Formation of a dense liquid precursor in mineral crystallization: spinodal decomposition evidenced by sub-millisecond microfluidics coupled to time-resolved in situ SAXS
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ABSTRACT
	Crystallization from solution often proceeds via a multi-step route, where dense liquid or amorphous precursors form before the crystalline phase emerges[1]. The nature and behavior of these precursors can play a crucial role in crystallization, ultimately shaping the formation and properties of the resulting nanocrystals[2]. Yet, they are not accounted for in the “classical” single-step theory (CNT), which remains the main framework for modelling and designing nanomaterials, underscoring the need for new theoretical tools.

Reactant-rich liquid droplets are the most challenging to investigate due to their labile and transient nature, complicating their characterization and the experimental differentiation between competing crystallization theories[3]. These droplets can arise from nucleation, spinodal decomposition or even kinetic-driven processes, making it crucial to identify their formation mechanism to select an appropriate theoretical model. However, experimental evidence is difficult to gather, especially in mineral systems[4], as distinguishing between these scenarios requires time-resolved and structural characterization at very small spatial (nanometer) and time (sub-milliseconds) scales.

Here, we show how we captured and tracked the formation of the reactant-rich liquid precursor of cerium oxalate, a well-known surrogate of actinide oxalates in the nuclear industry. By combining in situ X-ray scattering with ultrafast microfluidic mixers, we were able to probe this transient at the nanoscale, from 0.6 ms to 40 ms after mixing. With this setup we demonstrated that this liquid precursor is formed via an asymmetric spinodal decomposition, far from the classical framework, involving strong viscosity[5] and volume fraction contrasts between the newly formed phases.
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