[bookmark: _Hlk126225911]Eutectoid decompositions in Ce-containing ABO3 perovskites: Part II, the case of divorced growth in CeCrO3 
Aaron C. Johnston-Peck,1 Adam J. Biacchi,2 and Russell A. Maier1
1Material Measurement Laboratory National Institute of Standards and Technology
100 Bureau Drive, Gaithersburg, MD 20899 United States
2Physical Measurement Laboratory National Institute of Standards and Technology
100 Bureau Drive, Gaithersburg, MD 20899 United States

Corresponding Author
Aaron C. Johnston-Peck, email: aaron.johnston-peck@nist.gov

ORCID ID
A.C. Johnston-Peck: 0000-0003-1399-7105
A.J. Biacchi: 0000-0001-5663-2048
R.A. Maier: 0000-0003-4024-589X

Abstract
A eutectoid phase transformation was exhibited by the perovskite CeCrO3 when heated in air. The kinetics of the reaction, microstructure of the product, and mechanisms of the transformation were studied using thermogravimetric analysis, X-ray and Raman spectroscopy, X-ray diffraction, and electron microscopy. Fluorite CeO2 and corundum Cr2O3 were formed from the decomposition of CeCrO3. The CeO2 particles were porous and polycrystalline, a consequence of nucleation, growth, and impingent of CeO2 domains on the CeCrO3 particles. Anisotropic growth is indicated by the morphology of the CeO2 grains, while the Cr2O3 particles were single crystals without any crystallographic orientation relationship to the parent phase. Unlike the CeAlO3 eutectoid, the microstructure comprised of CeO2 and Cr2O3 show no characteristics of a microstructure formed by cooperative growth. The disparity between the eutectoid reactions in CeCrO3 and CeAlO3 is attributed to a difference in interfacial energy between the fluorite and sesquioxide phases (i.e., CeO2/Al2O3 versus CeO2/Cr2O3).
Introduction
In part I of our work,1 cooperative growth was exhibited, and alternating lamellae of CeO2 and Al2O3 were formed by the eutectoid transformation of CeAlO3. However, the interpretation of the data was complicated by the complex polymorphism of Al2O3.2 Due to the ability to synthesize multiple ABO3 perovskites with Ce on the cuboctahedral A-site, an element for the octahedral B-site was sought, whose product would, in theory, offer a simpler system to study. Comparative studies have been used to document the complexity of eutectoid transformations and gain mechanistic insight. For example, in a series of titanium binary alloys, the eutectoid transformation was reported as either cooperative or non-cooperative based on the element of the alloying constituent, as well as the composition (hyper-, hypo- or eutectoid).3, 4, 5 In those works a microstructural definition was used to distinguish cooperative growth as lamellar forming and non-cooperative growth (also referred to as divorced growth) as non-lamellar forming, and herein we follow the same convention. 
In part II, the B-site cation of the perovskite was changed from Al to Cr, that is, CeAlO3 to CeCrO3. In these two systems, similarities as well as differences are present. Tolerance factors of CeAlO3 and CeCrO3 are ≈1.001 and ≈0.962, respectively, according to the Goldschmidt factor analysis.6 The room-temperature structure of CeCrO3 has been reported as orthorhombic (space group Pbnm) with the lattice parameters of a = 0.5479 nm, b = 0.5472 nm, and c = 0.7733 nm,7, 8, 9 whereas, the room-temperature structure of CeAlO3 is tetragonal, I4/mcm. Details of the CeAlO3 structure are presented in part I. Sesquioxides are formed as the product phases of the both the CeAlO3 and CeCrO3 eutectoid transformations, and Cr2O3 and Al2O3 are isostructural as the corundum phase (α, space group Rc), where the lattice constants are reported as a=0.49570 nm, c=1.35923 nm10 and a=0.47540 nm, c=1.29782 nm,11 respectively. The volume fraction of the sesquioxide product in the eutectoid transformation would correspond to ≈35% and ≈38%, respectively, with the remainder being made up of CeO2. Before the formation of the thermodynamically stable α-Al2O3 phase, several metastable Al2O3 polymorphs can be formed.2 By comparison, α-Cr2O3 is the only chromium sesquioxide phase expected to be formed.
The eutectoid phase transformation of CeCrO3 was studied by Shukla et al.7 using powder X-ray diffraction (XRD) and thermogravimetric analysis (TGA). It was determined the transformation initiated in air at a temperature of approximately 500 °C and that the reaction end-products were fluorite CeO2 and α-Cr2O3. However, no additional characterization was performed and as such, the microstructure and growth mechanisms of the CeCrO3 eutectoid decomposition are unknown.  
