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Abstract

All solid materials are created via nucleation. In this evolutionary process,
nuclei form in solution or at interfaces, expand by monomeric growth and
oriented attachment, and undergo phase transformation. Nucleation deter-
mines the location and size of nuclei, whereas growth controls the size, shape,
and aggregation of newly formed nanoparticles. These physical properties
of nanoparticles can affect their functionalities, reactivities, and porosities,
as well as their fate and transport. Recent advances in nanoscale analytical
technologies allow in situ real-time observations, enabling us to uncover the
molecular nature of nuclei and the critical controlling factors for nucleation
and growth. Although a single theory cannot yet fully explain such evolv-
ing processes, we have started to better understand how both classical and
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nonclassical theories can work together, and we have begun to recognize the importance of con-
necting these theories. This review discusses the recent convergence of knowledge about the
nucleation and growth of nanoparticles.

1. INTRODUCTION

The nucleation and growth of nanoparticles play vital roles in such research fields as chemistry
(1,2), geology (3-6), biology (7, 8), physics (9), materials science (10, 11), and environmental reme-
diation (12-14). In the natural environment, changes in the reactive surface area during mineral
nucleation and growth create heterogeneities in the mineral phase and texture in sediments and
soils (3). In particular, iron and manganese (hydr)oxides form ubiquitously and act as both natu-
ral electron donors and acceptors, contributing to geochemical redox cycling (4-6) and affecting
the fate and transport of heavy metals and other toxic anions (14). In the atmosphere, the nucle-
ation of sub-2-nm atmospheric aerosols and their growth can significantly affect direct/indirect
radiative forcing, altering climate (1). In engineered environmental systems, the nucleation and
growth of calcium carbonate, calcium sulfate, and barium sulfate cause scaling in membrane de-
salination systems and oil pipelines (12, 13). In biological systems, macromolecules in organisms
direct nanocrystal nucleation and growth to build vertebrate skeletal systems (i.e., calcium phos-
phate mineral formation with collagen), mollusk shells, and other rigid biological structures (7,
8). In materials design and transformative manufacturing, controlling the nucleation and growth
of nanocrystals is critical to achieving on-demand sizes, crystal structures, and shapes with unique
optical, electrical, thermal, and mechanical properties (10, 11). Because of the immense impor-
tance of solid nucleation and growth, the last few decades have seen much new experimental
research and diverse interpretations of its findings. Now we face the important task of connect-
ing the advanced understanding of these systems gained from experimental results with a ro-
bust theoretical framework that integrates both classical and nonclassical nucleation and growth
mechanisms.

This review presents the current experimental understanding of the nucleation and growth of
nanoparticles and the theoretical approaches to describe these processes. It focuses on the nucle-
ation and growth of solids from solution rather than on liquid condensation from the gas phase or
new solid nucleation from pre-existing solids. First, the review highlights advanced experimental
approaches that provide high spatiotemporal resolution, which enable observations or quantifica-
tions of the nucleation and growth of nanoparticles (Section 2). Second, we introduce classical and
nonclassical nucleation and growth theories, and recent experimental findings and their relation
to these theories (Sections 3-5). Because a better understanding of the elusive phenomena of solid
formation can enable powerful control of the processes involved, we direct further attention to the
key factors controlling the nucleation and growth of nanoparticles in complicated environments
(Section 6). Finally, we present outstanding questions and future opportunities (Section 7).

2. ADVANCED EXPERIMENTAL TECHNIQUES FOR DETECTING
EVOLVING NANOPARTICLES

Recent advances in real-time and nanoscale analytical techniques allow us to capture the dynamic
nucleation and growth processes of nanoparticles (15). Previously, to observe these processes on
long timescales (greater than minutes) (16), researchers have made changes in the aqueous chem-
istry (e.g., pH and precursor concentrations) (17) and observed the nanoparticle growth using
optical microscopies (18) and ex situ electron microscopies (19). However, these approaches have
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suffered from low resolution, low detection limits, and sample phase changes during the sample
preparation or measurement. To address these limitations and to accurately reveal the fast dynam-
ics of the nucleation and growth process of nanoparticles, the following new techniques have been
utilized (Figure 1). Please note that this list is not meant to be definitive.

2.1. Liquid Phase/Cryogenic Transmission Electron Microscopy

Advanced transmission electron microscopy (TEM) techniques, such as liquid phase TEM (LP-
TEM) and cryogenic TEM (cryo-TEM), greatly contribute to a deeper understanding of the
dynamics of nanoparticles during their nucleation and growth. LP-TEM captures the evolution
of nanoparticles in a liquid medium in a microfabricated cell with two Si;N4 windows separated
by a 10-500-nm spacer (30). Cryo-TEM provides 3D structures of samples within a thin vitrified
film of solution in which all the components have been frozen by plunge-freezing in a coolant
(31). Using these specialized microscopies, recent studies have revealed the presence of interme-
diate clusters during nucleation and have captured the movement of nanosized precursors during
growth. For example, with a dual inlet LP-TEM stage, two CaCOj; polymorph formation path-
ways were found in supersaturated solution: (#) crystalline phase formation with the consumption
of the amorphous phase (Figure 14—) and (§) direct formation of crystalline phases without a pre-
cursor phase (Figure 1d—f) (20). Cryo-TEM successtully revealed that poly(aspartic acid) strongly
interacted with amorphous calcium carbonate (ACC) to cause its aggregation (Figure 1g,b) (21).
These advanced TEM techniques have provided a clearer picture of the multiple-step processes
of solid nucleation and growth in early stages.

2.2. Fluid Cell Atomic Force Microscopy

Fluid cell atomic force microscopy (AFM) provides real-time observations of surface morpholo-
gical evolution in solution. Solutions are introduced into a fluid cell by a syringe driver at a constant
flow rate (Figure 17), and effluent from the fluid cell is collected by a fraction collector and ana-
lyzed (22). Fluid cell AFM can probe the dissolution of pre-existing surfaces (22), the nucleation
of new nanoparticles (the particle density evolution) (32), particle growth (spiral/two-dimensional
nucleation growth mode and step advance) (33), and their coupled processes (22). For example,
Jun et al. examined manganese carbonate dissolution and the subsequent oriented growth of man-
ganese oxide on the manganese carbonate substrate by in situ AFM (Figure 1j) (22). In situ AFM
measurements can also quantify nucleation rates (34), critical step lengths, and step formation en-
ergy (35, 36). Recently, an oriented face-specific nanocrystal probe of AFM was used to investigate
the direction-specific interaction forces between nanocrystals (Figure 1k) (23).

