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Abstract
Oxidation of perovskite CeAlO3 results in the eutectoid transformation to CeO2 and Al2O3. This phase transformation was recorded using thermal gravimetric analysis, X-ray diffraction, and scanning transmission electron microscopy. Lamellar features in the resultant microstructure indicates cooperative growth. Processing conditions dictate the lamellae sizes, which can be as small as a few nanometers, and coarsen into large domains with additional high temperature annealing. 
Introduction
Alumina-supported precious metal catalysts are used in water-gas-shift and CO/CO2 reactions. The performance of metal oxide catalysts can be improved by the addition of another metal oxide (i.e., metal oxide composites and complex or mixed metal oxides).1 The introduction of ceria into alumina-based three-way catalysts improves the efficiency due to its exceptional oxygen storage properties.2, 3, 4 Ceria is a redox-active material; it can store or release oxygen readily depending on the surrounding atmospheric conditions.5 The oxygen storage capacity (OSC) of ceria is a function of its ability to incorporate large concentration of oxygen vacancies, and its OSC can be improved by increasing the surface area of ceria6 or its alumina support.7 Multiple engineering controls such as the surface area, oxidation state/surface defect chemistry,8 electrochemical strain,9 or density of preferred facets10 have been shown to improve the OSC of ceria supported catalysts. While the oxygen ion conductivity of ceria can be engineered through controlling parameters, such as strain, or by combining the functionalities of two (or more) phases. For example, oxygen ion conductivity in Sm doped CeO2-SrTiO3 thin film composites was reported to be higher than single phase films of Sm doped CeO2 or SrTiO3.11 In that example, physical vapor deposition was used to produce the samples, but metal oxide composites can be synthesized by a variety of techniques. Phase transformations are one such route, where the eutectoid reaction () is a solid-state transformation in which a single phase decomposes into two different phases.  
Eutectoids are commonly illustrated by the Fe-C system. Decomposition transformations within the Fe-C system include the formation of pearlite and bainite, both of which are composed of ferrite and cementite, from the parent austenite. These two transformations can be distinguished by the resultant microstructure, where through cooperative growth, pearlite forms a lamellar microstructure, whereas bainite exhibits a non-lamellar microstructure produced by divorced or non-cooperative growth.12 Because the properties of bainite and pearlite are different, this example highlights the potential of using solid state transformations to produce metal oxide composites and engineer structure sensitive properties; it also demonstrates the need to understand the crystallographic characteristics and mechanisms of the relevant phase transformation which produce the desired microstructure. 
While complex oxides with the perovskite structure are well-known for undergoing displacive phase transformations,13, 14, 15, 16 it is also not uncommon for perovskites to undergo reconstructive phase transformations, where the structural change involves bond breaking and long-range diffusion. The decomposition of functional oxides composed of redox-active ions has been well documented in systems such as multiferroic BiFeO317 and oxygen-ion conducting pseudocubic perovskites.18 ABO3 perovskites containing Ce3+ ions, rather than the commonly found Ce4+ ions substituting the perovskite B-site,19, 20 are particularly interesting because both displacive and reconstructive phase transformations have been documented in the same system, for example, CeAlO3.21 Under moderately oxidizing conditions there is a driving force for the Ce3+ cations to oxidize to Ce4+ and this driving force results in decomposition of the perovskite. Phase transformations of Ce-based perovskites heated in oxidizing conditions are commonly eutectoid reactions, and have been documented for CeAlO3,21 CeCrO3,22 and CeGaO323 and CeScO3 (note, reportedly a cubic phase solid solution intermediate precedes the eutectoid decomposition24) creating an opportunity to use these Ce-perovskites to synthesize CeO2 composites with a variety of end members, including Al2O3 and Cr2O3 which have utility in catalysis.         
