefficients and an error bar of 50% was for the surface exchange coefficients. 
· LSCrF55-based dual-phase composites
All of the diffusion coefficients (D*) and surface exchange coefficients (k) of the dual-phase materials with different phase ratios along with the LSCrF55 and 10Sc1CeSZ single-phase materials at 800  and 900  are plotted in Fig. 7. In general, from 800  to 900  the diffusion coefficients of the composite materials do not change dramatically given the errors to about 30% for the diffusion coefficients and they are close to diffusion coefficient values of the 10Sc1CeSZ bulk until the percolation limit of the ionic conducting phase 10Sc1CeSZ achieved. The surface exchange coefficients of all the composites have been improved by one order of magnitude and the difference between the surface exchange coefficients at different temperatures is much larger than the changes in the diffusion coefficient which is unusual. 
For diffusion coefficients, clearly as the LSCrF55 fraction in the dual-phase materials increased, the diffusion coefficient decreased gradually, with a sharp decline observed at 80 vol% LSCrF55 indicating the disconnection of the continuous network of the 10Sc1CeSZ in the LSCrF55 matrix. This suggests that the percolation limit for diffusion is around 20-30 vol% 10Sc1CeSZ. Moreover, based on the diffusion coefficients, it can be confirmed that in this system, 10Sc1CeSZ is the predominant phase providing ionic diffusion pathways in the bulk. This was also confirmed from examination of the activation energy values of the LSCrF55 50 vol%-10Sc1CeSZ 50 vol% dual-phase sample upon the Arrhenius plot in Fig. 8. The activation energy for oxygen diffusion in the composite material (0.87(6)eV) is obviously significant lower than the LSCrF55 single phase (3.4(1)eV)18 but much closer to the activation energy of the pure ionic conducting phase 10Sc1CeSZ (Ea(10Sc1CeSZ)=0.74(3)eV from the electrical conductivity measurements in Table 1).
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[bookmark: _Hlk525743164]Figure 7 Diffusion coefficients (D*) and surface exchange coefficients (k) of LSCrF-10Sc1CeSZ dual phase composites with different phase ratios at 800  and 900 . The insert image presented the simulated diffusion coefficients by using the modified MG equation35–37 (red line) and the experimental data of the LSCrF55-10Sc1CeSZ system at 900  (black open squares).
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Figure 8 Arrhenius plot of the diffusion coefficients and surface exchange coefficients of LSCrF 50 vol%-10Sc1CeSZ 50 vol% dual phase materials.
[bookmark: _Hlk525743080]Moreover, a modified Maxwell-Garnett(MG) approach was applied to calculate the theoretical values of the diffusion coefficients and the results are presented in the inset image of Figure 7. The detailed introduction of a modified MG equation can be found in the literature35–37. The equation fits the experimental data well for the composites with low LSCrF concentrations while large discrepancies were observed for the composites approaching the percolating threshold of the ScCeSZ phase. Based on the discussion of the modified MG equation, the shapes of the inclusions and host matrix play paramount roles in the calculated results and at higher fraction of the inclusions, their shape becomes more important35. In our experiment, both the shapes and the distributions of the two phases are irregular which may result in the significant mismatch between experiment and the modified MG theory for the composites with high LSCrF volume fraction (>70 vol%).  
