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Progress on Studies of Crystal Nucleation: Coexistence of Classical and Non-Classical
Nucleation in Common System
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Abstract: Crystallization is an important stage in the synthesis of materials and in the formation of minerals in natural environment.
This review represented some typical non-classical nucleation pathways proposed in recent years, i.e., spinodal decomposition,
pre-nucleation clusters, and amorphous precursors. The multiple nucleation pathways coexisting in the same system were discussed.
The theoretical system construction of incorporating non-classical nucleation into classical nucleation theoretical framework was
analyzed. In addition, the future research aspects of crystal nucleation were also prospected. This review provides a perspective aspect
on crystal nucleation - classical and non-classical nucleation coexisting in a common system, which is promising to further clarify the
theory of crystal nucleation.
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(a) Schematic illustration of the phase diagram of a two-phase system

with a lower critical solution temperature (LCST, large black circle)

FFAE W PR IR XUESHR A (A 1b, ), 55X
WL = P BEALIE A A% AT R P A
(& 16, ).

(b) Spatial patterns produced upon spinodal decomposition (left)

and binodal demixing / nucleation (right)
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Fig. 1 Second mechanism of first-order phase transition
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Fig. 2 Liquid phase separation: (a) Snapshots taken from
replica-exchange molecular dynamics showing the
evolution of polymeric cluster configurations toward
denser structures at larger sizes; (b) Schematic
representation of the phase relationships in the
CaCO0O5-H,0 system“S]
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(a) Development of the free calcium ions measured by the calcium

ion selective electrode (black line) at pH = 9.25 in comparison

with the dosed amount of calcium ions (red line)
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(b) Schematic illustration of the free reaction enthalpy ARG

versus the reaction coordinate

(c) Schema of the classical and novel view on precipitation (Prenucleation-stage calcium carbonate clusters provide an early precursor species of different ACC

phases giving rise to an alternative crystallization channel. )
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Fig. 3 Nucleation of calcium carbonate
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(a) Cryo-TEM image showing the attachment of primary

particles (arrows) to a magnetite nanoparticle

(c) Schematic of the excess free-energy of clusters
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(b) Nucleation pathways from ions and clusters of ions to the bulk crystal.
Both clusters and free ions can nucleate the crystalline bulk phase

either directly or through an amorphous precursor phase

(d) Dependence of the boundary between the direct and indirect pathways on
both the supersaturation and surface energy of the amorphous precursor

phase relative to the corresponding values for the crystalline phase
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Fig. 4 Classical and non-classical nucleation pathways from solution
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Fig. 5 Crystallization process of dilute calcium carbonate solution. Snapshots taken from simulations demonstrating the existence of
a dense liquid phase in CaCOj; solutions at initial concentrations of (a) 0.57 mol/L and (b) 1.1 mol/L. Calcium and carbonate
are shown as purple and yellow, respectively. Water molecules are represented by the blue circles; (c) Schematic

demonstrating the development of CaCOj structure during the titration experiment in dilute calcium carbonate solutions
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