The microstructural evolution and growth mechanisms of these eutectoid decompositions in Ce-perovskites are largely unknown even though the crystal structure of the reconstructive and displacive phase transformations is well studied. In the CeAlO3 system, for example, a recent series of X-ray and neutron diffraction studies by Fu an IJdo25, 26 concluded the room-temperature stable phase is tetragonal described by the space group I4/mcm with lattice parameters of a = 0.532 nm ap nm and c = 0.759 nm  2ap, where ap  0.4 nm is the lattice parameter of an ideal cubic perovskite structure.25 This result has been subsequently corroborated by others.21, 27 Upon heating CeAlO3 displacive transformations occur in the following sequence: I4/mcm Imma   .26 Results from Vasylechko et al.21 corroborate this transformation pathway, although the transition points were observed at slightly different temperatures than what Fu reported. These diffraction measurements21, 26 used to characterize the displacive phase transformations of CeAlO3 were conducted under inert environments to suppress the CeAlO3 eutectoid transformation, which can be described by the equation:21, 28

X-ray diffraction (XRD) and thermal gravimetric analysis (TGA) have been used to confirm the decomposition of CeAlO3 into CeO2 and Al2O3 21 but no further characterization was performed. Limited insight into the microstructural evolution of the eutectoid transformation was provided by transmission electron microscopy (TEM) results from a study on the eutectoid decomposition of a CeAlO3/γ-Al2O3 composite annealed at 700 °C in air. It was reported small CeO2 particles grew on the CeAlO3.29 Yet, no mentioned was made as to whether the eutectoid transformation of CeAlO3 was cooperative or divorced and orientation relationships between the parent and product phases, while speculated upon, were not confirmed experimentally. 
In this two-part series we report on the eutectoid transformation of two Ce-based perovskites, CeAlO3 and CeCrO3. Part I will present results on CeAlO3 while part II covers results from CeCrO3. A combination of XRD, TGA, and electron microscopy techniques are used to characterize the material at different states of processing and transformation. Scanning transmission electron microscopy (STEM) provides the insight into these complex interfacial reactions revealing that the transformations of CeAlO3 and CeCrO3 proceed by fundamentally different growth modes, where the product phases of CeAlO3 and CeCrO3 exhibit cooperative and divorced growth, respectively. Discussion will cover the phenomenon of the eutectoid transformation in these systems and explore the origin of why these phase transformations proceed by fundamentally different growth modes. 
Methods
CeAlO3 powders and CeAlO3/α-Al2O3 two-phase powders were synthesized by mixing stoichiometric amounts of Al2O3 (99.99% by metals basis, Johnson Matthey) and CeO2 (99.99%, Sigma Aldrich). These powders were thoroughly mixed under ethanol in a high energy planetary ball mill using spherical yttria-stabilized zirconia grinding media. Phase purity could be achieved by calcining dried powders at temperatures of 1350-1450 °C for 3-6 hrs. under flowing 95% N2/5% H2 gas. Samples were isothermally annealed in air using a tube furnace to initiate the eutectoid transformation. Annealing durations and temperatures used are listed in Tables S2 and S3.
[bookmark: _Hlk13495088]Samples for scanning transmission electron microscopy (STEM) were prepared by depositing powder directly onto a copper TEM grid covered with a carbon support film. STEM data were acquired using an accelerating voltage of 300 kV. Images were recorded using a Fischione Model 3000 annular dark field detector. HAADF (high-angle annular dark field) and ADF (annular dark field) images were recorded with an inner collection semi-angle ≈5 and ≈2 times the convergence semi-angle (≈14 mrad), respectively. Certain images (Figures 3a, 3b, and 5a) are the resultant sum of several images taken with short exposures and subsequently aligned using rigid registration implemented in Fiji.30, 31, 32 This was done to mitigate the effects of sample drift. Because the deviations in symmetry between the various CeAlO3 polymorphs are insignificant we will describe the electron microscopy results using the primitive cubic unit cell, Pmm.      
The structures of partially decomposed CeAlO3 powders annealed in air at high temperatures were characterized using X-ray powder diffraction. Powder diffraction patterns were collected using a Panalytical XPertPro diffractometer (CuKα1 radiation of 1.54060 Å, 45 kV, 40 mA, with a 0.25° divergence slit in steps of 0.013° 2θ). Structural refinements  were performed using a Rietveld algorithm implemented in Profex software.33 
Samples of CeAlO3 were isothermally oxidized using a TA Instruments SDT Q600 DSC/TGA. Powder samples weighing approximately 100 mg were placed in platinum cups and heated in flowing air (100 mL/min) at a rate of >200 °C/min to the target temperature, and the change in mass was recorded at fixed temperature for various lengths of time. The manufacturer specified mass accuracy of the TGA system is ± 1 %. To check the accuracy of the temperature calibration the melting temperature of zinc was measured. The difference between the measured and actual value of 419.5 °C was less than 5 °C. 