For the surface exchange coefficient, the values are more scattered compared to the diffusion coefficients. Since the surface exchange coefficient is very sensitive to the isotopic fraction on the sample surface as well as the surface conditions, e.g. pores, surface roughness etc., it is more challenging to obtain accurate surface exchange coefficients especially when the isotopic fraction on the surface is too high or too low. For the LSCrF55 single phase its high surface exchange rate and low bulk diffusivity result in a loss of sensitivity in measuring k and an underestimation of the values of the surface exchange coefficients.18 For the 10Sc1CeSZ single phase pellet without Pt surface coating, little oxygen can be exchanged into the bulk and the low isotopic fraction gives very noisy diffusion profiles introducing large errors in both D* and k values. According to the surface exchange coefficients determined for the two single phase materials, it is clear that for oxygen surface exchange, the LSCrF55 phase dominates the process. Additionally, the Arrhenius plots (see Fig.8) confirm the contributions from the LSCrF55 phase for the surface exchange process by comparing with the LSCrF55 single phase with Ea(k) = 1.8(8) eV18. In contrast to the bulk diffusion behaviour, materials containing only 10 vol% LSCrF55 have high surface exchange rates. 10 vol% LSCrF, which is surprisingly low, makes the surface exchange coefficients of the composite comparable to the single phase LSCrF material. 
Additionally, the material with 80 vol% LSCrF55 has, surprisingly, the lowest surface exchange coefficients among all the measured dual-phase materials at both temperatures. Similar behaviour was also observed in the LSCF-CGO system15 and this behaviour was suggested to be attributed to the inter diffusion of the cations or a self-cleaning effect for the LSCF-CGO system. However, these two interpretations may be more responsible for mechanisms whereby the oxygen diffuses into the dual-phase composites instead of the reasons why there is a drop in the curve of the surface exchange coefficients. With the investigations of the individual diffusion profiles of the 80 vol% LSCrF55 composites (Fig.9), possible reasons for this phenomenon are provided:
1) Similar to the LSCrF55 single phase materials, for the dual-phase materials with 80 vol% LSCrF55, the continuous network of the 10Sc1CeSZ phase starts to disconnect, i.e. there are no continuous pathways for oxygen fast diffusion. Thus, the reduced and dissociated oxygen species cannot be fully transported into the bulk which results in underestimation of the surface exchange coefficient. Hence compared to other dual-phase materials in the series the oxygen surface exchange coefficients for the 80 vol% LSCrF55 materials are significantly underestimated. 
2) In Fig.2, the composite with 80 vol% LSCrF55 presents the smallest lattice volume among all the dual-phase materials. The variations in lattice volume may relate to the cation inter-diffusion between these two phase. However, whether the cation diffusion results in any compositional change on the surface remains to be understood.
3) Though the 10Sc1CeSZ grains are not sufficient to form a connected network, the evenly distributed 10Sc1CeSZ grains are still oxygen fast diffusion media in the LSCrF55 matrix. Similar to grain boundary fast diffusion effects, in Fig. 9-1 clearly there are some discrepancies between the experimental points and the fitted profiles at both temperatures presenting the ‘tail’ effects indicating the existence of fast diffusion pathways. This ‘tail’ results in the under-calculation of the concentration of the 18O species which has been exchanged into the bulk and further affects the surface exchange coefficient estimation. The diffusion profiles are also plotted as ln│C’│ against η6/5 (Fig. 9-2) and an approximate linear behaviour was observed, as would be observed in materials with fast oxygen diffusion pathways38. However, the difficulty is, unlike the continuous grain boundaries, that the networks of the 10Sc1CeSZ grains start to break. Therefore, applying the estimation methods for fast oxygen diffusion pathways, e.g. grain boundaries, twin boundaries, micro-cracks, etc., in literature to the dual-phase materials cannot obtain the reliable diffusivity of oxygen in this pseudo oxygen fast diffusion behaviour.
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Figure 9 Diffusion profiles of the LSCrF55 80vol%-10Sc1CeSZ 20 vol% composite materials which were isotopically exchanged at (a-1) 800 and (b-1) 900. The same diffusion profiles are also plotted as ln│C’│ against η6/5 (a-2) 800  and (b-2) 900. The green rectangles mark the discrepancies between the experimental and theoretical results and the green lines present the linear behaviour 