In this work, the eutectoid phase transformation is initiated by annealing CeCrO3 powders in air. The kinetics and the microstructural evolution of this phase transformation are reported using TGA, X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, XRD, scanning electron microscopy (SEM), and scanning transmission electron microscopy (STEM). Unlike the CeAlO3 eutectoid transformation, which exhibits cooperative growth, non-cooperative or divorced growth is observed in CeCrO3. Reasons for the difference in growth behavior between the CeAlO3 and CeCrO3 transformations are speculated upon, and consideration is given to how opportunities may arise for engineering properties of the system for catalysis through the behavior of these eutectoid phase transformations.
Materials and Methods
Synthesis
[bookmark: _Hlk152083570][bookmark: _Hlk152081820][bookmark: _Hlk152147534]CeCrO3 was synthesized by solid-state reaction. Equimolar amounts of Ce and Cr, in the form of CeO2 (99.99% rare earth oxide, Alfa Aesar[footnoteRef:1]) and Cr2O3 (certified, Fisher Scientific) powders, were combined with isopropanol and 3 mm and 8 mm diameter yttria-stabilized zirconia milling media and placed in high-density polyethylene jars. The powders were milled in a planetary ball mill with a radius of approximately 10 cm at a rate of 3.14 rad s-1 (30 rpm) for approximately 60 min. After drying, the powder was annealed in a horizontal tube furnace under a mixture of flowing forming gas (vendor specified composition of 5 % mole fraction hydrogen in nitrogen). Samples were placed into a furnace held at a temperature of 500 °C and the furnace was then heated at a rate of 5 °C min-1 from 500 °C to 1250 °C and held for 300 min. It was then cooled at a rate 10 °C min-1 to 400 °C, after which the sample was removed from the furnace to cool to room temperature. To oxidize the CeCrO3 samples and initiate the eutectoid reaction, powders were heated in air using either a box or tube furnace. In Tables S1 and S2 the annealing conditions used on the sample in each micrograph are listed. [1:  Certain commercial equipment, instruments, software, or materials are identified in this paper to foster understanding. Such identification does not imply recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the materials or equipment identified are necessarily the best available for the purpose.] 

Characterization 
TGA measurements were conducted using a TA Instruments SDT Q600. Samples were heated in a platinum pan under breathing air (manufacturer specified oxygen mole fraction of 19 % to 23 %) at a flow rate of 100 ml min-1. This flow rate was deemed adequate, as changing the flow rate to 33 ml min-1 and 300 ml min-1 did not affect the outcome of isothermal measurements at 625 °C. The manufacturer- specified mass accuracy of the TGA system is ± 1 %. The melting temperature of zinc was measured to check the accuracy of the temperature calibration with the difference between the measured and actual value of 419.5 °C was less than 5 °C. 
Isothermal TGA measurements were recorded at intervals of 12.5 °C from 575 °C to 625 °C. The conversion fraction, α, for an isothermal measurement is defined as 

where m0 is the initial mass, mf is the final mass and mt is the mass at time t. 
XPS spectra were collected using a Kratos Axis Ultra system equipped with monochromated Al Kα excitation source operating at 15 kV and 10 mA and a hemispherical electron analyzer collecting at an electron take-off angle of 90° with respect to the surface normal. All XPS measurements were performed at a base pressure of 2.7 × 10−7 Pa or less, with a pass energy of 20 eV and an energy resolution of 0.1 eV. The binding energy scale was calibrated using the C 1s peak from adventitious carbon and assuming a value of 284.8 eV. Control spectra were acquired from the same CeO2 and Cr2O3 powders used to synthesize the CeCrO3. Data analysis was conducted with Shirley backgrounds using CasaXPS.
XRD data were acquired using a q-2q geometry using a PANalytical X’Pert Pro. The 2q step size was approximately 0.013° and the X-ray source was copper Kα1. In some cases, the scan was repeated two or three times and the data summed to increase signal to noise. Data were normalized to a range of 0 to 1 by the maximum intensity value and spectra were plotted offset to one another for improved readability. Stick line patterns were simulated using Vesta.12
Raman spectroscopy was performed with a Renishaw inVia microscope (1800 grooves mm-1 grating, 2.54 cm CCD detector), with 633 nm HeNe excitation in a 180° back-scattering configuration through a 50x objective (Leica, 0.9 NA). Typical collection parameters were 120 s at 0.8 mW power. Data were normalized to a range of 0 to 1 by the maximum intensity value and spectra were plotted offset to one another for improved readability. A rising background was present in the decomposed CeCrO3 samples, potentially due to sample heating from the laser, and it was fit using an asymmetric least squares smoothing routine and subsequently removed using the software OriginPro.