Results 
The X-ray diffraction pattern for synthesized CeAlO3 powder (Figure 1) is the tetragonal (I4/mcm) phase, in agreement with previous reports of measurements taken at room temperature.25, 26 A CeO2 (111) peak near the level of the background noise is observed. Electron diffraction (Figure S1) confirms the phase of the as-synthesized CeAlO3 is I4/mcm. 
Calcining CeAlO3 in air stimulates the eutectoid transformation, forming CeO2 and Al2O3. HAADF-STEM imaging reveals a microstructure of nanoscale interdigitated domains consistent with cooperative growth, as shown in Figure 2. Due to the atomic number dependence of high-angle scattering, the image grayscale values for the Al2O3 domains are less than those for the CeO2 domains. This image contrast relationship is confirmed through EDX (energy dispersive X-ray spectroscopy) spectral imaging (Figure 2c). At 1300 °C, a lamellar microstructure with alternating domains of CeO2 and Al2O3 forms (Figure 3a), while at lower temperatures of 700 °C and 1000 °C rodlike Al2O3 domains develop (Figure 3a and 3b) in addition to lamella. However, a microstructure entirely consistent with cooperative growth is not exclusive. Large Al2O3 domains were also observed (Figure S2). 
Diffraction and atomic resolution imaging were used to identify the crystallographic phase of the product. The cerium oxide component was identified as the fluorite (space group Fmm) phase for each calcining condition tested. Here, the phase evolution of aluminum oxide was not comprehensively tracked as a function of calcining temperature and time due to the number of Al2O3 polymorphs and the complex relationship between processing conditions and phase.34 θ-Al2O3 and α-Al2O3 phases were identified using multiple techniques. γ-Al2O3 and δ-Al2O3 were also identified but the data were more limited supporting these assignments. The temperatures at which these phases were observed are in reasonable agreement with prior reports.34, 35, 36, 37 Select examples of different alumina phases are shown in Figures S3-S5 along with a table (Table S1) summarizing under which experimental conditions the phases were identified. 
[bookmark: _Hlk133929963]Domains of CeO2 and Al2O3 grow cooperatively along the <101> (Figure 3) and <111> (Figure S6) directions of CeO2, indicating these directions were parallel to the reaction front. Within a single colony the orientation of the CeO2 is nominally the same, suggesting that the colony is either an interconnected single-crystal or that the individual CeO2 domains became uniformly orientated during the transformation. At lower temperatures (i.e., 700 °C and 1000 °C), CeO2 and Al2O3 domains (Figure S7), as viewed in projection, appeared to overlap. Tomography was used to remove the ambiguity of interpreting a projected image of the structure (Figures S8 and S9) and the results demonstrate the Al2O3 domains are continuous for the length of the colony. Rather the overlapping domains observed in projection are due to faults or instabilities where growth deviates laterally to the reaction front. In some cases, multiple colonies were observed (Figure S10) indicating multiple reaction fronts could nucleate and grow within a parent CeAlO3 particle. Higher annealing temperature increases the domain size. The average lamella spacing, measured from the approximate center of adjacent CeO2 domains orthogonal to the fast growth direction, was 3.6 nm (σ = 0.9 nm, n=55), 5.4 nm (σ = 0.7 nm, n=50), and 17.9 nm (σ = 3.6 nm, n=57) for samples treated at 700 °C for 106 sec, 1000 °C for 7.56 * 104 sec, 1300 °C for 103 sec, respectively. Here, σ is one standard deviation about the mean. Coarsening of the structure as a function of time is also observed (Figure S11). Lamellae are present in samples treated at 1300 °C for 103 sec. Coarsening of lamellae is observed at 2*103 sec and in samples treated for 50*103 sec and 100*103 sec lamellar formations are no longer observed, and the microstructure is comprised entirely of large separated CeO2 and Al2O3 domains.  