2.3. X-Ray Scattering

Offering high sensitivity and improved statistics, synchrotron-based X-ray scattering techniques
have been used extensively to identify the sizes and phases of nanoparticles. The small-angle
X-ray scattering (SAXS) technique enables a statistically improved quantification of nanoparti-
cles’ size and shape and their aggregation and arrangement (Figure 1/m2) (24). In comparison,
wide-angle X-ray scattering (WAXS) analyzes scattered electrons at larger angles, determining
the crystallinity and phase of samples (37). In grazing incidence small/wide-angle X-ray scattering
(GISAXS/GIWAXS), an X-ray beam is directed toward the sample surface at a grazing angle
(a;) that is close to, but smaller than, the critical angle («.) of the substrate. This operating
geometry elongates the X-ray path length along the sample’s surface, providing up to 1,000 times
higher scattering intensity from nanoparticles formed on the substrate (Figure 1z,0) 24, 26, 38).
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Figure 1 (Figure appears on preceding page)

Advanced techniques for observing solid nucleation and growth. (+—f) LP-TEM observations of phase transformation from ACC to
vaterite (#—c) and direct calcite nucleation (4—f). Panels s—f adapted with permission from Reference 20; copyright 2014 American
Association for the Advancement of Science. (g—#) Cryo-TEM observations of aggregation of ACC caused by poly(aspartic acid).
Panels g and b adapted with permission from Reference 21; copyright 2018 Springer Nature. (i) Schematic of fluid—cell AFM.

(7) Subpanel i shows a manganese oxide island formed on manganese carbonate during a 120-min exposure to solution; subpanel i;
shows simultaneous formation of dissolution pits of manganese carbonate and manganese oxide islands and their coalescence after

950 min. Panel adapted with permission from Reference 22; copyright 2005 American Chemical Society. (k) The rupture forces of the
ZnO(0001)-ZnO(0001) system in aqueous solution at different azimuthal orientations, after modeling fitting. Panel adapted with
permission from Reference 23; copyright 2017 Springer Nature. (/) Schematic showing the SAXS system and the 2D scattering data
obtained at beamline 12-ID-B at the APS at Argonne National Laboratory. Panel adapted with permission from Reference 24;
copyright 2016 American Chemical Society. () A representative 1D SAXS image showing the relationship between the intensity, 1, and
the scattering vector, q, of a system with homogeneous nucleation of iron(IlI) (hydr)oxide nanoparticles in solution. Panel adapted with
permission from Reference 25; copyright 2012 American Chemical Society. () Schematic showing the GISAXS system and the 2D
scattering data. Panel adapted with permission from Reference 26; copyright 2010 American Chemical Society. (n, inset) A picture
showing the in situ GISAXS experiment setup at beamline 12-ID-B at APS. Panel adapted with permission from Reference 27;
copyright 2020 American Chemical Society. (0) A representative 1D GISAXS figure showing the heterogeneous nucleation of iron(III)
(hydr)oxide nanoparticles on quartz at [Fe’*] = 10~* M, IS = 10 mM, and pH 3.6. Nanoparticles formed with a 2-nm radius and grew
to a 5.5-nm radius within 70 min; secondary 1-nm radius particles developed later. Panel adapted with permission from Reference 26;
copyright 2010 American Chemical Society. (p) Empirical analysis approximations—the Guinier (28), the Porod (29), and the invariant
approximation (24); and software packages developed for SAXS data analysis (24): Irena, Nika, SAXSLee, Scatter, ATSAS, Crysol, and
SasView. Abbreviations: ACC, amorphous calcium carbonate; AFM, atomic force microscopy; APS, Advanced Photon Source; CCD,
charge coupled device; cryo-TEM, cryogenic TEM; GISAXS, grazing incidence small-angle X-ray scattering; IS, ionic strength;
LP-TEM, liquid phase TEM; SAXS, small-angle X-ray scattering; TEM, transmission electron microscopy.

In particular, GISAXS is highly effective in determining the size and shape of nanoparticles at
interfaces (26, 39), and GIWAXS can detect the crystallinities and chemical phases of newly
formed nanoparticles on surfaces (27, 40).

3. CLASSICAL AND NONCLASSICAL NUCLEATION THEORY
3.1. Classical Nucleation Theory

Classical nucleation theory (CNT) provides a good framework for explaining solid nucleation.
The mathematical foundation for CNT was derived by Gibbs in the 1870s (41) and further devel-
oped by Volmer & Weber (42), Farkas (43), Becker & Déring (44), and Zeldovich (45). In CNT, a
nucleus is regarded as a sphere with a surface tension equal to a theoretical flat interface (a capil-
larity approximation) and is assumed to be stable once formed (46). Quantitatively, the free energy
of nucleation (AG) can be expressed as the sum of the bulk free energy and the surface free energy
(Equation 1). At the critical nucleus size, the free energy of nucleation (AG) reaches its maximum
(see Figure 2a), where the free energy is called the nucleation energy barrier (AG*). After over-
coming AG*, nuclei are stabilized and start to grow (Figure 24 and 2b). Hence, AG* can control
the nucleation rate (J), as expressed in Equation 2. Depending on whether a foreign substrate is
present, nucleation can be divided into homogeneous nucleation (nucleation in solution) (47) and
heterogeneous nucleation (nucleation on a substrate) (48):

4 A

AG = ——77° (—M) +4nrta, 1.
3 Um

167 v (@ or ')’

J= Joe<_iBi;> :Ae(_%)e<_%), where AG* =
3/€BZTZO'2

, 2.

where 7 is the radius of the nuclei, and Ay is the chemical potential [=kg7To; saturation, o =
In(IAP/Kp)]. IAP is the ion activity product and K, is the solubility product, vy, is the molecular
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volume of the nucleated phase (cm?*-molecule™), « is the interfacial energy for homogeneous nu-
cleation (mJ-m~2), &' is the effective interfacial energy for heterogeneous nucleation (mJ-m~2), Jo
is a kinetic factor related to ion diffusion and nuclei surface properties, 4 is a pre-exponential ki-
netic factor related to ion diffusion and nuclei surface properties, and E, is the apparent activation
energy (J-mol™!). kg is the Boltzmann constant (1.38 x 1072 J.K~1), and T'is the temperature (K).