Samples for scanning transmission electron microscopy were prepared by dispersing powders directly onto carbon films supported by 3.05 mm diameter copper grids. A Thermo Fisher Scientific (formerly FEI) Titan 80-300 scanning transmission electron microscope was operated at an accelerating voltage of 300 kV and a probe convergence semi-angle of approximately 14 mrad was used. High-angle annular dark field (HAADF) images were acquired using an annular dark field detector with an yttrium aluminum perovskite scintillator optically coupled to a photomultiplier tube. The camera length of the microscope was adjusted to achieve an inner collection semi-angle of approximately 70 mrad. For select figures (Figure 7c, 8a, 8c) image series were acquired, aligned, and summed to mitigate the effects of scan or sample instabilities. Images stacks were aligned by rigid alignment13 and processed using Fiji.14, 15 Energy dispersive spectroscopy (EDS) data were acquired with the sample stage tilted to approximately 15° to minimize shadowing of the detector by the penumbra of the specimen holder. Electron energy loss spectroscopy (EELS) data were acquired with a collection semi-angle of approximately 13 mrad and a dispersion of 0.5 eV per pixel. The background was modeled and then removed by fitting a power law relationship to the pre-edge region of the O-K edge and subtracting the model from the data. Data were normalized to a range of 0 to 1 by the maximum intensity value and spectra were plotted offset to one another for improved readability.
Back-scattered electron images were acquired using a scanning electron microscope (Thermo Fisher Scientific Nova 600 Nanolab) operated at 5 kV with a working distance of approximately 5.2 mm. Carbon was deposited on the sample to reduce charging. 
Results
The eutectoid phase transformation is described by reaction:

where the theoretical change in mass for the reaction is 3.33 %. TGA measured mass as a function of time and temperature and the results are plotted either as the percent change in mass or the conversion fraction, α. A non-isothermal (heating rate of 20 °C min-1) TGA curve is shown in Figure 1a. The derivative of the data ( where α is the conversion fraction and T is temperature) is shown as an inset in Figure 1a. There are three peaks in the plot of , located at approximately 570 °C, 728 °C, and 1090 °C. These peak values shifted to lower values as the heating rate decreased from 20 °C min-1 to 5 °C min-1 (not shown). Multiple peaks indicate a multistep reaction.  
Isothermal TGA curves, recorded at intervals of 12.5 °C from 575 °C to 625 °C, are plotted in Figure 1b. The isotherms were analyzed using the general Avrami model which is commonly used to analyze solid-state reactions including eutectoid decompositions.16, 17 The Avrami model is described by the relation:

Where α(t) is the conversion fraction as a function of time, t, a rate constant, k (units of time−s), and the kinetic exponent, n (unitless), which is sensitive to growth dimensionality and the nucleation probability. This equation can be rewritten as: 

Linear fits of the isothermal TGA data are shown in Figure 1c, along with the resulting rate constants in Figure 1d. To minimize the effect of non-linear tails skewing the fit, the data were truncated to a range of α approximately equal to 0.03 to 0.98. The mean value of n was 1.52 with a standard deviation of 0.04. 
The total mass gain in the isothermal curves was greater than the theoretical value of 3.33 % for the eutectoid transformation of CeCrO3; by comparison, the mass gain measured for CeAlO3 was slightly less than its theoretical value. An isothermal measurement at 625 °C followed by increasing the temperature to 1100 °C decreases the sample mass (Figure S1a) below 3.33 %. This mass loss is irreversible as decreasing the sample temperature back to 625 °C does not increase the total mass. Additionally, if the length of an isothermal measurement at 625 °C is extended, the sample mass decreases slowly after reaching a peak value (Figure S1b) indicating that a reduction process in addition to oxidation is occurring during the transformation.             
XRD of the as-synthesized sample confirms CeCrO3 formed in the orthorhombic space group number 62, in agreement with previous reports,7, 9 and without secondary phases (Figure 2). We adopt the Pbmn space group as defined by Skula et al., where the lattice parameters were refined as a = 0.5479 nm, b = 0.5472 nm, c = 0.7733 nm.7 As CeCrO3 is heated at 600 °C in air, the samples decompose to fluorite CeO2 and corundum Cr2O3. Samples were measured at different time intervals and no intermediate phases were detected. A sample heated at 1100 °C is included for comparison and only contained fluorite CeO2 and corundum Cr2O3. Raman spectroscopy of samples annealed for 1100 min at 600 °C, 7200 min at 600 °C and 75 min at 1100 °C confirm CeCrO3 decomposes into CeO2 and Cr2O3 (Figure 3) with no trace of the CeCrO3 peaks. The full width at half maximum (FWHM) of the CeO2 peak at ≈ 464 cm-1 decreases with increasing annealing time and temperature, suggesting the CeO2 crystallite size is increasing. 