To gain further insight into the eutectoid transformation partially transformed samples calcined at 1300 °C were examined. In this sample two general structure types were observed. First, were CeAlO3 particles where isolated epitactic CeO2 domains, without clear indication of accompanying Al2O3, grew on the surface of a CeAlO3 particle (Figure 4a). The other structural type are particles with alternating lamellae of CeO2 and Al2O3 extending from the surface into the bulk (Figure 4b) where untransformed CeAlO3 remains, indicating a cooperative growth mechanism between and CeO2 and Al2O3. The interface between CeO2 and CeAlO3 at the reaction front in a lamellar colony was observed to be incoherent (Figure S12). Colonies grew parallel to the <111> and <121> directions of CeAlO3 (Figure S12), although an incoherent interface at the reaction front and Figures 4b, S10a and S10b suggest that other growth directions are likely. Limited observations of branched CeO2 structures were made (Figure S13). Previously, branching nuclei have been hypothesized as a precursor to the growth of a lamellar colony.38 
[bookmark: _Hlk126063424][bookmark: _Hlk14273554]Three orientation relationships were observed between isolated epitactic CeO2 domains, like those shown in Figure 4a, and CeAlO3 in partially transformed samples treated at 1300 °C: [101]CeO2//[001]CeAlO3 (02)CeO2//(220)CeAlO3; [101]CeO2//[001]CeAlO3 (020)CeO2//(020)CeAlO3; [00]CeO2//[001]CeAlO3 (220)CeO2//(020)CeAlO3. An image representative of the first relationship is shown in Figure 5a with the rest in the supporting information (Figures S14 to S16). Even though the Bravais lattices of CeAlO3 (primitive cubic) and CeO2 (face centered cubic) are different, a degree of atomic row matching is present in these orientation relationships. In two of the relationships the Ce sublattices are coherent and in the other relationship the Ce sublattices are semi-coherent, accommodated by misfit dislocations. The isolated CeO2 domains display anisotropic growth (Figure S17) forming approximately as 1D wire. In the fast growth direction, the growth front is terminated by higher index facets creating a rounded appearance (Figure S18), whereas in the slow growth direction, normal to the CeO2/CeAlO3 interface, steps are present along the phase boundary demarcating a transition from the primitive cubic lattice to the face center cubic lattice (Figure S19) suggesting ledge growth. 
The TGA curves for the isothermal decomposition of CeAlO3 at a series of temperatures are shown in Figure 6a. It is evident that the initial heating rate and temperature equilibration of the TGA equipment is too slow to effectively measure the decomposition reaction at 1100 oC. The mass of the sample is normalized in Figure 6. All the stoichiometric CeAlO3 powder samples gained 3.5% of its starting mass, where the theoretical mass gain expected to accompany the eutectoid reaction is equal to 3.72%. This upper limit estimate assumes that all of the cerium ions in the CeO2 phase are Ce4+ whereas in reality a mixture of Ce3+/Ce4+ is expected, resulting in an oxygen deficient CeO2-d lattice.3 The ratio of Ce3+/Ce4+ has been shown to increase with decreasing CeO2 particle size39, 40, 41 so the fine lamellar structure during the initial stages of the reaction should also result in larger oxygen deficiencies. The oxidation of CeAlO3 is modeled as the fraction, a, of perovskite converted to CeO2 and Al2O3 phases using the general Avrami equation: 
where t, k, and n are time, the rate constant, and Avrami exponent, respectively.42 Equation 2 can be modified to have the form:

which allows the left-hand side to be plotted vs. ln(t) where, if a single nucleation/growth mechanism is dominant during the reaction, the data should display a linear trend. The transformed TGA data for the stoichiometric sample are plotted in Figure 6b. These data deviate slightly from linearity with a smaller slope at short reaction times compared to times near the completion of the eutectoid decomposition.  The mean Avrami exponent for these data is 1.34±0.10 (where the uncertainty is one standard deviation about the mean). As shown in Figure 7, particle coarsening is evident in the X-ray peak broadening; and as a result, multiple growth mechanisms are likely active at the conditions used in this study. In addition to a CeAlO3 sample, this analysis was extended to CeAlO3/Al2O3 (40%/60% volume fraction and 10%/90% volume fraction) compositions and the fitted reaction rates are plotted in Figure 6c. The reaction rates for these three compositions are similar in scale, so it is assumed that the presence of the secondary α-Al2O3 phase does not affect the reaction kinetics.  
