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Abstract: In recent studies, the existence of mesoscale precursors has been confirmed in crystallization.
Different from the classical crystallization theory, which only considers the sequential attachment
of basic monomers (atoms, ions, or molecules), the nonclassical crystallization process involving
precursors such as prenucleation clusters, nanoparticles, and mesocrystals is more complicated. The
mesoscale structure is important for the quantitative description and directional regulation of the
solution crystallization process. It is necessary to explore the mechanism by the mesoscale scientific
research methods on the base of traditional chemical engineering and process system engineering
research methods. Therefore, the paper reviews several representative nonclassical nucleation and
growth theories, mainly including two-step nucleation theory, prenucleation clusters theory, particle
agglomeration theory, amorphous precursor growth theory, particle attachment growth theory and
mesocrystal growth theory. Then, the mesoscale structure and its spatiotemporal dynamic behavior
are discussed, and the application of the EMMS model in the nucleation and growth process is
analyzed. Finally, we put forward our views on the prospect of the paradigms and theoretical
innovations of using mesoscale methods in crystal nucleation and growth.

Keywords: nucleation; growth; mesoscale; precursor; EMMS model

1. Introduction

Crystallization has been widely used as an important separation and purification
method in chemical, food and pharmaceutical engineering [1–3]. Solution crystallization is
the most widely used crystallization method due to its high efficiency and low pollution [4].
Solution crystallization is the transformation of a substance from liquid state to crystalline
state and its process undergoes two steps, which are nucleation and crystal growth. Nu-
cleation is the generation of a number of crystal nuclei in the supersaturated solution and
crystal growth is the further growth of crystal nuclei. Nucleation and growth of crystals
are the most important scientific questions in the crystallization field, which have been
attracting the extensive attention of researchers [5].

There are few theories describing the nucleation and growth processes of crystals.
However, most of the existing theories are based on simple assumptions, which lead to
significant limitations in the application of their models [6,7]. Under the classical nucleation
and growth theory, solute molecules in supersaturated solutions form clusters through
motion and collisions, and nuclei are formed when the clusters exceed a certain critical
size. The crystal nuclei grow by adding monomers such as molecules, atoms and ions
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to the surface one by one, and finally form a crystal with an ordered structure. Both
system free-energy changes and reaction kinetics lead to diversification of crystallization
pathways [8,9]. With the further study on crystallization and the development of process
analytical technology (PAT), it is possible to directly observe the nucleation and growth
process of crystals at the molecular and nanoscale. According to experimental observa-
tions, the classical crystallization theory cannot apply in all systems. Then, nonclassical
nucleation theories, such as two-step nucleation theory, prenucleation clusters theory, and
particle agglomeration theory have been proposed. The most typical difference between
these theories and classical nucleation theories is that molecules undergo intermediate
states such as prenucleation clusters, metastable crystalline states and amorphous states
before nucleation. In addition, nonclassical growth theories have also been proposed,
which explain that the growth units from molecules, atoms and ions to precursors such
as oligomers, solute-rich droplets, mesocrystals and nanoparticles [10]. Nonclassical crys-
tallization pathways have been observed in the nucleation and growth of protein crystals,
inorganic nanomaterials and organic crystals [11,12]. In a word, the exact mechanism of
crystal nucleation and growth is still unclear, and there are still lots of difficulties to explore
in the boundary between micro- and macro-scales.

In the process of crystal nucleation and growth, the precursors between molecules and
crystals are typical mesoscale structures. Mesoscale is a relative concept, which refers to a
complex structural scale between the individual microscale and the whole scale composed
of them [13]. Mesoscale is universal in different levels, but its specific forms are different.
The physical mechanisms in different mesoscale structures have a commonality that the
competition and coordination among the dominant mechanisms tend to minimize the
energy consumed in the system. The commonality is the core of mesoscience, based on
the principle of the energy minimization multi-scale (EMMS) [14]. The EMMS principle
of mesoscience provides an important research idea and method for the study of crystal
nucleation and growth. The traditional crystallization theory mainly focuses on the crystal
nucleation and growth at the macroscopic and microscopic scales, but the mesoscale
structure is less involved. Therefore, it is the focus of subsequent research work to fully
consider the mesoscale structure of the nucleation and growth processes, and to establish
the stability conditions of the mesoscale structure to achieve the quantitative description of
its structure and properties [15].

In this paper, we review the basic principles and concepts of classical nucleation
and growth theory and summarize the recent progress of mesoscale structure research in
nonclassical nucleation and growth theory. In addition, we also analyze the application
of the EMMS model in the nucleation and growth process and describe the prospect of
the mesoscale research paradigm and theoretical development of crystal nucleation and
growth in solution crystallization.

2. Mesoscale Structure during Nucleation

The spatio-temporal dynamic structure of nucleation precursors is a typical mesoscale
problem, and it is also a key factor that could affect the nucleation process in solution
crystallization. Various nucleation theories mainly involve nucleation precursors with
different mesoscale structures, such as ordered clusters, disordered clusters, prenucleation
clusters, and nanoparticles.