[bookmark: _Hlk152232849]Changes in Cr bonding as the samples were annealed was observed in the X-ray photoelectron spectra (Figure 4). The Cr 2p3/2 signal was fitted with five components. Compared to as-synthesized CeCrO3 and Cr2O3, the high binding energy components increased in samples annealed for 1100 min at 600 °C, 7200 min at 600 °C (not shown) and 75 min at 1100 ° C. The contribution of the high binding energy components was greatest in the sample annealed for 1100 min at 600 °C. As spatially resolved STEM-EELS measurements indicate (vide infra), a fraction of the Cr is localized in the near-surface region of the CeO2. Because XPS is a global, surface sensitive technique, the Cr signal will be a combination of the Cr signal in the Cr2O3 phase and Cr interacting with the CeO2 phase. The increase in high binding energy components indicates a portion of the Cr is binding to a more electronegative moiety or the presence of Cr with a higher oxidation state, in this case, Cr(IV). While other higher oxidation states of Cr exist, i.e., Cr(VI) and less commonly Cr(V), the binding energies measured by XPS did not match well with those particular oxidation states. Also no chromate compound, Cr(VI)  signatures were detected by Raman spectroscopy (Figure S2), for which the chromium-oxygen stretching vibrations are reportedly observed from approximately 800 cm-1 to 1000 cm-1.18, 19 
The microstructure of the samples was examined by electron microscopy. In samples treated for 1100 min (Figure 5a and 5b) and 7200 min (not shown) at 600 °C (see Figure S3 for EDS data), time periods at which XRD, Raman, and TGA suggest complete decomposition of CeCrO3, the CeO2 and Cr2O3 phases segregate into separate particles rather than forming a lamellar or rod-like structure commonly associated with eutectoid decompositions; that is, it is a non-lamellar microstructure characteristic of non-cooperative or divorced growth. The CeO2 particles are porous and polycrystalline, and smaller in diameter than the Cr2O3 particles, while the Cr2O3 particles are faceted single-crystals without voids. Backscattered electron scanning electron microscopy (BSE-SEM) imaging corroborates these observations (Figure 5c). At higher temperatures of 800 °C, 900 °C, 1000 °C and 1100 °C (Figure S4 and Figure 5d), the microstructure, that of a non-cooperative process, is similar to the product at 600 °C; the CeO2 and Cr2O3 segregate into separate particles, although the polycrystalline CeO2 particles coarsen with increasing temperature, reducing porosity and increasing grain size. EELS detected the presence of Cr near the surface of CeO2 particles in samples annealed at 600 °C (Figure 6) as well as 1100 °C (not shown). It was consistently detected (e.g., 16 of 19 line scans detected Cr at CeO2 surfaces in a sample annealed at 600 °C for 1100 min) suggesting a relatively uniform distribution. Due to the low signal to noise ratio and concerns of beam damage, quantification of the Cr oxidation state was not performed. 
To understand the microstructural evolution, samples were examined by electron microscopy at intermediate stages of the reaction before the CeCrO3 had completely transformed. EDS mapping of a partially converted CeCrO3 particle reveals an outer layer rich in Ce and poor in Cr (Figure S5), suggesting that Cr diffuses away from the decomposing CeCrO3 particles while CeO2 nucleates and grows in place. In a sample heated at 550 °C for ten minutes (Figure 7), isolated fluorite-phase growths were observed to nucleate on high-index facets of the CeCrO3 particles (Figure 7b), while on low-index facets the growths were between one to several atomic layers (Figure 7c). The appearance of a continuous CeO2 layer rather than islands in Figure 7c can be attributed to multiple CeO2 islands impinging onto one another. 