The TGA results (Figure 7a) for the 40%/60% volume fraction CeAlO3/α-Al2O3 composition and corresponding X-ray diffraction results (Figure 7b) are complementary. Powder samples (≈50 mg in mass) were decomposed isothermally at 1030 °C in the TGA and the change in mass calculated. These same samples were then analyzed using X-ray diffraction, where the fraction of CeO2 and CeAlO3 phases were determined in the Rietveld refinement, and a value representative of the percent mass gained was calculated. This calculated mass increase is plotted in Figure 7b and correlates with the TGA results showing that the TGA data are directly sensitive to the amount of CeO2 formed. The fraction of CeAlO3 present is inversely proportional to the amount of CeO2 produced. Yet, based on the diffraction data, the Al2O3 phase does not obey the same kinetics. This is attributed to lack of sensitivity of the measurement technique. Much longer annealing times are required to resolve the α-Al2O3 phase, and as previously discussed, the TEM results show that Al2O3 initially formed various polymorphs that were not resolved using powder X-ray diffraction.
Discussion 
Diffraction and atomic-resolution STEM demonstrate that CeAlO3 transforms to CeO2 and Al2O3 when heated in sufficiently oxidizing conditions. Cooperative growth produces lamellae (or rods) of the product phases oriented normal to the reaction front. The cooperative growth mechanism is further supported by the TGA results. A diffusion-controlled growth mechanism described by features growing from small dimensions with a nucleation rate of zero results in an Avrami exponent of n=1.5.43 This value is in close agreement with the exponents measured for the CeAlO3 decomposition reaction. The presence of large Al2O3 domains in addition to the lamellar microstructure is evidence that divorced and cooperative growth both occur during the phase transformation. The large Al2O3 domains appeared to form preferentially at preexisting interfaces. It is likely that such interfaces provide favorable diffusion pathways for the aluminum cations and low energy nucleation points. 
During annealing, oxygen activity increases initially at the CeAlO3 surfaces where the CeO2 nucleates. The lower interfacial energy of an epitactic structure reduces energetic barriers, potentially favoring the nucleation of CeO2 relative to Al2O3 and thus the reason for why isolated domains of CeO2 form without any Al2O3 immediately present. Because CeO2 domains would nucleate at multiple points along the CeAlO3 surface, that may represent a sort of incubation period before growth of a lamellar colony is established. To this point, the reoccurring, well-defined orientation relationships between the CeO2 and CeAlO3 could template the uniform crystal orientation observed in the colonies (e.g., Figure 3). However, these CeO2 domains nucleating along the surface of CeAlO3 did not form at periodic distances to one another, like the observed interlamellar spacing of a colony, indicating that during the incubation period there would be a transition between the spacings established by the multiple CeO2 nuclei to the energetically favored interlamellar spacing of a colony. Alternatively, rather than a colony collectively forming from multiple CeO2 domains, it may grow a from a single point. Branched CeO2 domains were also identified, where branching is believe to function as a mechanism to nucleate and grow a colony from a single nuclei.38, 44 It is worth noting the branched CeO2 exhibited both coherent and semi coherent orientation relationships same as the unbranched isolated CeO2 domains. Therefore, if the branched CeO2 domains are the colony nucleation point, there must be a perturbation that causes the transformation of the approximately 1D CeO2 domains into a branched structure. If not a precursor to a colony, these isolated CeO2 domains would be a product of a competing reaction (i.e., divorced growth) to the cooperative growth process, and if true, the formation mechanism of the lamellar colony nuclei was entirely elusive to our measurements. In situ measurements or well-defined samples, like epitaxial thin films, could help resolving these ambiguities. 