2.1. Ordered Clusters in Classical Nucleation Theory

The classical nucleation theory (CNT) stemmed from the job of Gibbs [16] in 1877,
then Farkas, Volmer and Weber [17] improved it by quantitative analysis and modification,
and it was formally proposed by Becker and Döring [18] in 1935. CNT is based on the
process of condensation of supersaturated vapor into liquid and can be applied to liquid–
solid equilibrium systems, such as solution crystallization. CNT considers that when
primary monomers such as molecules, atoms or ions collide with each other, they will
follow the dynamic equilibrium of multi-stage adsorption and desorption to form ordered
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clusters [19,20]. The ordered clusters can grow into crystal embryos, which can establish
thermodynamic equilibrium with the solution during the growth process and form crystal
nuclei. The crystal nuclei may continue to grow into crystals, and the specific process is
shown in Figure 1a.
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Figure 1. Schematic diagram of (a) classical nucleation theory, (b) two-step nucleation theory, (c).
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The structure and behavior of critical ordered clusters are the highlight of research
in CNT. The prediction method of critical size has also been reported in many papers.
Joseph L. Katz [21] used CNT and Reiss theory to predict critical ordered clusters size of
nonane, which consisted of eight and nine molecules. Joel D [22] investigated the nucleation
process of AgBr in water using molecular dynamics methods and found that for Ag6Br6
and Ag9Br9, the critical ordered clusters consisted of 5–6 monomers. However, the critical
ordered clusters of Ag18Br18 consisted of three monomers because nucleation occurred
immediately. Adamski [23] further found that critical ordered clusters formed by 10−15 g
barium salts consisted of one million monomers. Moreover, CNT with critical ordered
clusters has been confirmed by relevant experiments. S. T [24] observed the structure of
ordered clusters in apoferritin crystallization by atomic force microscopy (AFM) (Figure 2).
As shown in Figure 2, the number of molecules constituting these clusters was different
and they were all monolayers. These ordered clusters would dissolve or continue to grow
after the remaining adsorbed for 2 to 30 min, which demonstrated the formation of critical
ordered clusters during nucleation.

In CNT, the molecular self-assembly process from the molecular scale to the crys-
tal scale is relatively ordered and involves fewer mesoscale structures. CNT has been
successfully used to qualitatively analyzed the crystallization process and has achieved rel-
atively accurate results in crystal engineering design and control. However, CNT cannot be
applicable to nucleation processes with mesoscale structures such as prenucleation clusters.
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2.2. Disordered Clusters in Two-Step Nucleation Theory

As shown in Figure 1b, the two-step nucleation theory indicates that solute molecules
first aggregate into dense disordered nucleation clusters in supersaturated solutions. When
dense disordered clusters reach a certain level, their interior will reorganize into an ordered
crystal nucleus and eventually form crystals [25,26]. The two-step nucleation theory was
originally proposed to explain the process of protein nucleation, but now, this theory has
also been applied to small molecule materials and colloids [27,28].

Disordered clusters are mesoscale structures in the two-step nucleation theory. Since
disordered clusters are microstructures with spatio-temporal dynamic changes, it is very
difficult to observe and analyze them with instruments. Therefore, simulation methods are
often used for this research. The mechanism of two-step nucleation was initially proposed
by Wolde and Frenkel [29], who used the Monte Carlo method to study uniform nucleation
in the Lennard–Jones system. Their simulations showed simultaneous changes in density
and structural order parameters away from the liquid–liquid critical point, but high-density
fluctuations were observed at the critical point, which made a significant change in the
crystallization nucleation process. Disordered droplets were first formed, and then crystal
nuclei were generated inside droplets larger than a certain critical size. Nathan Duffl [30]
proposed the Potts lattice gas model to study the nucleation in solution, and the simulation
results showed that the nucleation pathway would change from one-step to two-step nucle-
ation as the temperature approaches the melting temperature, which conformed with the
two-step nucleation mechanism. Myerson [31] treated glycine solution with near-infrared
laser and obtained different crystal forms of glycine by using linear polarization and cir-
cular polarization pulses, respectively. The result suggested that molecules underwent
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a high-density intermediate state before aggregating to form a nucleus, confirming the
two-step nucleation mechanism of glycine. They later confirmed the two-step nucleation
process of glycine using small-angle X-ray scattering (SAXS) [32].

The most important mechanism in the two-step nucleation theory was proposed by
Vekilov et al. [33]. They demonstrated that in supersaturated solutions, dense disordered
clusters were formed first, and then crystal nuclei were formed from the dense disordered
clusters, as shown in Figure 3. The second step determined the crystal nucleation rate. Two-
step nucleation theory successfully explains some difficult questions of crystal nucleation:
the actual nucleation rate is much lower than that predicted by CNT, and what is the effect
of heterogeneous matrices on polymorphic selection?
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In general, the two-step nucleation theory first considers mesoscale disordered clusters,
and preliminarily describes the mesoscale structure and behavior from the molecular scale
to the crystal scale, which is a supplement to the relatively ordered CNT. Moreover, the
two-step nucleation theory can perfectly explain the nucleation process of proteins, some
organic small molecules, inorganic molecular systems, colloidal systems, and biological
minerals [34–38].

2.3. Prenucleation Clusters in Prenucleation Clusters Theory

In recent years, much evidence has shown that inorganic systems, such as calcium
carbonate and calcium phosphate, have stable aggregates in unsaturated and supersat-
urated solutions, also known as prenucleation clusters [39–41]. The discovery of these
prenucleation clusters contradicts the hypothesis of ordered clusters formed by monomer
aggregation in CNT, and thus the mechanism of prenucleation clusters is a nonclassical
nucleation mechanism. Except in inorganic systems, studies have also reported the exis-
tence of prenucleation clusters in some amino acid systems [42]. As shown in Figure 1d,
prenucleation clusters theory suggests that stable prenucleation clusters do not form crystal
nuclei through the gradual accumulation of monomers but form larger amorphous solid
through collisional agglomeration between prenucleation clusters. Subsequently, the inter-
nal molecular structure of the amorphous solid reorganizes to crystal nuclei, which grow
into macroscopic crystals.