From samples heated at 600 °C for 50 min and 100 min, orientation relationships between the CeO2 and CeCrO3 were determined. The following orientation relationships treat CeCrO3 as pseudocubic rather than orthorhombic and the unit cell dimensions have the relationship a ≈ b ≈  ac and c ≈ 2ac, where a, b, c are the lattice constants of the orthorhombic unit cell and ac is the lattice constant of the pseudocubic unit cell. The following orientation relationships were observed: [101]CeO2//[001]CeCrO3 (02)CeO2//(10)CeCrO3, [101]CeO2//[001]CeCrO3 (020)CeO2//(010)CeCrO3 (Figures 8 and S6). A degree of lattice matching between CeO2 and CeCrO3 on high-index facets also exists (Figure S7a) and depending on the extent of different CeCrO3 facets present, the tendency to minimize heterophase boundary energy by lattice matching could yield many different orientation relationships with the product (CeO2) phase. Coincident site lattice models with different applied rotations between the CeCrO3 and CeO2 lattices would correspond to different facets of the CeCrO3 and may be one method to predict orientation relationships along surface facets which are more difficult to characterize experimentally. Last, in cases where the growth of CeO2 was constrained by two planes of CeCrO3, and there was significant lattice mismatch, misfit dislocations were present (Figure S7b).  
These intermediate states of transformation demonstrate that the growth of CeO2 on CeCrO3 is anisotropic. The size of the CeO2 domains normal to the CeCrO3 facet is smaller compared to directions lateral to the CeCrO3 facet. Additionally, there is evidence (e.g., Figure 8b) that the lateral growth along the CeCrO3 surface can be anisotropic, as the CeO2 grain is longer in one direction.     
Discussion
[bookmark: _Hlk154173600][bookmark: _Hlk153139167][bookmark: _Hlk153139190][bookmark: _Hlk152232650][bookmark: _Hlk153139545][bookmark: _Hlk154174152]The TGA measurements are sensitive to the kinetics of the phase transformation through processes that alter sample mass, which should correlate with the oxidation state of Ce from Ce(III), reactant, to Ce(IV), product. Conversely, based on the phase transformation reaction (equation 2), TGA would not be expected to be dependent on processes related to Cr because the oxidation state of Cr in both the parent and product phases is Cr(III). However, there is evidence in the XPS data that a portion of Cr oxidizes as an intermediary with a oxidation state greater than 3+ and subsequently undergoes reduction to Cr(III). To maintain charge balance during this oxidation and subsequent reduction of the chromium ions, oxygen is absorbed and then desorbed such that the mass of the sample increases and then decreases. This behavior would explain the TGA results where the mass increases beyond the theoretical limit predicted by equation 2 and then subsequently decreases in the extended isothermal experiments or when the annealing temperature is increased, as was shown in Figure S1. The magnitude of the mass loss observed in Figure S1a was ≈0.2% as the sample was heated from 625 °C to 1100 °C. This amount would correspond to the oxygen liberated as ≈6% of the Cr present reduced from Cr(IV) to Cr(III) or, for the sake of comparison, if ≈2% of the Cr reduced from Cr(VI) to Cr(III). 
In addition to analyzing the TGA data to extract rate constants, growth mechanisms can be inferred from the Avrami exponent, n. Similar values of n resulted from the data fitting procedure for CeAlO3 and CeCrO3 (≈1.34 and ≈1.52, respectively) even though the growth modes were different, illustrating that inferring growth behavior from kinetic data can be fraught with challenges. 
STEM results indicate CeO2 nucleates and grows on the CeCrO3 while it decomposes. The nucleation process initiates at the CeCrO3 surface where the CeO2 is not constrained by the volume of the CeCrO3 and where both oxygen activity and temperature are initially higher than in the CeCrO3 particle interior. Two orientation relationships on low-index planes of CeCrO3 were identified – [101]CeO2//[001]CeCrO3 (02)CeO2//(10)CeCrO3, [01]CeO2//[001]CeCrO3 (020)CeO2//(010)CeCrO3 – and these two relationships were also observed in the CeAlO3 system. A third orientation relationship – [001]CeO2//[001]CeAlO3 (20)CeO2//(020)CeAlO3 -- observed in CeAlO3 was not observed here. For the first two relationships, the Ce sublattices in the two phases are coherent and in the third relationship the Ce sublattices are semi-coherent.  
The morphology of individual CeO2 grains is anisotropic and the growth, which can be epitactic, is templated by CeCrO3. This was similarly observed in the CeAlO3 system. It is unknown if the anisotropic growth of CeO2 (e.g., Figure 8b) is kinetically or energetically controlled. Elastic strain minimization20 or differences in interface mobility where comparatively faster growth is present at incoherent interfaces while slower growth (e.g., by the ledge mechanism) at coherent interfaces are both plausible explanations. Both mechanisms are potentially active depending on the specific orientation relationship between the CeO2 and CeCrO3. In situ measurements and temperature-dependent growth rates could help to disentangle the origin of these observations. 