The characteristic spacing of the lamellae and rods changes with temperature. Theoretical models of eutectic and eutectoid reactions describe the relationship between free energy of the transformation and interphase spacing.44, 45, 46, 47 At the limit of a fully reversible transformation, all the free energy would go to create interfaces as described by , where Srev is the minimum spacing, σ is the interfacial energy, Vm is the molar volume and ΔGTot is the free energy.47 In practice, some energy is consumed by other processes, such as motion of the interface, but the general relationship remains. Therefore, as the undercooling increases, the interphase spacing should decrease, as was observed. It is worth noting that the spacing observed in this system is comparatively small compared to reported values in the literature. In metals and oxides, interlamellar spacings produced using isothermal conditions are commonly 100 nm and larger.48, 49, 50, 51, 52, 53, 54 While the isothermal transformation of CuAlO2 into Cu and Al2O3 produced similar length scales as observed here, with a reported spacing of 5 nm.55 Passing a specimen through a thermal gradient at a controlled rate to drive the eutectoid transformation, referred to as forced velocity pearlite, provides an additional mechanism to control the lamellar spacing.56 Using this approach interlamellar spacings as small as approximately 40 nm have been reported in metals.56, 57, 58, 59  While this is not an exhaustive literature survey, the majority of examples identified were several times or even an order of magnitude larger than the spacings observed here. Which is relevant because certain size dependent properties, such a tensile strength and hardness, are reported to be inversely related to interlamellar spacing.50  
A change in morphology from lamellar at high temperatures to a mix of rod and lamellar at lower temperatures was observed. Models based on volume fractions of the two phases for oxide eutectic transformations, indicates the transition between a rod and lamellar microstructure occurs at a volume fraction of 28% or 32% for a hexagonal or square array of fibers, respectively.60 Because this relationship was derived using only geometric considerations, the values are expected to be valid for eutectoid transformations as well. More sophisticated explanations include other parameters, such as interfacial energy and undercooling.45 While early models predicted a discrete transition between the rod and lamellar morphologies, explanations have been presented for how the two morphologies can coexist.61 However, identifying the origin of the transition from lamellar to mixed morphology is unclear in the CeAlO3 system as both the volume fraction and interfacial energies of the product phases involved in cooperative growth may vary as a function of temperature. The eutectoid transformation of CeAlO3 is projected to produce a product with a volume fraction of ≈ 65% CeO2 and ≈ 35% Al2O3. As we observed, a fraction of the Al2O3 component is divorced from colony growth, but we were not able to quantify that fraction and whether it changes with reaction temperature. Similarly, as different Al2O3 polymorphs evolve as a function of temperature, the interfacial energy between CeO2 and Al2O3 may also change.      
Characterization of Al2O3 and interpretation of results was complicated by the presence of several different polymorphs. Results indicate phases with a face-centered cubic (FCC) packing of oxygen are favored in the transformation and the pathway appears to share characteristics of the transformation of γAlOOH (boehmite) which has been described as: γAlOOH  γ-Al2O3  δ-Al2O3  θ-Al2O3  α-Al2O3.34 Lattice matching (strain) and compensating the bonds at the interface of the respective phases contribute to interfacial energy.60, 62, 63 Because there were interfaces between CeO2 and Al2O3 with atomic row matching it is possible that the cubic character of the CeO2 sublattices makes a transformation pathway of Al2O3 polymorphs with FCC oxygen packing more favorable than polymorphs possessing hexagonally close packed (HCP) oxygen packing. Yet, it is unknown if there is a specific Al2O3 phase with FCC packing of oxygen that is required for development and growth of the colony. The γ-, δ-, and θ-Al2O3 phases are similar, related by small distortions along with differences in Al site occupancies, therefore, if the packing of the oxygen sublattice is the trait which lowers the interfacial energy, the specific phase may be less critical. Having said that, one might speculate how the structure and stability of the colony is affected as the Al2O3 undergoes further phase transition, particularly to α-Al2O3, which has hexagonally close packed oxygen packing. This transition to α-Al2O3 may accelerate coarsening of the microstructure which is inherently metastable due to the high concentration of interfaces.   