Recently, nanoscale advanced techniques have enabled a more comprehensive understanding
of nucleation, especially its thermodynamic and kinetic aspects («, Jo, AG*, and E,). Using
Equation 2, « (or ) and Jy can be calculated, respectively, from the slope and y-intercept in a
linear regression analysis of In (J) versus 1/02. Utilizing the obtained « (or &’), AG* can also
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Figure 2 (Figure appears on preceding page)

Noucleation theories and new experimental findings. (#) Energy landscapes for CNT and NCNT. ()) CN'T
and NCNT nucleation pathways. () The natural logarithm of nucleation rates [In(J)] versus 1/temperature,
which provides the sum of (AG* + E,) from the slope. R is the ideal gas constant (8.314 J mol~! K~1). Figure
adapted with permission from Reference 49; copyright 2018 Springer Nature. (d) Comparison of

the amounts of calcium ions added (red) and actually detected (black) to determine nucleation rates. Panel
adapted from Reference 50; copyright 2008 American Association for the Advancement of Science.

(e) Molecular dynamics simulation of calcium (bi)carbonate species at high pH with a snapshot of the
simulation box for 0.5 M. Panel adapted with permission from Reference 50; copyright 2008 American
Association for the Advancement of Science. (f) Incorporation of excess free energy (AGgx) can lower the
nucleation barrier. Results obtained from Equation 3 are calculated based on Reference 51. AGgx is related
to the interfacial energy of PNCs. Low, medium, and high AGgx plots reflect the ratios between the
interfacial energy of PNCs and the interfacial energy of nuclei, within the range of 1/8 to 1/15.
Abbreviations: CNT, classical nucleation theory; GISAXS, grazing incidence small-angle X-ray scattering;
NCNT, nonclassical nucleation theory; PNC, prenucleation cluster.

be calculated. Here, the substrates’ structure and surface properties can significantly affect o.
With GISAXS, Li et al. quantified the o’ values of CaCOj3 nucleation on mica and quartz to be
24 mJ-m~? and 32 mJ-m~? for vaterite—mica and vaterite—quartz systems, respectively (3). The
smaller o’ for vaterite—mica resulted from the smaller structural mismatch between CaCOs nu-
clei and mica than quartz. Hamm et al. also obtained «’ for calcite nucleation on different organic
matrix functionalized substrates (52). Moreover, impurities in systems can affect «’ (53). Zhu et al.
reported that a 0.9 mol% sulfate incorporation into CaCOj; increased o’ by 11.7—15.4% (40). In
addition to o/, the Jo of CaCOj5 on quartz was measured to be 10'%! nuclei-m~2-min~! at 25°C (49).
Wallace et al. reported the Jy of silica nucleation ranges from 1013 to 10'*® nuclei-m=?-min~! at
room temperature (54). Furthermore, by varying 7, E, can be determined from the slope of a lin-
ear regression of In(J) versus 1/7 (Figure 2c¢). The E, values for CaCOjs on quartz were reported
to be 45 kJ-mol~! (49), and 32.8 kJ-mol~! for iron(IIl) (hydr)oxide nucleation on quartz (27). Such
an accurate determination of these thermodynamic and kinetic parameters benefits the building
of a holistic framework to precisely predict and control the nucleation process in the future.

3.2. Nonclassical Nucleation Theory

The spherical assumption of CN'T may not be applicable when the nuclei contain fewer than 100
molecules (55), and CNT does not provide information about aggregate structures or pathways
from solution to solid crystal (56). As an alternative, nonclassical nucleation theory (NCNT)
was introduced to illustrate the multiple intermediate metastable stages [e.g., prenucleation
clusters (PNCs)] of nucleation that can occur preceding a thermodynamically stable phase
(Figure 2a) (57). Both experimental and computational efforts have been made to support
NCNT. Experimentally, nanometer-sized PNCs were found by titration experiments of dilute
calcium chloride solution, which observed a concentration difference between the measured
calcium ions’ concentration and the dosed calcium ions’ concentration (Figure 2d) (50). The
presence of PNCs with an ~2-nm diameter was further verified by analytical ultracentrifugation
(AUC) of solutions drawn at different times in the prenucleation stage (50). Cryo-TEM also
revealed the average diameters of PNCs to be 0.6-1.1 nm, which is smaller than that detected by
AUC (58). Furthermore, electrospray ionization mass spectrometry (ESI-MS) has been utilized
along with the X-ray absorption near edge structure (XANES) to show that highly hydrated
networks are the PNCs for metal carbonates MCO; (M = Ca, Sr, Ba, Mn, Cd, and Pb) (59).
Modeling approaches such as molecular dynamics (MD) simulations have also been utilized to
examine the existence of PNCs. Using MD, Demichelis et al. proposed that PNCs are composed
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of dynamically ordered liquid-like oxyanion polymers (DOLLOP), including chains, branches,
and rings (Figure 2e) (60), yet the stability of DOLLOPs has been questioned, because they
can dissociate back into free ions and ion pairs (57). Using MD, Wallace et al. suggested that
clusters are droplets of a dense liquid phase of CaCO;-nH,O that have formed by liquid-liquid
separation (61). For calcium phosphate, based on ab initio MD simulations, it was found that
calcium triphosphate PNC is more thermodynamically stable than free ions (62). Yang et al.
demonstrated that ion association occurs between ions with the same charge and leads to calcium
phosphate PNC formation via the consecutive coordination of the phosphate ions to calcium (63).
Owing to the critical roles of the PNCs in understanding and controlling solid nucleation and
their phase and shape evolution, examining prenucleation stages of solid formation is currently an
active research area.