The morphology of the polycrystalline porous CeO2 particles is influenced by diffusion rates. CeO2 would occupy approximately two-thirds of the original volume of the parent CeCrO3 particle or said another way, the interface motion is non-conservative and acts as a sink for Ce atoms. Therefore, the presence of voids distributed throughout the polycrystalline product CeO2 particle, rather than a single central pore, suggests that diffusion of Ce to the CeO2/CeCrO3 reaction front is insufficient to sustain the reaction until all the CeCrO3 decomposes. We hypothesize that when a CeO2 grain nucleates at the CeCrO3 surface, the rate of the Ce transfer from CeCrO3 to CeO2 is greater than the bulk diffusion rate of Ce through the CeCrO3 phase to the reaction front. As a result, as Ce diffuses across the phase boundary, vacancies form in CeCrO3 and coalescence eventually leading to the nucleation of a pore. Evidence of pore nucleation at the CeO2/CeCrO3 interface can be seen in Figure 8a and Figure S8. The pore likely slows or inhibits further diffusion of additional Ce to that specific CeO2 grain, while the CeCrO3 surface, freshly exposed by the nucleation of a pore, can act as a new nucleation site for another CeO2 grain. This process repeats, moving the reaction front towards the core of the CeCrO3 particle until it is entirely transformed.
The Cr2O3 phase does not participate in the CeO2-CeCrO3 reaction front but rather grows independently from the CeO2-CeCrO3 phase boundary. However, as STEM-EELS measurements indicate, a fraction of the Cr localizes near CeO2 surfaces. Because STEM data are projections of three-dimensional objects there is some ambiguity if the chromium is doping the CeO2 or if the chromium is present as a metal oxide surface species. The Raman spectra did not contain features associated with chromium compounds suggesting doping. Moreover, the XPS data indicates a fraction of Cr oxidizes to Cr(IV). While XPS cannot determine the spatial origin of the Cr(IV) signal, when these observations are considered together it supports a hypothesis where it is the Cr interacting with the CeO2 that is oxidizing to Cr(IV) in the form of Cr doping cation sites of the CeO2. 
[bookmark: _Hlk152234254][bookmark: _Hlk154173960]Chromium may become incorporated in the CeO2 either at the growing CeO2-CeCrO3 phase boundary (solute capture) or through other diffusion processes for which intermixing is energetically favorable. Regardless of the mechanism of incorporation of Cr into the CeO2 matrix, the size mismatch between the Cr and Ce ions is large, where the Cr ionic radius is roughly two-thirds of that for the Ce(IV) ion.6 Solubility values of Cr in CeO2 were not identified in the literature, but a very low bulk solubility limit is anticipated due to the elastic strain energy resulting from the size mismatch. Smaller size species, like Nb in CeO2, provide a reference and have reported bulk solubility limits of 0.6 mole percent.21 Therefore, Cr enrichment of near-surface regions observed in the STEM-EELS measurements may be driven by strain energy minimization, where the free surface can better accommodate the size mismatch than the bulk region (CeO2 nanomaterials have been reportedly doped with Cr at concentrations of a few mole percent to values greater than 10 mole percent22, 23, 24, 25, 26, 27, 28). With increased annealing times or temperatures there would be a reduction in CeO2 surface area driven by coarsening of CeO2 grains, as well as the redistribution of any kinetically trapped Cr solute in the CeO2. These processes would lead to a mass transfer of Cr from the CeO2 phase to the Cr2O3 phase and the reduction of Cr(IV) to Cr(III). This would explain the reduction in Cr(IV)  to Cr(III) signal as observed in XPS (and inferred from a mass loss in TGA) as the samples were annealed for longer times or at higher temperatures (Figure S1).  
By comparison, cooperative growth and a lamellar microstructure has been observed in the decomposition of CeAlO3 powders (part I or Figure S9), where CeO2 and Al2O3 are the product phases, which were isothermally annealed in air, similar to the CeCrO3 powders in this study. From Hillert’s treatment on eutectoid reactions certain conditions must be satisfied for cooperative growth to occur.29 The growth rates of the two product phases must be nominally the same to maintain a cooperative growth front and the velocity of cooperative growth must be greater than competing reactions (i.e., divorced growth). The free energy of the transformation must also be negative, which depends on factors including undercooling and the interfacial energies. Of particular importance in cooperative growth is the interfacial energy between the two product phases. As the interfacial energy increases, it reduces the driving force for the reaction, as well as the growth velocity.29 Naturally, for growth to occur, suitable nuclei must be present. We identify some qualitative differences between the two cases which can provide insight on why CeO2 and Cr2O3 did not grow cooperatively. 