Prenucleation clusters are mesoscale structures in the nucleation process described by
prenucleation clusters theory. Prenucleation clusters are thermodynamically stable clusters
composed of atoms, molecules or ions, and there is no phase boundary between them and
the surrounding solution. Meanwhile, prenucleation clusters are molecular precursors
for solution nucleation and can participate in the phase separation process. Compared
with the disordered cluster structure described by the two-step nucleation theory, the
key difference of this mesoscale structure is the formation of stable and ordered solute
self-associations [43,44].
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Zhang [45] proposed that at high magnesium concentrations, amorphous calcium
carbonate coexisted with stable prenucleation clusters. These prenucleation clusters con-
sisting of ions and water molecules played an important role in the crystallization of
calcium carbonate. Habraken [46] used cryo-TEM and in-situ AFM to detect calcium
phosphate prenucleation clusters, which were confirmed to be calcium triphosphate clus-
ters [Ca2(HPO4)3]−2, and the prenucleation clusters aggregated and absorbed additional
calcium ions to form amorphous calcium phosphate. Thi Thanh [47] demonstrated that
prenucleation clusters were formed during the crystallization process of L-glutamic acid
by TEM and SAED. As shown in Figure 4, when the crystalline system passed through
the metastable region, prenucleation clusters formed by spontaneous aggregation from
solution. The prenucleation clusters may grow further into larger amorphous solid through
agglomeration or Ostwald ripening mechanisms. After this stage, the amorphous solid
may undergo shrinkage and reorganization, which led to compaction into nuclei.
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Overall, prenucleation clusters theory further considers prenucleation clusters gen-
erated by self-association of solute molecules, and the nucleation pathway for collisional
aggregation of the aggregate cluster is formed. The theory further complements the
mesoscale structure and behavior from the molecular scale to the crystal scale.

2.4. Particles in Particle Agglomeration Theory

Particle agglomeration nucleation is another nonclassical nucleation theory. When the
supersaturation of the system is low and the number of nanoparticles generated before
nucleation is large, the agglomeration nucleation of nanoparticles often occurs. The specific
process is shown in Figure 1c. The substance first forms fine nanoparticles, and then
nanoparticles aggregate to form larger and a stable crystal nucleus [48,49].

In recent years, particle agglomeration theory has gradually attracted the attention
of researchers. However, due to the limitations of conventional characterization methods,
there is rare understanding of the theory. The main challenge in studying agglomeration
nucleation processes is that few PAT are available to monitor the process in real time.
Fortunately, researchers have made many efforts to solve this challenge in terms of both
computation and experiment. As shown in Figure 5, Baumgartner [50] used Cryo-TEM
to observe the presence of particle agglomeration consisting of Fe2+ and Fe3+ with the
size of about 2 nm before magnetite nucleation. This is in contrast to the formation of the
amorphous phase through the attachment of prenucleation clusters in calcium carbonate
and phosphate. Mirabello [51] demonstrated that the generation of magnetite was a
nanoparticle self-assembly process. The crystal nuclei of magnetite were produced by the
agglomeration of metastable primary particles and dehydration. Theoretical calculations
showed that the agglomerated nucleation of the initial particles had a lower energy barrier
than CNT. The Pt 3D structure reconstructed by Jungwon using electron tomography
showed that the metal nuclei consisted of multiple crystalline domains, which resulted
from the agglomeration of smaller nanoparticles during nucleation [52]. In addition, PATs
have detected in real time the aggregation of nanoparticles in prenucleation solutions.
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Polte [53] used in-situ small-angle X-ray scattering to monitor the formation of numerous
particles with the size of about 0.8 nm in solution during the growth of gold nanocrystals.
Subsequently, the number of nanoparticles decreased rapidly, and the size of the particles
gradually became larger, which confirmed that the nucleation process of gold nanocrystals
was formed by particle agglomeration.
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Compared with the prenucleation cluster theory, the particle agglomeration nucleation
theory considers the existence of precursors such as nanoparticles and colloidal particles for
the first time, and more specifically considers the nucleation modes at the mesoscale, such
as directional attachment, self-assembly, and polymerization from a kinetic perspective,
which further enriches the mesoscale structure and behavior.

3. Mesoscale Structure during Growth

With the development of microscopic research methods, researchers have gone deeper
into the crystal growth theory. The growth unit in the crystal growth process has expanded
from atomic, molecular and ions to mesoscale intermediate states such as amorphous
precursors and nanoparticles. The intermediate states are essential for crystal growth.

3.1. Units in Classical Growth Theory

Since the early 20th century, researchers have tried various experimental methods
and numerical analysis methods to reveal the crystal growth mechanism at the atomic,
molecular and ionic levels, and summarized many classical growth theories, such as
diffusion control growth theory, two-dimensional nucleation growth theory, and dislocation
growth theory. The classical crystal growth theory considers that the basic unit of crystal
growth is atoms, molecules or ions, and during the growth process the units are transferred
and attached from solution to solid crystal surface one by one.