· Comparisons among the LSCrF37, LSCrF55 and LSCrF73 based dual-phase composites

· Diffusion Coefficients
The compositional variation of the diffusion coefficients measured at 900  for the LSCrF37-10Sc1CeSZ, LSCrF55-10Sc1CeSZ and LSCrF73-10Sc1CeSZ composites are all plotted in Fig. 10(a). It appears that the three systems all behave in a very similar way with a clear percolation threshold of the diffusion coefficient at around 20-30 vol% 10Sc1CeSZ. No apparent difference in the diffusion coefficients of the LSCrF37- and LSCrF55-based dual-phase composites was observed. However, with an error bar of 30%, the LSCrF73 dual-phase composites with the LSCrF73 volume fraction higher than 60% present the highest diffusivity among the three systems, though the predominant ionic conductor of the three systems is the same and the diffusion coefficient of the LSCrF73 single phase is the lowest among the LSCrF37, LSCrF55 and LSCrF73 single-phase materials. This phenomenon may be related to the microstructures of the materials, i.e. the connectivity of the two phases could have an influence. From Fig. 11, it is clear that the LSCrF73 dual-phase composite with the smallest grain size and hence the effective diffusion behaviour in the composite may be affected by more grain boundaries. 
· Surface Exchange Coefficients 
The compositional variation of the oxygen surface exchange coefficients measured for the LSCrF37-10Sc1CeSZ, LSCrF55-10Sc1CeSZ and LSCrF73-10Sc1CeSZ are all plotted in Fig. 10 (b). The variation of the surface exchange coefficients of all the measured LSCrF-10Sc1CeSZ systems does not appear to be monotonous in the full compositional range and a large degree of scatter is observed in the surface exchange curves. 
In contrast to the LSM-YSZ system14,26, no compositional peak value of the surface exchange coefficient was observed for the LSCrF55-10Sc1CeSZ and LSCrF37-10Sc1CeSZ systems in this present work. However, these two systems present a similar behaviour to the LSCF-CGO system15. Moreover, the LSCrF73-10Sc1CeSZ system is the one that behaves most similarly to the LSM-YSZ system where an enhancement of the surface exchange coefficient has been seen. Interestingly, the LSCrF73 single phase is also the only one among the measured LSCrF single-phase materials presenting grain boundary fast diffusion behaviour similar to the LSM materials14,39. Based on these observations, an assumption for the enhancement in the surface exchange coefficients is that the observed peak value can be possibly due to the severe underestimation of the surface exchange coefficients of the single phase perovskite LSCrF73 because of its low bulk diffusivity. Therefore, for the LSCrF73-10Sc1CeSZ dual-phase composites a pseudo enhancement is seen for the surface exchange coefficients. 
Moreover, the decrease observed for the composites with 80 vol% perovskite LSCrF55 phase are also seen for the LSCrF37- and LSCrF73-based composites and detailed discussions have been provided above. Considering the 50% uncertainty in the measurements for surface exchange coefficients, no dramatic compositional variations in the surface exchange coefficients have been seen among the three systems. It can be concluded that from the perspective of the oxygen surface exchange process, variations in the Cr substitution and different LSCrF fractions will not result in significant differences in oxygen surface exchange behaviour. 
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[bookmark: _Toc485375902]Figure 10 (a) Diffusion coefficients (D*) and (b) surface exchange coefficients (k) of the LSCrF37-10Sc1CeSZ, LSCrF55-10Sc1CeSZ and LSCrF73-10Sc1CeSZ dual-phase systems as a function of LSCrF volume percent measured at 900  
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Figure 11 Microstructure images of the (a) LSCrF37 50vol%-10Sc1CeSZ 50vol%, (b) LSCrF37 50vol%-10Sc1CeSZ 50vol% and (c) LSCrF37 50vol%-10Sc1CeSZ 50vol% dual-phase composites by FIB-SEM. These three composite materials present different grain sizes within the same fabrication routine.
Microstructure effects
Analysis on macro-scale
Fig. 11 shows two different microstructures of the LSCrF55 50vol%-10Sc1CeSZ 50vol% dual-phase composites obtained in FIB-SEM and their corresponding diffusion profiles with the diffusion kinetic parameters listed in Table 3. Though these two samples have significantly different microstructures, no apparent discrepancy was observed in the diffusion kinetics and the values of the diffusion coefficients (D*) are almost identical. However, the sample with coarse grains exhibits a slightly lower surface exchange rate than the one with a fine microstructure. Since the surface exchange coefficient is sensitive to the surface composition, it is possible that the measured area of the poorly distributed sample may contain higher or lower LSCrF fraction than 50 vol% which further results in the uncertainty in the surface exchange coefficients.  
Additionally, it is obvious that the sample with the homogeneously distributed microstructure has a much better fit for the diffusion profile than the one with coarse grains. For the left sample the secondary ion signal is not from a well-averaged area and in the bulk if an area contains more 10Sc1CeSZ phase, a higher tracer fraction can be detected. The oscillations on a scale of tens of microns which is comparable with the size of the 10Sc1CeSZ in Fig. 12(a)-2 may result from the poor phase distribution. For the latter one, the measured data are well averaged over the grains of each phase and hence the Fig. 12(b)-2 exhibits a relatively smooth diffusion profile. 
From the behaviour of the bulk diffusion, it may be concluded that microstructure has a minor effect on the diffusion properties as long as the continuous diffusion pathways have formed. Moreover, whether different microstructures result in different degradation behaviour remains ambiguous and further investigations need to be performed. Thus, currently the microstructure with homogenously distributed grains is still the preferred one.
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Figure 12 Two different microstructures from FIB-SIMS and their corresponding diffusion profile (a) coarse grains (b) fine grains. The microstructure images were recorded in FIB-SEM and the diffusion profiles were obtained by ToF-SIMS.
Table 3 Diffusion kinetics of two different microstructures 
	Diffusion data
	D* (cm2 s-1)
	k (cm s-1)