3.3. Relationship Between Classical and Nonclassical Nucleation

As discussed above, CN'T offers a quantitative description of nucleation but does not describe the
presence of intermediate stages. However, NCNT describes multiple stages and the presence of
amorphous/dense liquid/metastable phases but does not provide a quantitative description of the
nucleation. To more accurately describe nucleation, it is important to connect the two theories.
For example, Habraken et al. found amorphous calcium phosphate (ACP) formation, but the ACP
formation could not be directly reconciled with CN'T. Hence, to connect CN'T and NCNT, they
introduced an “excess free energy (AGgx)” term, describing the impact of the PNCs on the free
energy of calcium phosphate formation, as shown in Equation 3 (51):

4x £

3 kyTo'+47 fita (r) — NAGex, 3.
vrn

AGnent = —

where AGnenr is the free energy of nucleation when calcium phosphate PNCs are considered,;
fis a geometric factor that depends on the nucleus shape, taking values of 1 and 1/2 for spheri-
cal and hemispherical nuclei, respectively; o’ is supersaturation when considering PNCs, which
equals In(IAP/K,,)""?, where v is the number of growth units in the material; a(r) is the interfacial
energy of the nuclei; and N is the number of PNCs that combine to form the particle. AGgx,
which expresses the interfacial energy of PNCs, decreases when clusters aggregate, resulting in a
lower energy barrier of calcium phosphate nucleation (Figure 2f). Including AGgx in the energy
consideration helps to explain how ACP nucleates first instead of the most thermodynamically
stable phase, hydroxyapatite. Similarly, the decrease in the energy barrier of calcite nucleation on
carboxyl-terminated self-assembled monolayers has been estimated (64). Unfortunately, however,
no experimental or modeling work has directly determined a value of AGgx, which calls for future
systematic examination.

4. CLASSICAL AND NONCLASSICAL GROWTH THEORIES
4.1. Classical Crystal Growth Theory

Using the terrace-ledge-kink model, Burton et al. formulated classical crystal growth theory,
describing an atomic process in which monomeric growth units attach to pre-existing mineral
surfaces (e.g., steps and kinks) and develop faceted crystals (65). For solid crystal growth from
solutions, aqueous species—including ions, molecules, and atoms—are the primary constituents
that incorporate into the crystal lattice (66). The overall growth rate (R) is related to o as shown
by Equation 4 (66):

R=kyo — 1%, 4.
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Figure 3

Growth theories and new experimental findings. (#) Classical growth mechanisms: spiral growth and 2D
island nucleation and growth. Panel adapted with permission from Reference 67; copyright 2020 National
Academy of Sciences. (b)) Schematic illustrating terrace, steps, and kinks on a crystal surface. Kinks are created
via either movements of molecules on the step edge (thermal fluctuations) or attachment of new solute
molecules from solution (1D nucleation). Panel adapted with permission from Reference 68; copyright 2009
American Chemical Society. (¢) Nonclassical growth via oriented attachment: In situ TEM measurements
revealed the oriented attachment process of gold nanoparticles, including approach, rotation, and contact.
Panel adapted with permission from Reference 69; copyright 2018 Springer Nature. (d) Direction-specific
interaction forces at different azimuthal orientations for ZnO(0001)-ZnO(0001) facet interactions. Different
symbols represent different loading rates. Rupture force is the jump-from-contact force when the single
crystal on the tip is approaching/retracting single crystal substrate. Rotation angle is the azimuthal angle
between the single crystal on the tip and single crystal substrate. Panel adapted with permission from
Reference 23; copyright 2017 Springer Nature. Abbreviation: TEM, transmission electron microscopy.

where &, is the growth rate constant, which is dependent on the solubility of the materials and
temperature, and g is the growth order, signifying the growth mechanism. At relatively low o,
spiral growth (Figure 34, top) dominates the system, and the value of g is 2, resulting in a parabolic
growth law (66). When ¢ is increased, two-dimensional (2D) nucleation dominates the system
(Figure 3a, bottorn). The growth rate changes exponentally and g takes on values larger than
2 (66). Finally, as o increases further, the surface becomes rough, growth is dominated by mass
transfer, and g is equal to 1 (66).
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Although the classical growth model has been successfully applied to understanding crystalliza-
tion processes for many systems (70), it has also continuously evolved. Notably, with the advent of
advanced techniques, more factors (e.g., kink densities, kink site specificities, and ion pairs) have
been added to classical growth theory to more precisely predict crystal growth. In the classical
theory, kinks are critical for incorporating new atoms into the surface, because incoming atoms at
kinks can immediately bond with more neighboring atoms than atoms on terraces and flat steps
can (66). Therefore, the growth rate of a crystal, which is equivalent to the rate of molecule at-
tachment to a pre-existing crystal, is closely related to the kink density of the surface at a fixed
solute concentration. Although a high kink density is assumed in the classical view (32), Zhang &
Nancollas point out that, for sparingly soluble crystals at low temperatures, the equilibrium kink
density should be low, and thus kink formation is an important contributor to controlling the ki-
netics of step-growth (71). Under this circumstance, kinks can be generated by one-dimensional
(1D) nucleation. Previously, a kinetic Monte Carlo simulation was used to describe this process
(68). A solute molecule attaches to a fully occupied region of the step and creates a 1D nucleation,
providing two new kink sites where further growth proceeds (Figure 35). Based on this principle,
Joswiak et al. derived a supersaturation-dependent kink density expression (53).

Although the rates of attachment and detachment of precursors to kink sites are critical in
determining the step advancement rate in growth, site specificities are often ignored. Stack &
Grantham found that calcium-to-carbonate ratios can significantly change the growth patterns of
calcite and that the attachment and detachment of aqueous calcium and carbonate ions should be
treated separately (72). Therefore, for a crystal whose chemical formula is AB, we should separately
consider the probability of ions A interacting with kinks and the probability of ions B interacting
with kinks. Furthermore, recognizing the important roles of ion pairs as metastable phases in
NCNT, recent studies have incorporated the role of ion pairs in the crystal growth (73), as shown
in Equation 5:

Kap,[A]"[B]" ksT R
A+ Ky [4)" A+ K4 [B)" b

Here, 7 represents the number of ion pairs in the attaching unit, K4z, is the equilibrium con-

R=032. 5.

stant for [4B], complex formation in solution, 4 is Planck’s constant, and AGyp represents a reac-
tion barrier for the formation of ion pairs.