The diffusion control growth theory means that the interface structure is a rough
interface, which is equivalent to accepting molecules deposited from the liquid phase, and
the advancement of the interface is mainly due to the random and continuous attachment
of molecules on the interface [54]. Molecules diffused from the liquid phase are easily
attached to the crystal, and the crystal grows much easier than the smooth surface. The rate
at which solute molecules are transported from the supersaturated solution to the crystal
surface determines the crystal growth rate [55]. Wang investigated the effect of protein
on calcium phosphate growth based on diffusion-controlled growth theory. The addition
of protein increased the viscosity of the solution and increased the diffusion resistance of
calcium and phosphorus ions, leading to a decline in growth rate of calcium phosphate [56].

Two-dimensional nucleation growth theory means that after the nucleus is formed, the
atoms in solution are attracted to a certain lattice surface of the nucleus at first and aggregate
with each other to form a stable atomic layer with sufficient area to form a two-dimensional
crystal island raised on the lattice surface, which is called a two-dimensional nucleus. Then
the atoms in solution can spontaneously accumulate outwards at the concave corners of
the platform’s periphery until a complete layer is formed. The above process is repeated
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continuously on the new lattice plane, so that it grows into a complete crystal layer by
layer, as shown in Figure 6 In the 1920s, Volmer [57] first proposed the two-dimensional
nucleation growth theory. Burton, Cabrera and Frank [58] elaborated on the mechanism
of two-dimensional nucleation, concluding that the formation of a nucleus exceeding the
critical radius required large activation energy, so it is unfeasible to grow through two-
dimensional nucleation at low supersaturation. Mallink [59] used atomic force microscopy
(AFM) to study the growth mechanisms of more than 30 types of thaumatin, peroxidases,
egg lysozyme and chromosomal mosaic viruses. The results showed that the crystal growth
was consistent with two-dimensional nucleation growth under the condition of low or high
supersaturation. This result is contrary to the conclusion that two-dimensional nucleation
at low supersaturation was difficult to achieve. Furthermore, Nozawa [60] demonstrated by
single-particle resolution that the dominant growth mechanism in colloidal crystallization
was the two-dimensional nucleation growth mechanism.
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In the actual crystal growth, some researchers have observed that crystals can of-
ten grow far below the critical supersaturation required for two-dimensional nucleation
growth, and this growth mechanism is dislocation growth theory. The screw dislocation
mechanism points out that the crystal is not complete, and there are screw dislocation
outcrops on the crystal surface, which can be used as a step source for crystal growth.
During the crystal growth process, the growth steps spirally diffuse around the screw
dislocation lines and never disappear [61]. Therefore, crystal growth no longer requires
two-dimensional nucleation and can grow at low supersaturation. Chernov [62] combined
the basic parameters of the actual step motion and the bulk diffusion model into the basic
idea of screw dislocation growth, which better generalized the screw dislocation growth
theory. At first, the contribution of defects other than screw dislocations to crystal growth
was not considered in crystal growth until Bauser [63] observed that edge dislocations can
also provide a step source for crystal growth. Min [64] analyzed the distortion of the lattice
planes caused by different types of dislocations and the molecular configuration adjacent
to the surface outcrop, and proposed that if the surface intersects with the dislocation
line and was not in the crystal band with the dislocation’s Berger vector as the axis, the
never-disappearing step will exist at the outcrop of the surface dislocation, regardless of
the orientation of the dislocation line. Therefore, whether it is the screw dislocation, the
edge dislocation, or the mixed dislocation, their contributions to crystal growth are exactly
the same, and they all provide a never-disappearing step for crystal growth, which makes
the dislocation growth theory continuously improve.

In the classical growth theory, crystal growth is the process in which particles such
as atoms, molecules, and ions in supersaturated solution deposit and grow on the formed
crystal nucleus, which involves fewer mesoscale structures. With further exploration, many
researchers have found that the growth of crystals with special morphologies involves
mesoscale structures such as clusters and nanoparticles, which cannot be explained by
classical crystal growth theories.



Crystals 2022, 12, 1234 9 of 22

3.2. Amorphous Precursors in Amorphous Precursor Growth Theory

Since amorphous precursors have good plasticity and can form crystals with various
morphologies, the formation and transformation of amorphous precursors are often the
first step in the nonclassical crystallization process, as shown in Figure 7a. Amorphous
particles and liquid droplets are common amorphous precursors with mesoscale structures
whose size and structure are between those of solutes and crystals. According to Ostwald
ripening principle, the more unstable the formed substance and the lower the degree
of modification, the lower the activation energy barrier required. Therefore, in highly
supersaturated solutions, amorphous precursors are preferentially formed, and the higher
the degree of supersaturation, the more amorphous clusters are formed.
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Amorphous precursors have transient characteristics and instability, making them
difficult to detect [65]. However, by applying corresponding analytical methods, the
changes of ions and supersaturation in the solution can be monitored in situ, and the re-
dissolution and mesoscopic transformation of amorphous precursors can be distinguished.
In addition, amorphous precursors can also be characterized by transmission electron
microscopy, scanning electron microscopy, selected-area electron diffraction, and X-ray
diffraction. Yang [66] observed the nonclassical formation process of nickel nanocrystals
using high-resolution TEM. At the beginning of the reaction, amorphous particles were
formed due to the induction of surface interactions, and crystalline domains appeared
and gradually grew into nanocrystals. This amorphous-precursor-mediated nonclassical
growth mechanism had significant meaning for the formation of nanocrystals. Vuk [67]
demonstrated that the growth patterns on different crystal planes were different during
the growth of hydroxyapatite (HAp). Figure 8 showed that the crystal growth on the (100)
crystal plane was the classical growth process, in which atoms and ions were continuously
accumulated to form crystals. The crystal growth on the (001) crystal plane was the
nonclassical growth process, and the spherical amorphous nanoparticles were continuously
accumulated to form single crystals.
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Figure 8. TEM images: (a) amorphous spherical units attached to grow rod-shaped HAp nanoparti-
cles; (b) the interface between amorphous spheroid unit and nanoparticle; (c) [001] crystallographic
direction and the amorphous coating around the crystalline particle interior; and (d) steps formed at
the growth front of an HAp nanoparticle in the (a). Arrows in (c) indicate the growth direction. The
figure is reproduced with copyright permission of ref. [67].