	Coarse Grains 
	4.6(±1.4)10-8
	1.8(±0.9)10-7

	Fine Grains
	4.5(±1.4)10-8
	2.7(±1.4)10-7



Analysis on micro-scale
It is already known that in this dual-phase system the mixed ionic–electronic conductor LSCrF dominates the surface exchange process while for bulk diffusion the pure ionic conductor 10Sc1CeSZ is the predominant phase. However, the diffusion behaviour of oxygen in the individual phase of the composite material remains unclear. To obtain better understanding the sample with coarse grains has been investigated using FIB-SIMS by running intragranular depth profiles into each phase. Fig.13 shows the oxygen diffusion profiles in both (b) LSCrF55 phase and (c) 10Sc1CeSZ phase and clearly the oxygen diffusion in the individual phase of the composites behaves differently from the isolated single phase.
In the LSCrF55 phase:
1. Compared to the isolated LSCrF55 single phase materials [16], the normalised isotopic fraction on the surface of the LSCrF55 phase in the dual-phase material (~0.5) is much lower than that on the LSCrF55 single phase surface (~0.9).
2. After sputtering down to 3.25 μm, the normalised isotopic fraction at this depth is around 0.0075 which is three times higher than the oxygen natural abundance. This may be due to the influence from the surrounding 10Sc1CeSZ grains: the oxygen species may diffuse back from the 10Sc1CeSZ grains and increase the “background” of the isotopic fraction. In this circumstance the diffusion process does not fully meet the semi-infinite diffusion requirements. Hence applying Crank’s solution to the intragranular diffusion profile may introduce higher uncertainty into the diffusion kinetics. 
3. It is obvious that the surface exchange coefficient of the LSCrF55 in the dual-phase composite was lower than the values calculated for the isolated LSCrF55 single phase with a difference of one order of magnitude.
In the 10Sc1CeSZ phase:
On the contrary, for the 10Sc1CeSZ phase in the dual-phase composite, the 18O isotopic fraction was dramatically improved when compared with the 10Sc1CeSZ single phase. For the isolated single phase 10Sc1CeSZ, without a Pt or Ag surface catalyst coating layer virtually no 18O was exchanged into the sample. In other words, the effective k of 10Sc1CeSZ increases significantly when the 10Sc1CeSZ grains are distributed into the LSCrF55 matrix.
According to these observations, it can be concluded that compared with the isolated single-phase materials, the surface exchange coefficient of LSCrF55 decreases while that of 10Sc1CeSZ increases because of the presence of the other phase, i.e. a synergetic effect has indeed been observed. Moreover, the results that the k of the ionic conductor increased and the k of the electronic conductor decreased were also reported in the previously investigated dual-phase systems, LSM-YSZ14 and LSCF-CGO15, indicating it is a universal mechanism. Based on previous literature on the similar dual-phase systems15, three hypotheses of the potential mechanisms, including perovskite self-cleaning, cation inter diffusion and ‘spillover’ have been provided. According to the current results, it is difficult to reach a firm conclusion on which mechanism makes the dominant contribution. Further investigations combined with Low Energy Ion Scattering (LEIS) need to be performed in order to obtain more supporting information. 