Comparing crystallography of the reactions indicates both have a ABO3 perovskite parent and a fluorite phase product (CeO2). Cr2O3 grows as a corundum structure, which features hexagonally close packed oxygen atoms, whereas Al2O3 nucleates and grows as one of the polymorphs with a face centered cubic oxygen sublattice, such as θ-Al2O3. While α-Al2O3 was observed, it is believed to form from the Al2O3 polymorphs with a face centered cubic oxygen sublattice and after formation of the lamellar structure. Therefore, it is expected that CeO2/Al2O3 interfacial energies are more favorable due to the similarity of the oxygen sublattice symmetry when compared to CeO2/Cr2O3 interfaces. This could be a result of strain minimization or maintaining charge balance across the lamellar interface where ionic bonds at the heterophase interface must be compensated. Similarly, the orientation relationships observed between CeO2 and the parent phase in the two systems did not match. While the same two coherent relationships were observed in both systems, a semicoherent relationship was observed in CeAlO3 but not in CeCrO3. Semicoherent interfaces typically have higher interfacial energy and mobility. While particulars of the nuclei for the colony formation are not clear, what this observation highlights is that there are differences in energetics and reaction pathways between the CeCrO3 and CeAlO3 systems, which one could infer could lead to differences in the product of the transformation. 
While a complete mechanistic understanding of the transformation remains elusive, we wish to note a potentially promising pathway to gain further insight into these eutectoid reactions. The heat treatment temperature profile is typically the primary experimental parameter used to control the eutectoid transformation. However, for the eutectoid reaction in Ce-based ABO3 perovskites, the partial pressure of oxygen (pO2) is also critical, thereby creating a more complex experimental phase space. Because the thermodynamics of the transformation in these materials depends on both temperature and pO2, one can partially decouple thermodynamic driving forces and diffusion rates which would typically be interlinked and dictated by the undercooling. Meaning one could envision isothermal experiments as a function of oxygen partial pressure that could potentially identify suitable conditions for cooperative growth to manifest. 
Thus far, we have focused on the fundamental aspects of the eutectoid transformation. We wish to devote some time to discussing how specific characteristics (i.e., Cr doping CeO2, epitactic (strained) growth of CeO2, and reversibility of the eutectoid transformation) of the product and parent phases of the CeCrO3 transformation may have practical use. Mixed-oxides and supported transition metal oxides are frequently utilized as catalysts. Several papers studying CeO2 doped with Cr or CeO2-Cr2O3 mixed-phase structures report an improvement in oxygen storage capacity (OSC)22, 28 compared to pure CeO2, as well as improved catalytic performance for various reactions.23, 25, 26, 27, 30, 31, 32 Similarly, we speculate that the products of the CeCrO3 eutectoid decomposition may have useful catalytic performance, in particular the intermediate structure of partially decomposed CeCrO3, where CeCrO3, CeO2, and Cr2O3 are simultaneously present. The epitactic growth of CeO2 on the surface of CeCrO3 strains the CeO2, and strain (both tensile and compressive) has reportedly been used to increase the OSC of CeO2 thin films.33 Furthermore, the CeCrO3 decomposition is reversable under reducing and oxidizing conditions, much like the environments of rich and lean cycling, the fraction of the end-member phases could be controlled and periodically regenerated, which could ameliorate coarsening and deactivation and increase catalyst lifetime. Such a concept is not without precedent, a similar regenerative idea has been explored for noble metal doped perovskite materials where metallic nanoparticles undergo cyclical precipitation and dissolution under redox cycling.34, 35 These proposed mechanisms of strain control and regeneration are not limited to CeCrO3 as other Ce-based ABO3 perovskites can exhibit similar behavior because both epitactic growth of CeO2 and reversibility of the transformation are also observed in CeAlO3. These characteristics being general to Ce-based ABO3 perovskites (although not all Ce-based ABO3 perovskites are expected to exhibit both of these traits) is advantageous given the toxicity concerns associated with chromium, particularly Cr(VI), and provide the opportunities to further tune the composition and thus properties. To this point, we note recent studies where CeFeO3 and CeMnO3 were deposited on γ-Al2O3 supports and studied under redox cycling.36, 37  
Conclusions
When CeCrO3 powders are heated in air, a eutectoid phase transformation occurs, resulting in the conversion of CeCrO3 into fluorite CeO2 and corundum Cr2O3. The growth of CeO2 is epitatic and forms anisotropic shaped domains on the CeCrO3. A process of repeated nucleation, growth, and termination (via formation of voids at the CeO2/CeCrO3 interface) of individual CeO2 domains at the CeCrO3 surface results in a polycrystalline CeO2 particles as the CeCrO3 is consumed. The Cr2O3 grows independently from CeO2, meaning the eutectoid transformation is divorced. By comparison, the CeAlO3 eutectoid transformation exhibits cooperative growth. We hypothesize that the CeO2/Cr2O3 interfacial energy is higher than the CeO2/Al2O3 interfacial energy, due to the difference in ordering of the sesquioxide phase oxygen sublattices (hexagonally close packed and face centered cubic, respectively). An increased interfacial energy favors a divorced growth mechanism, as a result. While new microstructural insights into the behavior of the transformation have been provided, additional studies are needed to elucidate the mechanistic origins of these observations. Because of the importance of oxygen partial pressure, additional studies could incorporate both temperature and atmosphere as experimental parameter, thereby providing an additional mechanism to study and engineer this phase transformation. Additionally, other chemistries beyond CeAlO3 and CeCrO3 may be helpful in unraveling some of these unresolved questions. Last, based on our observations of the microstructure and the sensitivity of the reaction to oxygen partial pressure, we hypothesize the products of CeAlO3 or CeCrO3 decomposition reactions may have favorable characteristics for catalysis based on the ability to the engineer and regenerate the microstructures through controlled exposure of temperature and atmosphere. 