Droplets are disordered and liquid amorphous precursors, around 100 nm in size.
It appears as small droplets under the optical microscope, and then grows into crystals
through aggregation and fusion. Liquid precursors do not have a specific ionic composition
but can be neutralized by inclusion of ternary counterions and additives themselves. The
composition of the liquid precursors is intimately associated with the reaction conditions,
such as the concentration of the reagents, the reaction temperature, the order of adding
the reagents and the way of mixing. For example, CaCO3 liquid precursors present two
forms of over-carbonated and under-carbonated, which means that they need to absorb
specific ions from the external environment to complete the crystallization. DiMasi [68]
discovered that carbonate transport was the decisive step in under-carbonated CaCO3
liquid precursor transformation.

3.3. Nanoparticles in Particle Attachment Growth Theory

The particle attachment growth theory is a well-recognized nonclassical growth the-
ory. Different from the classical growth theory, the particle attached growth theory ex-
tends the traditional crystal growth unit from atoms, ions or molecules to clusters and
nanoparticles with mesoscale structures. It is pointed out that the crystal growth is the
alignment of specific crystal planes through lattice matching between nanoparticles to
obtain a highly ordered assembled superstructure, and finally fuse to grow into complete
crystals. The particle attachment growth theory mainly includes oriented attachment and
random attachment.

Oriented attachment growth is a process of self-assembly growth between adjacent
nanoparticles. As shown in Figure 7b, during the crystal growth process, nanoparticles
are continuously contacted, separated and repeatedly aligned before attachment to match
the lattice orientation, and then align along in the same direction to form a larger crys-
tal. Nanoparticles tend to attach through the crystal face with the highest surface energy
or surface area, minimizing the total energy between the two particles. Penn and Ban-
field [69,70] used high-resolution TEM to observe the assembly and growth of smaller TiO2
nanoparticles in the process of hydrothermal synthesis of TiO2 nanocrystals, revealing
this nonclassical oriented attachment growth mechanism for the first time. Subsequently,
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numerous studies have found that inorganic crystals such as Co3O4 [71], CaCO3 [72],
ZnS [73,74] generally have an oriented attachment growth during the growth process.
Cho [75] considered that the electric dipole moments in the {100}, {110}, and {111} orienta-
tions of octahedral PbSe nanocrystals could facilitate the occurrence of oriented attachment
growth. Pacholski [76] reported that hemispherical ZnO nanoparticles formed high-quality
single-crystal ZnO nanorods by the oriented attachment growth mechanism.

In recent years, the development of in-situ TEM has further revealed the mechanism
of the oriented attachment growth process. Cao [77] investigated the attachment growth
process of ZnO nanoparticles in ethanol solution by a series of methods such as transmission
electron microscopy. As shown in Figure 9, ZnO nuclei were formed first, and the nuclei
gradually grew into ZnO nanoparticles, and then the surface of the nanoparticles became
rough, and the nanoparticles with rough surfaces underwent oriented attachment to form
complete ZnO crystals. Zhu [78] used in-situ liquid cell TEM to observe that ligand
interactions on the surface of gold nanoparticles induce the growth of nanoparticles by
oriented attachment. The organic ligands on the Au surface after the addition of citric acid
could guide the rotation of the particles, and fusion occurred only when the {111} facets
of the two particles were completely aligned. First-principles calculations confirmed that
the preferential attachment of nanoparticles at the {111} facets was due to the lower ligand
binding energy of these facets. Oriented attachment growth can control the size, shape
and microstructure of nanoparticles and prepare artificial nanomaterials with anisotropic
shapes, which will gain a lot of attention in the coming years.
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Figure 9. TEM images of ZnO nanoparticles at various growth stages. (a,d) Primary nucleation.
(b,e) flake-like aggregates. (c,f) Well-crystallized particles. The figure is reproduced with copyright
permission of ref. [77].

Random attachment growth is another way of particle attachment growth. In this
case, nanoparticles with crystalline structures first form polycrystals by random attachment
growth, and then achieve crystals reorientation through rotation and alignment, and finally
form single crystals through internal structural reorganization or external forces. The
random attachment growth theory further reveals the crystal growth mechanism and
enriches the crystal growth theory. Hu [79] synthesized CdS colloidal spheres by the
controllable solvothermal method and investigated their growth mechanism. The TEM
results showed that small nanocrystalline nuclei were first formed, and the nanocrystalline
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nuclei continued to aggregate to nanoparticles, and finally these nanoparticles grew by
random attachment to form CdS colloidal spheres. Liu [80] also observed the random
attachment growth process during the assembly of vaterite nanocrystals. As shown in
Figure 10, during the attachment growth of nanocrystals to the main crystal, the lattices
between their interfaces were not matched, and the surface layer of vaterite nanoparticles
with random orientations was formed around the main crystal through random attachment
growth. Polycrystalline vaterite rapidly transformed into single crystals under pressure.
There are still many questions in the study of random attachment growth theory. The
current research mainly focuses on the experimental observation stage, and the intrinsic
mechanism of random attachment growth and its difference from oriented attachment
growth are the future research directions.
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surface layer; (V) oriented bulk. The figure is reproduced with copyright permission of ref. [80].

