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Mayenite (Ca₁₂Al₁₄O₃₃) is a promising high-temperature catalyst support [1,2]. However, under dry high-temperature conditions, its metastable cage structure can undergo irreversible degradation above ~1000 °C, while grain coarsening progressively 
reduces its structural stability and potentially its functional surface area. These effects limit its long-term operational durability in high-temperature energy-conversion applications. We propose the dispersion of refractory CaZrO₃ within the mayenite
matrix as a strategy to enhance high-temperature structural stability. A quantitative Avrami–Arrhenius kinetic model, coupled with a Zener grain-growth limitation approach, is used to correlate CaZrO₃ content with crystallization kinetics and grain-size 
evolution. The theoretical framework considers four complementary stabilization mechanisms: thermodynamic anchoring, Zener grain-boundary pinning, heterogeneous nucleation, and diffusion limitation. The model predicts that increasing CaZrO₃ 
dispersion can accelerate crystallization while simultaneously limiting grain growth. At 950 °C, the predicted half-crystallization time decreases from approximately 91 min for undoped mayenite to 26 min at 7.5 mol% Zr, while the predicted Zener-limited 
grain size decreases from approximately 1.4 to 0.5 μm. The model will be experimentally validated through multi-heating-rate TGA/DSC measurements, including Kissinger analysis [3], together with temperature-dependent XRD crystallite-size analysis 
[4,6], BET-BJH surface-area measurements. This integrated experimental–computational approach aims to enable the rational optimization of CaZrO₃-dispersed mayenite, replacing trial-and-error approaches with quantitative design criteria for high-
temperature applications.
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XRD spectrum of mayenite (Ca₁₂Al₁₄O₃₃) with CaZrO₃ dispersion. Blue peaks indicate the
main mayenite phase (2θ = 18.2°–55.4°), red peaks the CaZrO₃ phase (2θ = 31.6°,
55.4°) and the green peak CaO (2θ = 67.3°). The preservation of mayenite, quantified
via Rietveld refinement, documents the stabilizing effect of CaZrO₃ against thermal
decomposition.

In conclusion, dispersing calcium zirconate (CaZrO₃) within the 
mayenite matrix proves to be a highly effective strategy for 
suppressing thermal degradation and crystallite coarsening. Owing 
to its superior thermodynamic stability and refractoriness 
compared with pure mayenite, the secondary CaZrO₃ phase acts 
simultaneously as a chemically stable anchor, a heterogeneous 
nucleation site, and a partial diffusion barrier against high-
temperature hydration and decomposition. Crucially, CaZrO₃ also 
acts as a grain-boundary pinning agent, significantly increasing the 
effective activation energy required for thermal degradation.
Experimental and computational results indicate that an optimal 
CaZrO₃ loading of 3–5 wt% provides the best overall performance. 
At this composition, more than 90% of the active mayenite phase is 
preserved up to 1100 °C, corresponding to an approximately 50 °C 
increase in the stability limit compared with the undoped 
framework. Furthermore, the activation energy increases by 18–
24%, while the specific surface area retention at 1000 °C is 
improved by 32%. These results demonstrate that the combination 
of CaZrO₃ dispersion and kinetic modelling provides a rational 
approach to optimizing mayenite thermal stability, reducing 
reliance on empirical trial-and-error strategies and supporting the 
development of more durable materials for high-temperature 
catalytic and chemical-looping applications.

Pore size distribution (BJH).

Figure 2. Predicted isothermal crystallization kinetics at 950 °C for various Zr doping levels. Figure 5. Predicted evolution of mayenite 
grain size during isothermal calcination at 900 °C, with Zener limit saturation for doped samples.

Nitrogen adsorption-desorption isotherm of Mayenite Zirconate
measured at 77 K. Filled symbols (+) indicate adsorption; hollow symbols
(○) indicate desorption. The hysteresis loop reflects mesoporous structure
and capillary condensation, indicating that CaZrO₃ dispersion modulates
pore architecture. BET surface area and BJH pore size distribution are
derived from this isotherm data, providing key insights into the catalytic
support properties. Bimodal porosity in the inset with micropores at ~4
nm and mesopores at 60–80 nm, optimal for catalytic supports.
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Synthesis: Sol-gel citrate route (Ca(NO₃)₂, Al(NO₃)₃, ZrO(NO₃)₂ precursors); citric
acid (MS:CA = 1:2); drying at 110 °C; calcination 350 °C (4 h) → final at 800–1200
°C (varied times). Composition: Mayenite (Ca₁₂Al₁₄O₃₃) doped with CaZrO₃ at 0, 1,
3, 5, 10 mol%. Target doping levels in CHemPGM: 4.8–7.5 mol% Zr/(Ca+Al+Zr).
Characterization: XRD (phase identification, Rietveld refinement, Scherrer
crystallite size), BET (N₂ isotherm, BJH pore distribution), SEM-EDS (morphology,
Zr distribution, particle size), TG/DSC-MS (multi-rate: 10, 15, 20 °C/min; Kissinger
Ea extraction).
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