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Figure 1. Non-isothermal TGA and its derivative (inset) with three separate peaks (a). Isothermal TGA measurements of CeCrO3 as it decomposes at five different temperatures (b). Linear fits of the replotted isothermal data (c), and Arrhenius plot of the rate constants derived from the linear fits (d).
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Figure 2. Powder diffraction patterns from samples heated at 600 °C for different periods of time. The data reveals the perovskite CeCrO3 decomposes into fluorite CeO2 and corundum Cr2O3 with no additional phases identified. Patterns from as-synthesized CeCrO3 and a sample heated at 1100 °C are added for comparison. Stick reflections for each respective phase are included. The plot on the right is the same data plotted on a limited angular range. In some patterns, most notably the 150 min pattern, peaks from the aluminum sample holder are present. Aluminum generates reflections at approximately 38°, 45°, 65° and 78°. 
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Figure 3. Raman spectra from control samples of CeO2, Cr2O3 and CeCrO3 (a) compared to the annealed CeCrO3 samples (b) indicate CeCrO3 has decomposed completely into CeO2 and Cr2O3. No residual peaks from CeCrO3 were present and no additional peaks from additional phases or compounds were observed. 
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Figure 4. X-ray photoelectron spectra of the chromium 2p3/2 signal fitted with 5 components. High binding energy components increase in CeCrO3 annealed for 1100 min at 600 °C (a) relative to CeCrO3 annealed for 75 min at 1100 ° C (b), CeCrO3, and Cr2O3 (c). This indicates an increase in the concentration of Cr(IV) or increased binding to an electronegative moiety compared to the other samples.
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Figure 5. The product of the eutectoid decomposition reaction is porous polycrystalline particles of CeO2 and single crystalline Cr2O3 particles. A HAADF STEM image from a sample treated at 600 °C for 1100 min shows the porous nature of the CeO2 particles (a) and a single crystalline Cr2O3 is shown in (b) as indicated by the arrow. A backscattered electron image, where the CeO2 particles are the bright smaller particles, while the Cr2O3 corresponds to the dark large, faceted particles (c). Higher temperature treatments accelerated the coarsening of the CeO2, as demonstrated in a sample annealed at 1100 °C for 75 min. The scale bar is equal to 150 nm, 300 nm, 1 μm and 100 nm in (a), (b), (c), and (d), respectively. 
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Figure 6. EELS detects Cr at the surface of the CeO2 particles. The position of a representative line scan is indicated by the dashed lined overlaid on the HAADF image (a). The inset in (a) shows the HAADF image intensity along that line and the position of the extracted EELS spectra from the surface (green) and core (blue) are indicated (B). The extracted EEL spectrum identifies Cr at the surface of the CeO2. A spectrum acquired from a corundum phase Cr2O3 particle in the sample is included for comparison (B). The scale bar (a) is equal to 10 nm.
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Figure 7. CeO2 nucleates on the surface of CeCrO3 (a) heated for 10 min at 550 °C. Islands, as indicated by the arrows, in the fluorite structure can be seen in (b). Two of the outermost atomic layers possess the fluorite structure and exhibit lattice matching with the underlying perovskite structure (c). The scale bar in (a) is equal to 30 nm and the scale bars in (b) and (c) are equal to 2 nm.     
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Figure 8. Examples of the [101]CeO2//[001]CeCrO3 (02)CeO2//(10)CeCrO3 orientation relationship viewed along three viewing directions (a, b, c). Overlaid simulated diffraction patterns (d) The scale bars (a, b, c) are equal to 2 nm.     
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