The major difference between particle attachment growth theory and classical growth
theory is that the basic unit of crystal growth is nanoparticles with mesoscale structure, and
nanoparticles grow into macroscopical crystals through oriented attachment or random
attachment on the mesoscale. As an effective complement to the classical crystal growth
theory, the particle attachment growth theory provides more possibilities for the functional
development of novel nanomaterials.

3.4. Mesocrystals in Mesocrystal Growth Theory

Mesocrystals are the mesoscale intermediate between dispersed particle and single
crystal with a size between 1–1000 nm [81,82]. The mesocrystal growth process is described
as shown in Figure 7c: the crystal nuclei grow into primary nanocrystals through the
Ostwald ripening process, and then primary nanocrystals are assembled into mesocrystals
in three-dimensional directions through ordered arrangement and lattice interconnection,
and finally mesocrystals evolve into a single crystal through the fusion and recrystallization
process between the internal crystal planes [83]. Mesocrystal growth is also considered as a
nonclassical growth process.
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Mesocrystals are assembled from many primary nanocrystals, which provides more
ideas for the design of nanostructures. Mesocrystal growth theory can not only be used to
guide the preparation of single crystals with complex structures, but also superstructures
with nanoparticles as basic units. O’Brien [84] considered that mesocrystals were in the
metastable state rather than in the thermodynamically stable state and could transform to
other crystal forms under certain conditions. The growth rate and equilibrium morphology
of mesocrystals depend on the stability of the nanocrystals and the long-range forces
on the vectors between the assembled units, and the nanocrystals must have sufficient
time for ordered self-assembly rather than random binding. As shown in Figure 11,
Zhang [85] obtained the CuO mesocrystals structure by oriented attachment growth of
CuO nanoparticles in three-dimensional directions. The entire structure consisted of
several hundred primary CuO nanoparticles whose orientations were crystallographically
consistent. As the basic units that make up mesocrystals are aligned in the same direction,
mesoscopic crystals tend to have similar electron diffraction patterns to single crystals.
Chen [86] successfully prepared α-calcium sulfate hemihydrate spherical mesocrystals in
an ethylene glycol-water system and analyzed the growth mechanism by ultramicroscopic
technique. The results showed that α-calcium sulfate hemihydrate spherical mesocrystals
were solid-state mesocrystals composed of nanorods oriented along the longitudinal axis,
and the nanorods were formed by the continuous arrangement of irregular subunits guided
by EDTA. Meanwhile, the mesocrystal growth mechanism could also be applied to the
design of complex functional materials.
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Mesocrystals are widely used in the fields of photocatalysis, optoelectronics, lithium-
ion batteries and biological materials due to their unique structural characteristics [87–89].
Moreover, mesocrystal growth is not limited to biomineralized systems such as sea urchins
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and pearl oysters but has also been observed in other reactions such as kinetic metastable
systems or without crystallization additives. Tang [87] invented a method to prepare
TiO2 mesocrystals by controlling the hydrolysis of TiCl3 in polyethylene glycol. The ul-
trafine TiO2 nanocrystals formed by the reaction were stabilized by polyethylene glycol
molecules and formed nanoparticle aggregates through oriented attachment. When TiO2
nanocrystals in the solution were completely attached to the aggregates, spindle-shaped
TiO2 mesocrystals were formed. The synthesized TiO2 mesocrystals were characterized by
high crystallinity and high porosity, which enabled them to exhibit stronger visible light
activity for photocatalytic NO removal. Ding [88] used a solvothermal method to prepare
Li2FeSiO4 mesocrystals, a cathode material for lithium-ion batteries with excellent prop-
erties. Li2FeSiO4 mesocrystals consisted of nanoparticles along [001] zone axis, with the
oriented single-crystal structure and highly exposed (001) planes. Li2FeSiO4 mesocrystals
showed near-theoretical discharge capacity, excellent rate capacity, and favorable cycling
stability. Sascha [89] proposed that the size of nickel hexacyanoferrate nanoparticles could
be regulated by controlling the citrate concentration and total supersaturation, enabling
them to orientate-attach to form nickel hexacyanoferrate colloidal mesocrystals. As shown
in Figure 12, nickel hexacyanoferrate nanoparticles with cubic structures as building units
were continuously assembled in an orderly manner along the same crystallographic di-
rection to form highly catalytic active colloidal mesocrystals, which could efficiently treat
caffeine in wastewater.
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At present, the mesocrystal growth theory has been confirmed in many systems, such
as BaSO4, CaCO3, zeolite, TiO2 [90–92]. However, the mechanism of mesocrystal formation
and growth is still not fully understood. This is because mesocrystals as intermediate
products have a short lifetime and are not easy to detect, and there is no ideal method
for in-situ observation in solution. For example, atomic force microscopy (AFM) can only
work on a certain surface. If the surface does not exist in solution, it cannot be used for the
study of mesocrystals. Transmission electron microscopy can only observe the structure
of larger mesocrystals, but the formation process of mesocrystals cannot be observed.
Continuing in-depth research on mesocrystal growth has important theoretical and applied
value for the preparation of nanostructured crystals and the development of materials with
novel properties.
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4. EMMS Model and Crystal Nucleation and Growth