4.2. Nonclassical Crystal Growth via Oriented Attachment

Crystal growth can occur via the organized aggregation of nanosized crystals to form micron-
sized crystals, which is called oriented attachment (OA) (74, 75). As shown in Figure 3¢, OA has
three steps: (#) self-assembly of primary nanocrystals (approach), (9) crystallographic reorganiza-
tion within the self-assemblies (rotation), and (¢) conversion to oriented aggregates (contact) (70).
By harnessing OA to control the facet selectivity of materials, material scientists can design crys-
talline structures with very specific geometries in one, two, or three dimensions, and even create
dislocations in the resulting crystal by promoting nonperfect attachment (74, 75). In this way, an
improved understanding of the OA mechanism can shed light on the formation of anisotropic
nanostructures and the evolution of their structural defects.

To decipher the OA process, colloidal aggregative behavior has been studied. To simulate the
monodispersity of final particle sizes, early attempts at kinetic modeling had to assume that aggre-
gation took place only between nuclei and large particles (76, 77). Eventually, this assumption was
contradicted in later observations of single-single particle aggregation in LP-TEM measurements
(69). To resolve this question, Huang and colleagues studied the growth of ZnS nanocrystals in the
presence of mercaptoethanol and developed a model based on nanoparticle collisions (78). The
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evolution of the mean diameter (d) was described in Equation 6, where dj is the mean diameter at
t =0, and k, is the rate constant for oriented particle attachment:

dy (\szkn‘ + 1)
d= kll’ =+ 1 ’
Then, Zhang et al. further developed a multistep kinetic model based on the Smoluchowski

6.

equation, simulating the OA process with nanoparticles of varying sizes (79). To quantitatively de-
scribe the OA growth of zeolite, Tsapatsis and coworkers used the coalescence rate constant calcu-
lated from the Derjaguin—Landau—Verwey—Overbeek (DLVO) theory (80). A more recent work
by Woehl & Prozorov found that the mobility of gold nanoparticles can determine whether OA
happens through monomer—chain attachments or chain—chain attachments (81). The second-
order aggregation kinetics revealed that the self-assembly rate increased approximately linearly
with the nanoparticle diffusion coefficient.

4.2.1. Energy associated with oriented attachment. A longstanding question regarding the
OA process is, What driving forces enable particles to achieve crystallographic coalignment and
promote attachment-based growth? With new experimental methods, significant progress has
been achieved in identifying the strength and range of the driving forces, including macroscopic
interparticle interactions and interfacial water-induced interactions. Within the former, face-
specific van der Waals forces (vdW) were found to insignificantly affect azimuthal alignment at
particle distances of 1.0-1.5 nm, but they are critical when particle distances are only one hydra-
tion layer thick (82). Nevertheless, another study investigating mica—mica adhesion showed that
electrostatic interactions are the driving force for OA at short ranges and that vdW dominates at
larger particle separations (83). Interfacial water structuring also contributed to the OA process.
For example, dynamic force spectroscopy using nanoengineered single-crystal probes showed that
an attractive force between ZnO (0001) and ZnO(0001) surfaces with 60° rotational periodicity
and OA was water-mediated (Figure 3d) (23). Furthermore, macroscopic interparticle interac-
tions and interfacial water-induced interactions can collaboratively control the OA process. Liu
etal. illustrated that OA is driven by forces and torques arising from a combination of electrostatic
ion-solvent correlations and dipolar interactions, even before the particles are within 5 nm (84).

5. SOLID SOLUTION AND PHASE TRANSFORMATION

Noucleation and growth are determined by two controlling energy factors (85): the free energy bar-
rier (thermodynamics) and thermal energy (kinetics). These processes minimize the surface free
energy in local space, making kinetically but less thermodynamically favored metastable phases
form first, followed by their phase transformation to more thermodynamically favored structures.
For example, ACC and ACP often appear first during nucleation (86, 87), and then they transform
to more crystalline phases.

In addition to thermodynamic and kinetic energy factors, differences in the bonding geometry
of amorphous particles influence the pathway of phase transformation. For instance, ACP formed
at a low Ca:P ratio mainly has monodentate bonding and directly transforms to hydroxyapatite.
In contrast, ACP formed at a high Ca:P ratio mainly has bidentate bonding and transforms first to
brushite and then to the most thermodynamically stable form, hydroxyapatite (87). These findings
indicate that the ratios of building units alter the bonding structures in amorphous particles and
subsequently affect the pathways of phase transformation.

A solid solution is a mixture at the atomic level of at least two different solids that coexist as a
new solid. Minor components are uniformly distributed in the crystal lattice of the major crystal
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structure. Some of the most studied solid solutions are calcium-magnesium—carbonate systems. At
low Mg?* activity (e.g., 1.59 x 10~%), Mg?* incorporates into the calcite lattice and enhances the
solubility of Mg-bearing calcite, decreasing the effective supersaturation needed for the calcites’
growth (88). In another work, the metastability of ACC and amorphous magnesium carbonate
(AMC) was altered by changing the Mg:(Ca+Mg) ratio (89). Furthermore, ACC’s structure and
its transformation pathway are also largely influenced by the addition of Mg. A recent study re-
ported a new hydrated crystalline structure of CaCOj in the presence of Mg?* (90): At an Mg:Ca
molar ratio of 4.3-6.1, CaCO; hemihydrates with a needle-like crystal structure, which had not
been observed previously. Here, Mg?* ions in the solution slowed the crystallization of the hy-
drated crystalline phase of CaCOj; to monohydrated calcite. These findings proved the impor-
tance of Mg incorporation into CaCOj; particles in determining the growth of CaCOs, its phase
transformation, and its structure.

6. FACTORS AFFECTING NANOPARTICLE NUCLEATION
AND GROWTH

6.1. Defects and Facets

Substrate defects, such as steps and point defects, change the binding and adsorption energy be-
tween the precursor species and the substrate, altering the nucleation and growth of nanoparticles.
Using LP-TEM, Zhu et al. explored the selective oxidation of Ag nanocrystals at different planar
defects, such as nanotwins and stacking faults (Figure 44) (91). Ag,O embryos preferentially nu-
cleated at twinned tips and stacking faults, and they grew inward along the planar defects. However,
the oxidation of metal was not observed away from the twinned tip of the facet (92), suggesting
that Ag,O selectively nucleated and grew at defects.