[image: ]
Figure 13 Depth profiling into the single-phase grains (a) FIB-SEM images of the sputtered craters in the two phases (b) oxygen diffusion profile in the LSCrF55 phase (the green circles mark the discrepancies between the fitted profile and experimental data) (c) oxygen diffusion profile in the 10Sc1CeSZ phase

Table 4 Diffusion kinetics of the LSCrF55 phase within different environment: as an isolated single phase and as a component in the dual-phase composite material as well as the ‘apparent’ diffusion data for the dual-phase composite LSCrF55 50vol%-10Sc1CeSZ 50 vol% at 900 
	Diffusion data
	D* (cm2 s-1)
	k (cm s-1)

	LSCrF in dual phase
	1.1(±0.3)10-12
	1.2(±0.6)10-8

	LSCrF single phase [16]
	3.7(±1.1)10-12
	2.2(±1.1)10-7

	LSCrF55-10Sc1CeSZ (50:50 vol%) 
	4.6(±1.4)10-8
	2.8(±1.4)10-7



Conclusions
The electrical conductivity and oxygen transport properties of the LSCrF-10Sc1CeSZ system have been investigated in this work. Based on the XRD patterns, all the peaks can either be allocated to the perovskite structure or the fluorite structure. The volume of the 10Sc1CeSZ lattice decreased as the LSCrF55 phase fraction increased while the volume of the LSCrF55 lattice had a maximum value at around 60 vol% LSCrF55 in the dual-phase materials. This phenomenon is suggested to be related to the cation inter-diffusion but further investigation is required to confirm this hypothesis. 
For the conductivity measurements, in general, the electrical conductivity decreased as the content of the mixed conducting phase LSCrF decreased. The percolation limit of the electrical conductivity is around 30 vol% LSCrF. For the oxygen diffusion behaviour, it was confirmed that the surface exchange process is mainly conducted by the perovskite phase while the fluorite phase dominates the bulk diffusivity. Hence, the diffusion coefficients increase with the increase in the content of the pure ionic conductor, 10Sc1CeSZ, and the percolation limit of the diffusion coefficient was found to be at around 30 vol% 10Sc1CeSZ. For the composites with only 20 vol% 10Sc1CeSZ, a pseudo fast oxygen diffusion pathway behaviour was seen which was attributed to the randomly distributed 10Sc1CeSZ grains in the LSCrF matrix.  On the contrary to the diffusion coefficients, the surface exchange coefficients for the composites are more complicated and scattered. With the estimated uncertainty, no obvious difference in the surface exchange coefficients was seen among the three measured systems. An enhancement in the surface exchange coefficients was seen for the LSCrF73-10Sc1CeSZ composites, which may be due to the significant underestimation of the surface exchange coefficient of the LSCrF73 single phase materials.
Based on the microstructure studies, the microstructure does not have an obvious influence on the oxygen diffusion behaviour in the bulk once the continuous diffusion pathway has formed. Moreover, the microscale studies reveal the increased k for the 10Sc1CeSZ phase and the decreased k for the LSCrF55 phase in the dual-phase materials compared with the isolated single phase materials indicating that there is synergistic behaviour between these two phases.
Supporting Information
The detailed characterisation results of XRD, SEM, density and conductivity measurements which have not been included in this manuscript can be found in the Supporting Information file. Additionally, the fitted profiles of the oxygen diffusion in each sample are also provided in the Supporting Information file.
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