Conclusions
A survey of the eutectoid transformation of CeAlO3 as it converts to CeO2 and Al2O3 was conducted. Cooperative growth led to the formation of a lamellar and rodlike microstructures with fine interlamellar spacings of approximately 4 nm to 17 nm, depending on the temperature of the isothermal heat treatment. The lamellar spacing and undercooling are inversely related, and the structure would coarsen with extended thermal treatments; behavior that agrees with theoretical models, which were derived for metals. While observed to be behaviorally similar, one might expect mechanisms of the eutectoid transformation to differ between metals and oxides due to the differences in bonding and point defect complexes. However, thorough mechanistic insight of the eutectoid transformation in CeAlO3 was not achieved and it was in part complicated by the polymorphic nature of Al2O3. This is not unexpected, as it took many years to gain mechanistic insight into eutectoid transformation in steels and metals. We believe that ABO3 perovskites containing Ce3+ ions provide a rich platform to study eutectoid transformations for oxides. Both properties of the parent and product phase will change along with the octahedral B-site element and will enable systematic inquiries into the mechanisms of the transformation.
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Figure 1. X-ray diffraction pattern of CeAlO3 powder with observed data (black), fit (red), difference pattern (grey), Bragg positions (tick marks), and secondary phase CeO2 (111) peak (*).
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Figure 2. Scanning transmission electron microscopy images of CeAlO3 decomposed in air at 1000 °C. The eutectoid transformation creates an interdigitated microstructure of nanoscale CeO2 and Al2O3 domains (a,b). HAADF-STEM image and false color EDX spectroscopic images (c) confirm the chemical segregation. 
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Figure 3. Annealing conditions affect the resultant microstructure. As the temperature decreases from 1300 °C (a) 1000 °C (b) 700 °C (c) the CeO2 and Al2O3 domain sizes decrease. The Al2O3 domains display preferential elongation along <101> crystallographic directions of the CeO2 matrix, the elongation can be observed both out of plane of the image (a, b, c) as well as in plane (a). Schematic of a lamellar and rod morphologies (d) where the two phases are indicated by black and gray. 
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Figure 4. HAADF-STEM images of partially decomposed CeAlO3. CeO2 domains, examples marked by arrows in (a), are observed to nucleate at the surface. Products of the eutectoid reaction identified by the alternating light and dark CeO2 /Al2O3 domains grow into the bulk, consuming CeAlO3.  

[bookmark: _Hlk126063468][image: ]
Figure 5. HAADF-STEM image of the interface between CeO2 and CeAlO3 (a). An atomic model depicts the interphase boundary where red, yellow, and blue correspond to oxygen, cerium, and aluminum atoms, respectively. A 90 degree-rotated “top-down” view of the CeAlO3 (black) and CeO2 (red) cerium sublattices of depict coherence of this interface (b). Only the first two atomic planes of the CeO2 at the interface are included in the model, the first plane being indicated by the arrows.    
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Figure 6. TGA results for CeAlO3 and two-phase mixtures of CeAlO3/α-Al2O3. (a) Isothermal (temperatures ranging from 900 °C to 1100 °C) results as a fraction of conversion (α) for single phase CeAlO3. (b) plot of reaction kinetics for stoichiometric CeAlO3 using Equation 3 with linear fits to each data set (black), and (c) Arrhenius plot of the rate constants for stoichiometric CeAlO3 (red), 40%/60% volume fraction mixture of CeAlO3/α-Al2O3 (grey), and 10%/90% volume fraction mixture of CeAlO3/α-Al2O3 (cyan).
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Figure 7. Results of TGA driven decomposition of the 40%/60% volume fraction CeAlO3/α-Al2O3 powder sample. (a) The X-ray diffraction scans of powder samples post TGA. Samples were isothermally decomposed at 1030 °C. The Rietveld refinement data (red to blue) are superimposed on the observed diffraction data (black). (b) This plot shows the individual TGA curve and corresponding percent mass gained during the decomposition based on the Rietveld refinement of the quantitative amount of CeO2 phase (star). Each individual curve represents a powder sample used to produce Figure 7a. 
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