As we study complex systems in science and engineering, we generally need to under-
stand them from the macroscopic scale, and then gradually study the various mechanisms
at the microscopic scale, and gradually try to establish the relationship between the two
scales. However, it is very difficult to establish this correlation directly. Complex systems
mostly exhibit different layers, and each layer has multi-scale structures [93]. Although
the multi-scale structures at different levels are different, they all have a common property
that the behavior of the system at the boundary scale of each level is relatively simple
and easy to characterize and analyze. However, at the scales between them, the behavior
of the system is mostly very complex, and these scales are called mesoscales. Within the
mesoscale, there exists a characteristic structure, namely the mesoscale structure. Since
the mesoscale structure is spatiotemporally dynamic in space and time, which makes it
difficult to correlate the microscale with the macroscale, it can only be analyzed by means of
averaging. Research has gradually shown that there may be a universal dominant principle
at the mesoscale that the coordination of different control mechanisms in competition. For
this reason, the interdisciplinary concept of mesoscience is proposed to address various
issues [94].

Since the late 20th century, researchers have studied mesoscale problems in reac-
tors [95]. Starting from the phenomenon of particle agglomeration in the gas–solid system,
it is believed that the formation of mesoscale agglomeration originated from the coordina-
tion of the respective motion trends of gas and particles in the competition, thus establishing
the stability condition of the mesoscale agglomeration structure and proposing the theory
of energy minimization multi-scale (EMMS) [96]. The EMMS model solved the problem of
quantitative simulation of heterogeneous gas–solid systems, and significantly improved
the prediction performance of gas–solid two-phase computational fluid dynamics and the
ability to solve practical problems. Later, the EMMS principle was extended and applied to
other multiphase systems [97].

The EMMS model contains eight variables to describe the gas–solid two-phase flow
system, and these eight variables are constrained by six dynamic equations [98].

Dilute-phase force balance equation: the effective load-bearing capacity of the dilute
phase particles per unit volume is equal to the drag force of the dilute phase particles by
the surrounding dilute phase gas.

3
4

CD f
1− ε f

dp
ρgU2

s f −
(

1− ε f

)(
ρp − ρg

)
g = 0 (1)

where CD f is the drag coefficient of the dilute phase, ε f is the void fraction of the dilute
phase, dp is the particle diameter, ρg is the density of the gas phase, Us f is the apparent slip
velocity of the dilute phase, and ρp is the density of the particle.

Dense-phase force balance equation: the effective load-bearing capacity of dense
phase particles per unit volume is equal to the drag force of dense phase particles by the
surrounding dense phase gas and the drag force of agglomerates by the surrounding dilute
phase gas.

3
4

CDc
1− εc

dp
ρgU2

sc +
3
4

CDi
1

dcl
ρgU2

si − (1− εc)
(
ρp − ρg

)
g = 0 (2)

where CDc is the drag coefficient of the dense phase, CDi is the interphase drag coefficient,
εc is the void fraction of the dense phase, dcl is the diameter of the particle agglomeration,
Usc is the apparent slip velocity of the dense phase, and Usi is the interphase apparent
slip velocity.

Interphase pressure drop balance equation: The fluid maintains the pressure drop
balance of the system itself through the drag force acting on the dense two-phase particles,
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and the dense phase pressure drop is equal to the dilute phase pressure drop and the
interphase pressure drop caused by the surrounding agglomerates.

CD f
1− ε f

dp
ρgU2

s f +
1

1− f
CDi

f
dcl

ρgU2
si = CDc

1− εc

dp
ρgU2

sc (3)

where f is the dense phase fraction.
Fluid continuity equation: The flow rate of the fluid flowing through the entire section

is equal to the sum of the fluid flow rates in the dense and dense phases.

Ug = (1− f )U f + f Uc (4)

where Ug is the superficial gas velocity of the gas phase, U f is the superficial gas velocity
of the dilute phase, and Uc is the superficial gas velocity of the dense phase.

Particle continuity equation: The particle phase flow through the entire section is
equal to the sum of the particle mass flow in the dilute and dense phases.

Up = (1− f )Up f + f Upc (5)

where Up is the superficial gas velocity of the particle phase, Up f is the superficial gas
velocity of the particles in the dilute phase, and Upc is the superficial gas velocity of the
particles in the dense phase.

Agglomerate size equation: This correlation assumes that the agglomerate size is
inversely proportional to the system input energy.

dcl = dp·
Upg

1−εmax
−
(

Um f +
εm f

1−εm f
Up

)
g

Nst·
ρp

ρp−ρg
−
(

Um f +
εm f

1−εm f
Up

)
g

(6)

where Um f is the superficial gas velocity of minimum fluidization, εm f is the minimum
fluidized void fraction, εmax is the maximum non-uniform void fraction, and Nst is the
suspended pumping energy consumption per unit mass.

Stability conditions: The stability condition is expressed by the compromise of two
dominant mechanisms in competition.

Nst =
Wst(

1− εg
)
ρp

=
ρp − ρg

ρp
·g·

Ug −
f (1− f )

(
ε f − εg

)
1− εg

·U f

→ min (7)

where εg is the void fraction of the gas phase.
Due to the nonlinear nature of the equations, it remains a challenge to directly find the

analytical solution.
The characteristic of the EMMS model is the description of the non-uniform structure.