In particular, the surface energy at facets determines the growth rate of nanoparticles, and
the nanoparticles grow to minimize their own surface energy. A low-energy facet exhibits a rel-
atively slow growth rate, whereas a high-energy facet has a fast growth rate, enabling it to have
a lower nanoparticle surface energy. As representative examples, nanoparticles’ shapes were con-
trolled by modifying the surface energy of the facet with surfactant adsorption, adjusting the facet’s
growth rate (98, 99). However, facet growth rates are determined by their surface energy only if
nanoparticles are bigger than the critical size of nanoparticles. In a study of the dynamic growth
of Pt nanocubes (93), when the nanoparticles were smaller than their critical particle size (~5 nm)
for facet growth (up to 70 s in Figure 4b), ligands on the facets were easily removed, provid-
ing space for Pt growth. This process causes similar growth rates regardless of the facets’ surface
energy. After 70 s, when Pt nanoparticles grew bigger than their critical size, the growth rates
of Pt nanoparticles at {111} facets were the highest, followed by those at {001} and {100} facets,
indicating facet-dependent growth.

6.2. Heterogeneity of Surfaces

In nature and in engineered systems, the mineralogy and morphologies of substrate surfaces are
heterogeneous, governed by their formation process and surrounding chemistry (100). Hetero-
geneous nucleation and growth are strongly connected with interfacial free energy and, thus, ac-
counting for the surface heterogeneity is crucial to understanding these processes.
Heterogeneous nucleation and growth are largely influenced by the following substrate prop-
erties: its surface charge, interfacial energy, and surface morphology, and the lattice similarity be-
tween the precipitate and substrate (3, 94, 101). Hu et al. examined the heterogeneous nucleation
and growth of iron(Ill) hydroxide on naturally abundant mineral substrates: quartz, muscovite,
and corundum (Figure 4c¢) (94). They found that the heterogeneous nucleation rate of iron(III)
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Figure 4 (Figure appears on preceding page)

Factors affecting nanoparticle nucleation and growth. (#) Selective Ag, O nucleation at different defects of Ag nanocrystals. Panel
adapted with permission from Reference 91; copyright 2021 Springer Nature. (b)) Measured distances, D, from the center of Pt
nanoparticles to each facet, directly related to their growth rate, and sequential images of a Pt nanocube’s growth. Panel adapted with
permission from Reference 93; copyright 2014 American Association for the Advancement of Science. (¢) Iron(III) (hydr)oxide
heterogeneous nucleation on different substrates: quartz, mica, and corundum. Panel adapted with permission from Reference 94;
copyright 2013 American Chemical Society. (d) Subpanel 7 shows the formation of an EDL and inhomogeneous charge distribution at
the EDL. In the figure of MD simulation results, yellow and cyan spheres indicate cations and anions, respectively. MD simulation
results were adapted with permission from Reference 95; copyright 2014 American Chemical Society. Subpanel ii shows interactions
among surface, ions, and water are all important in controlling barite growth kinetics (96): bonding at kink sites, bidentate
complexation, inner-sphere complexation, and outer-sphere complexation. Barium atoms are green, sulfate ions are ochre (sulfur) and
blue (oxygen), oxygens atoms of water are red, and hydrogens are gray. Subpanel adapted with permission from Reference 96; copyright
2012 American Chemical Society. (¢) Schematics of two different nucleation models for collagen mineralization. Subpanel 7 shows
extrafibrillar nucleation in unconfined space, and subpanel 77 shows intrafibrillar nucleation in a confined gap region. Subpanels 7ii and
iv show interfacial energies for ACP nucleation (¢acp) during EM and IM, calculated from the relationship between J and
supersaturation [EM: In(J) versus 1/a? without nanoconfinement; IM: In(J) versus 1 /o with nanoconfinement] (97). Panel adapted
with permission from Reference 97; copyright 2018 Springer Nature. Abbreviations: ACP, amorphous calcium phosphate; EDL,
electric double layer; EM, extrafibrillar mineralization; IAP, ion activity product; IM, intrafibrillar mineralization; MD, molecular
dynamics; pAsp, poly(aspartic acid).
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(hydr)oxide minerals was faster on corundum than on other substrates. This fast nucleation was
explained by a higher liquid-substrate interfacial energy («;), confirmed by the water contact an-
gle, and a lower substrate—nucleation interfacial energy («s,) from lattice similarity. In contrast, the
heterogeneous growth of iron(IlT) (hydr)oxide on corundum was rather slower than on quartz and
mica because the positively charged iron(IIT) (hydr)oxide embryos were electrostatically repelled
from the positively charged corundum, hindering their heterogeneous growth.

Both the surface morphology and the exposed substrate facets and/or planes deserve consider-
ation in nucleation and growth. Unlike the effects of nanoparticle facets on their growth discussed
in Section 6.1, here, we discuss how the existing substrate facets and/or planes influence the het-
erogeneous nucleation and growth of nanoparticles. Recently, Liu et al. demonstrated how man-
ganese oxides were facet-selectively nucleated and grown on nanohematite (102). The selective
nucleation of manganese oxides occurred owing to the surface oxygen coordination and bulk elec-
tron transfer mechanism. Then manganese oxides grew along the specific direction that minimized
lattice mismatch, consequently forming manganese oxide nanowires on nanohematite. Even on
the same mineral substrate, the shape and structure of heterogeneously formed manganese oxides
were governed by the facet of the substrate, highlighting the importance of substrate facets on the
nucleation and the growth of manganese oxides.

6.3. Electronic Structure

The ubiquitous interactions between water and surfaces are centrally important in many disci-
plines, such as electrochemistry, materials science, and geology, (103-107). Because of the surface
charge created by breaking hydrogen bonds at a surface, water molecules behave differently near
the interface. Particularly, the surface charge at a solid-water interface induces an electrostatic
field and consequently influences the alignment of cations, anions, and water molecules, creating
an electric double layer (EDL). Because the EDL can alter reaction conditions kinetically and
thermodynamically, the structure of the EDL is fundamental in the study of nanoparticle nucle-
ation and growth. Recent studies have discussed inhomogeneous structures in the EDL resulting
from ion—ion correlations (Figure 4d) (95, 108). Interfacial surface charges occur as either homo-
geneously distributed charge densities or localized charge densities at discrete sites, depending on
the identity of the cations (95, 105). The type of charge distribution affects the net orientation of
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water and the pH of a solution at the interface (103, 106, 108, 109). As an example, using in situ
high-resolution X-ray reflectivity, Lee et al. confirmed that the substantial enhancement of inner
sphere complexed Rb* near negatively charged mica far exceeds the amount needed for charge
compensation of the mica surface (charge overscreening) (110). Hence, a full recognition of the
effect of inhomogeneous structures in the EDL is crucial to understanding how materials form
owing to differences in the concentrations of ions (95, 103, 108) and pH (108, 109), subsequently
altering the saturation of the solution at the solid-water interface (32). In addition, the perturba-
tion of local water structure by ions may also facilitate transport and decrease the energy barrier to
the attachment of ions to the interfaces (96). In turn, newly formed particles can generate different
surface potentials and add surface heterogeneities for subsequent reactions (111).