The multi-scale structure is firstly found in a complex system, and the complex system
is regarded as being composed of internal multi-scale structures and their interactions.
Then the characteristic equations of the system are constructed, the main motion modes in
the system are analyzed and the equations are constructed by the conservation equations.
Finally, the stability of the whole system is achieved by the mutual coordination between
control mechanisms of different parts to solve the closed equation system [99]. The EMMS
model has been developed into a universal EMMS principle for multiple systems, which
mainly considers the influence of the mesoscale structure between the whole system and
its constituent units on the system behavior, and thus builds a theoretical framework for
the development of mesoscale science. The core idea is the mesoscale structure and the
compromise in competition of multiple mechanisms [100]. When the system involves two
dominant mechanisms, A and B, with different motion trends, the system will present a
relatively uniform structure under a single dominant mechanism (A or B). When both A
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and B cannot dominate and must compromise with each other, a dynamic inhomogeneous
structure will appear in the system [101–103]. Additionally, it has been proved that the
EMMS model can be applied to the mesoscale behavior of gas–solid, liquid–solid, and
other multiphase systems [104,105]. In recent years, the EMMS principle has been further
extended to the mesoscale study of proteins, heterogeneous catalysis systems and crystal
growth, and some progress has been made [106–108].

Although there are few practical applications of EMMS principle in the crystallization
process, the intermediates in the nonclassical crystallization process are typical mesoscale
structures, so the EMMS principle can also be used in the crystallization process theoreti-
cally. For example, in the crystallization of calcium carbonate, the diffusion and reaction of
chemicals both dominate the structure of products. When diffusion controls the crystal-
lization process, particles with a branched structure are produced. When crystallization
is controlled by reaction, spherical particles are formed. When the compromise between
diffusion and reaction dominates the process, snowflake-like particles are formed [109]. The
traditional crystallization research paradigms are based on the crystallization theory. By
considering the mass and heat transfer during the crystallization process, the removal of the
crystallization heat and the sufficient mixing of the system are realized. However, because
of the inability to maintain the consistency of the process between the crystallization theory
and the complex system, the crystallization theory cannot guide the actual production
process accurately. Additionally, the traditional crystallization research paradigm only
focuses on the unit scale and system scale at each level and lacks the understanding of
the mesoscale structure. Therefore, the theory of crystal nucleation and growth can be
supplemented by the EMMS method of global distribution, local simulation, and detailed
evolution. The precursor and solution system are disassembled into precursor dense phase,
precursor dilute phase and interaction phase. The surface energy and volume energy of
the three subsystems are calculated according to the stability conditions, so as to obtain
the critical sizes of various precursors. For the nonclassical crystallization process, the
existence of the precursor dense phase is essentially considered. It is possible to infer other
nucleation and growth pathways and process mechanisms by considering the compromise
and competition between the precursor dilute phase and the interaction phase. According
to the EMMS principle, the dominant roles of ordering and disordering in the mesoscale
to reach compromise in competition during nucleation should be studied. Additionally,
the competition and compromise between the two dominant mechanisms of diffusion
and reaction during crystal growth should also be studied [110]. The EMMS model is
the mathematical modeling method at the mesoscale, which cannot be used in classical
nucleation and growth processes. However, EMMS models can be applied to a variety of
nonclassical nucleation and growth processes with mesoscale structures, such as two-step
nucleation theory, prenucleation clusters theory, particle agglomeration theory, amorphous
precursor growth theory, particle attachment growth theory and mesocrystal growth theory.
The mathematical models at mesoscale have been preliminarily established in the existing
nonclassical crystallization theories, but these models are still not perfect. The mathematical
modeling method of EMMS at mesoscale can further modify and supplement the existing
theories and models of nucleation and growth, and it provides new ideas for researchers to
use the EMMS theory to study the crystallization process furtherly.

5. Conclusions and Outlook

An increasing number of studies have confirmed nonclassical crystallization pathways
on the mesoscale. Precursors with mesoscale structures during nucleation and growth can
deviate the crystallization behavior from the predictions of classical nucleation theoretical
models. Therefore, it is urgent to modify and refine crystal nucleation and growth theories.
In this paper, a series of nonclassical crystallization phenomena discovered in recent years
and the growth paths based on experiments and simulation calculations are reviewed. The
two-step nucleation theory, prenucleation clusters theory, particle agglomeration theory,
amorphous precursor growth theory, particle attachment growth theory and mesocrystal
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growth theory involving mesoscale precursors are summarized, and the research paradigm
of the EMMS model based on mesoscale science to guide the solution crystallization process
is presented.

With the rapid development of PAT, computational simulation and other technologies,
the research on nonclassical crystallization theory has been effectively promoted. In-situ
monitoring of mesoscale crystallization processes can be achieved by in-situ liquid TEM,
and the formation of various intermediate structures between microscale and macroscale,
including prenucleation clusters, nanoparticles, and mesocrystals, has changed the classical
crystallization point. Nonclassical crystallization is not a process of basic monomer attach-
ment, but a process of precursor assembly and aggregation at the mesoscale. According
to the idea of constructing a mathematical model based on the EMMS principle, virtual
process engineering combined with mesoscale science, supercomputing and machine learn-
ing may become a brand-new crystallization process research model. On the basis of the
traditional crystal research and the development of the model, virtual process engineering
can combine basic disciplines with traditional chemical theory, mesoscale science, algorithm
software, supercomputing and virtual reality. The physicochemical changes in the whole
crystallization process can be reproduced accurately and completely [111,112]. Meanwhile,
the algorithm software is used to simulate the mesoscale crystallization process. Based
on supercomputing, the visualization of the whole process design and amplification are
realized. Additionally, the crystallization theoretical system with multi-level, multi-scale
properties and mesoscale complexity will be formed, which has broad application value in
the fields of crystal engineering, crystallization separation and material sciences.
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