6.4. Water and Ions at Interfaces

Multiple interactions among the solvent, the foreign substrate, and ions can mediate the nucleation
and growth of solids. In solid nucleation, the transformation from ionic clusters to a dense liquid
phase is closely related to liquid-liquid separation (61). Furthermore, the stability and dynamic be-
haviors of PNCs are strongly influenced by the water molecules (59). For example, aggregation of
the PNCs was accompanied by a reduction of the mobility of water (60). In CN'T; ion desolvation
can determine E, and J. In solid growth, the approach of an ion to the surface requires desolva-
tion of both the surface and the ion, leading to a rate-limiting process for such 2D nucleation (32).
A metadynamic simulation demonstrated that the rate-limiting reaction for attachment in barite
growth is a conversion of the inner-sphere adsorbed species to the bidentate species (Figure 4d)
(96). The desolvation effect is also a primary contributor to isotopic fractionation during CaCOj
precipitation (112). In the case of ion—ion interactions, stable ion pairs at the nucleation stage
have been considered as PNCs (50). At the growth stage, ion pairs can also serve as precursors for

growth (73).

6.5. Biological and Organic Contributions

Mineral nucleation and growth induced by microorganisms are important in understanding geo-
logical elemental cycling and the rules that govern life. There are two fundamental mechanisms for
bacterially induced mineral nucleation: First, passive nucleation occurs when the solution chem-
istry around bacteria cells is changed by microbial activities, such as bacterial ammonification, sul-
fate reduction in anoxic environments, and alkalization by cyanobacteria (113). These microbial
activities release CO3%~ or HCO;~ or increase the solution pH, driving minerals to nucleate and
grow. Second, active nucleation happens when bacteria cell surfaces contribute as nucleation sites
(114). Owing to their small size (~2 pm?), large surface-to-volume ratio, and negative surface
charge, bacteria are highly efficient at adsorbing metal cations from surrounding environments
and concentrating them on their surfaces. Nucleation starts when these adsorbed cations interact
with anions from the external milieu, driving the nucleation of (oxy)(hydr)oxides (115), carbonates
(116), sulfates (117), sulfides (118), and phosphates (119).

In addition, soluble organic molecules or dissolved organic matter (DOM) contains high
numbers of metal-binding sites, including carboxylates, phenols, amines, and thiols. Similar
to microorganisms, the metal-ligand complexation of DOM alters the interactions between
metal ions and aqueous anion counterparts. DOM has been shown to affect the nucleation of
calcium carbonates (120), iron oxyhydroxides (121), calcium sulfate (122), metal sulfides (123),
and calcium phosphate (124). DOM affects the nucleation and growth of minerals through two
mechanisms. First, DOM complexes with dissolved metal ions, decreasing the mineral saturation
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and the driving force for nucleation and growth (125, 126). Second, DOM adsorbs onto the
surface of newly formed nanoclusters, further blocking the active growth sites for incoming new
phases from the solution (121). Some organic polymers [e.g., poly(sodium 4-styrene sulfate)] can
also affect the nucleation of minerals via binding with precursors (93).

6.6. Nanoconfinement

The nucleation and growth of particles in nanoscale porous media are critical in geological pro-
cesses (127), biological processes (128), and engineering applications, such as the production
of biopharmaceuticals (129) and semiconductors (130), and water treatment (131). In confined
nanopore spaces, the physicochemical properties of particles (e.g., thermotropism or polymor-
phism) are distinct from those in unconfined spaces (132, 133). The structure, dynamics, and
thermodynamics of water in nanoconfinement can also affect the solvation free energies of ions
and clusters (134, 135), altering nucleation and growth in nanopores. For a confined space, the
Gibbs-Thomson equation describes the melting point depression (AT,,) of materials relative to
the bulk form (73, pui) (132). Recently, Jin & Coasne reported a simulation study providing a
molecular-level understanding of how nanoscale confinement shifts the melting point to a lower
temperature (i.e., a decreased metastability barrier upon methane hydrate formation), which was
previously observed experimentally and interpreted by the Gibbs—Thomson equation (136). By
contrast, for particles strongly adhered to the wall (6 < 90°), the melting point may increase in
the confined space.

Nanoconfinement has been considered an essential aspect of biomineralization. For example,
Cantaert et al. showed that 25-300-nm pores induced the formation of polycrystalline hydroxy-
apatite rod crystals via an intermediate ACP phase (137). Kim et al. suggested that modification
of CNT is required to understand intrafibrillar collagen mineralization (i.e., mineralization inside
collagen gap regions) (97). Owing to the nanoconfinement in the gap region (40 nm long and
~2 nm high) (138), calcium phosphate mineral is forced to nucleate and grow only in a lateral di-
mension (Figure 4e, subpanels i and 7). The 2D growth changes the relationship between nucle-
ation rates (J) and supersaturation (o) from In(J) o 1 /02 (for homogeneous nucleation of a sphere)
to In(J) o 1 /0, explaining how confinement reduces the energy barrier to nucleation (Figure 4e,
subpanels 7i7 and 7v). In bone mineralization, the extent of calcium phosphate formation inside
the collagen gap region is closely related to mechanical properties such as the elastic modulus of
tissue-level collagen matrices (139). Future research can harness the improved understanding of
nucleation and growth in nanoconfinement for designing and developing stronger materials.

7. OUTSTANDING QUESTIONS AND FUTURE OPPORTUNITIES

In recent decades, theoretical and experimental studies have elaborated the formation processes
of nanoparticles, providing critical molecular insights into their behaviors and presenting new ca-
pabilities for controlling them (Figure 5). However, there are still outstanding questions that we
need to address. In this section, thus, we discuss these outstanding questions and future opportu-
nities for research and engineering in solid nucleation and growth.

7.1. Developing a Holistic Model to Quantitatively Describe Nucleation
and Growth

A holistic quantitative description of nucleation and growth remains a great challenge. Here, we
share our perspectives on building a more complete quantitative model, one which unites classical
and nonclassical nucleation and growth behaviors. In the nonclassical nucleation process, PNCs,
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Figure 5 (Figure appears on preceding page)

Perspectives toward a holistic understanding of classical and nonclassical nucleation and growth mechanisms, and determining factors
in engineering nanoparticles and understanding their behavior. Theoretical and experimental approaches can yield a comprehensive
model connecting the nucleation and the growth behaviors of nanoparticles. Such model development can predict the behavior and
formation of nanoparticles more accurately, enabling us to design and predict their properties in engineering fields and nature. The
middle row left AG figure illustrates the free energy landscapes in classical and nonclassical nucleation and classical growth pathways.
Here, classical theory includes both nucleation and growth. The middle right AG figure portrays the free energy landscape during a
nonclassical growth pathway via oriented attachment. Panels for surface charge engineering and nanoconfinement engineering were
adapted with permission from References 95 and 97, respectively; copyright 2014 American Chemical Society and copyright 2018
Springer Nature. Abbreviations: CN'T, classical nucleation theory; NCNT, nonclassical nucleation theory.
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including disordered clusters and partially ordered agglomerates of clusters, aggregate and un-
dergo a size-induced phase transition. Although several experimental and modeling studies have
explored nonclassical nucleation pathways, there is not yet a good quantitative NCNT model for
understanding the mechanisms of these processes and evaluating the kinetics involved. To the best
of the authors’ knowledge, there has been only a limited attempt to apply NCNT in a quantita-
tive description, specifically, by introducing excess free energy, as discussed in Section 3.3 (51).
However, this term captures only net effects, and it is still difficult to experimentally quantify the
multiple intermediate steps. Here, although PNCs and nanoparticles are different, studying the
kinetics of nanoparticle OA can provide useful insights into building a model for nonclassical nu-
cleation, because both nonclassical growth by OA and NCNT describe the aggregative behavior.
For example, the kinetics model based on the Smoluchowski equation can be applied to NCNT
(79) by considering the significant contributions of ion-solvent interactions within the PNCs to
the cluster agglomeration and/or aggregation.

Whereas a holistic quantitative model that connects nucleation and growth would be ideal, for
complicated systems that couple nucleation, growth, and phase transformation, developing such
a comprehensive quantitative model is daunting. A good example is mesocrystal formation. In
a recent in situ LP-TEM study, using aggregates of ferrihydrite as precursors, Zhu et al. found
that oxalate can promote spindle-shaped hematite mesocrystal formation, but in the absence of
oxalate, segregated hematite nanoparticles formed (140). In the study, dissolution of ferrihydrite
provided the precursors for hematite nucleation. Importantly, the interfacial gradients of Fe** con-
centration at the oxalate-covered hematite surface induced new hematite nucleation adjacent to
the primary hematite nanoparticles. Then, attractive particle interactions drove OA of nanopar-
ticles to form the hematite mesocrystal. In this case, the convoluted processes of old precursor
phase dissolution, new phase nucleation, and OA made the development of a quantitative descrip-
tion extremely difficult. To overcome this challenge, artificial intelligence technology, specifically
machine learning (ML), can be an effective tool for determining and predicting multiple param-
eter optimization. ML has been successful in describing the physical and chemical thresholds for
defining clusters, nanoparticles, and bulk states of silver (141) and in predicting and/or optimizing
the synthetic nucleation and growth of CdSe or CdS (142). Future nucleation and growth in-
vestigations with ML hold great promise for describing the relative contributions from multiple
processes and ultimately providing a quantitative description of complicated systems.

7.2. Connecting Experimental Data and Computational Simulations

MBD has been extended continuously, including ab initio MD. Density functional theory (DFT),
the dominant electronic structure method of ab initio MD, has become standard for describing
and predicting the nucleation process (143). There have been many successful simulations for
mineral nucleation, especially for the existence or formulation of PNCs for NCN'T. For example,
the DFT model quantified how solutions with different Mg:Ca ratios affect the nucleation barriers
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of calcite and aragonite. The results demonstrate that the nucleation barrier of calcite exceeds that
of aragonite in solutions with Mg:Ca ratios consistent with seawater (144). MD also proved that
nanodroplets of dense liquid clusters coalesce and solidify into ACC (61). Furthermore, the MD
method has shown the existence of mineral clusters made of ionic polymers in the shape of chains,
branches, and rings as PNCs (60).

However, computational studies that better connect with experimental nucleation and growth
results are still needed. For example, small systems (10°~10* particles) are often modeled under
ideal conditions. Because the interfacial description requires more restricted and reliable force
fields, predicting a realistic nucleation system is more complicated (46). Besides, simulation results
are specific to certain limited physical approximations in order to reduce the complexity of the
potential. The results can be inflexible and provide only limited information on complex energy
landscapes (145). Thus, future efforts should include the following:

1. To effectively determine energies and forces in large-scale simulations, we need more effi-
cient potentials that can replace computationally extensive electronic structure calculations.
For example, atomistic potentials describe the relationship between atomic configurations
and potential energies. They use less sophisticated analytic functions of the atomic coordi-
nates, which is helpful for fast evaluation of large-scale simulations (145).

2. ML potentials can directly use or combine a variety of functions, capturing various types of
bonding, such as covalent bonding (146). Because the ML potentials are more general forms
that, unlike classical MD, are not based on physical considerations, they can increase the sim-
ulation scale and achieve an accuracy rate closer to that of first-principles calculations (147).

3. To overcome the timescale limitation of MD simulation, new enhanced sampling tech-
niques, such as metadynamics (148), can be developed and applied to study the nucleation.
Enhanced sampling techniques are particularly useful because solid nucleation in solutions
is a relatively slow process and can further be complicated by the presence of competing
and complex polymorphs.
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