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Abstract

Since Penn et al. first discovered the oriented attachment growth of crystals, the
oriented attachment mechanism has now become the major research focus in the
crystal field and extensive efforts have been carried out in the past decade to
systematically investigate the growth mechanism and the statistical kinetic models.
However, most of the work mainly focuses on the experimental results in the oriented
attachment growth. Different from the previous reviews, our review overviews the
recent theoretical advances in the oriented attachment kinetics combined with
experimental evidences. After a brief introduction to the van der Waals interaction and
Coulombic interaction in a colloidal system, the correlation between the kinetic
models of the oriented attachment growth and the interactions is then our focus. The
impact of in-situ experimental observation techniques on the study of oriented
attachment growth is examined with insightful examples. In addition, the advances in
theoretical simulations mainly investigating the thermodynamic origin of these

interactions at the atomic level are reviewed. The review seeks to understand the
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oriented attachment crystal growth from a kinetic point of view and provide
quantitative methodology to rationally design an oriented attachment system with pre-
evaluated crystal growth parameters.
1. Introduction

The oriented attachment (OA) is a typical ‘match and dock’ growth mechanism of
nanocrystals (NCs).! In recent years, the OA growth has shown great potential in
controlling and designing materials of various nanostructures including zero-
dimensional (0D) nanoparticles (NPs), one dimensional (1D) nanorods (NRs)
/manowires (NWs), two dimensional (2D) nanosheets (NSs) and macroscopic objects.
The typical examples reported since 2010 are given in Table 1. In addition, several
insightful reviews have also been published recently in this area.”” For examples
reported before 2010, one can refer to ref. [4-5]. Efforts are not only centered on the
development of novel OA structures of various materials and their functional
properties, but are also centered on the comprehensive insight of the mechanism and
kinetics; the efforts seek to understand the fundamental scientific basis associated
with the dynamic OA growth. Many efforts have been executed to develop OA kinetic
models from a statistical point of view. Typical strategies include fitting the size
evolution of NPs as the OA growth proceeds, treating NPs as ‘molecules’ and
assuming the OA growth is driven via collision and reaction of molecules. These
models range from simple dimer formation models, which are mathematically simple
and easy to manipulate, to data sets tracking primarily on particle concentration, to

polymerization models describing the number of primary particles per secondary
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particle, to population balance models employing Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory which predicts the size distribution of secondary particles,
and then to the effects of suspension conditions on the kinetics of oriented
aggregation. However, these statistical models cannot explain what the driving force
of the OA is, how NPs attach to each other or why the resulted shapes of materials are
formed. To answer these fundamental questions, one must take a different approach to
understand the ordered assembly of OA NPs. The 0D, 1D, 2D, 3D morphologies
achieved via OA can be described by non-covalent interactions between different
assembly objects (NPs, NRs or other complex aggregations), including the van der
Waals interactions (vdW), Coulombic interaction (CI), and dipolar interaction (DI).
These interactions, which are typically in the range of 0-10 k37, are much weaker
than the interaction of covalent bonds (ca. 100-150 kzT). OA growth kinetics can be
built via the study of these interactions. The recently-derived analytical expressions of
vdW and CI allow one to evaluate the correlation between the kinetics of OA NRs
and the important growth parameters including the NP-NR separation, the diameter of
NPs and the aspect ratio (AR) of the growing NR. In this review, the interactions
between colloidal NCs based on the classical DLVO theory are first introduced. Due
to the drawback of analyzing the dynamic growth process of anisotropic OA NCs via
the DLVO, an improved model for OA NRs is then highlighted. The overview on the
simulations at the atomic level follows that focuses on the origin of these interactions
and building the connection of the interactions with various materials and crystal

structures. In the end, in-sifu experimental observation techniques which provide
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direct evidence for the interactions and their roles in the assembly of OA NPs, are

discussed. In short, the review looks into the thermodynamic origin of the OA growth

by overviewing the recent study of the OA growth kinetics. The review seeks to

improve our understanding of the OA crystal growth mechanism and facilitate the

design of the growth of OA nanomaterials with desirable morphologies and properties.

Table 1. Examples of OA nanocrystals reported since 2010.

Year First Author Matter Morphology Ref.
2010 Almeida a-Fe,Os nanorods 6
2010 Choi SrMoQOy, wires, notched spheres 7
2010 Christy TiO, nanorods 8
2010 Cui NaTAO; porous microsphere 9
2010 Gunning CdS nanorods 10
2010 Kim B-In>S; nanotubes 11
2010 Koh PbSe nanorods 12
2010 Lo FePs nanorods 13
2010 Ning SnTe nanoparticles and nanowires 14
2010 Schliehe PbS ultrathin sheets 15
2010 Srivastava CdS nanowires 16
2010 Zheng CdS quantum dots 17
2011 Chang CulnSe, nanoflowers, nanowires 18

branched multipods
2011 Chen o-Fe O3 1D chain-like structures 19

2D layers

3D superstructure
2011 Da Silva anatase TiO, mesocrystals with Wulff shape 20
2011 Dong (Bi0),CO; hierarchical hollow microspheres 21,22
2011 Duan CdSe dendrites 23
2011 Fei BiFeO; pills and rods 24
2011 He EuS nanoclusters, nanorods 25
2011 Huang ZnO nanorods 26
2011 Jin PbS nanorods 27
2011 Koziej MoO, nanorods 28
2011 Krishnadas Ni nanowires 29
2011 Li V205 ultra-long nanobelts 30
2011 Li CdS nanorods 31
2011 Lin BN hexagonal nanocrystals 32
2011 Liu ZnO 3D mesoporous ellipsoids 33
2011 Moreira BaZrOs 3D deca-octahedronal architecture 34
2011 Sliem PbSe nanocubes 35
2011 Stroppa SnO, nanoparticles with elongated 36

shape
2011 Taniguchi CeO, nanocubes 37
2011 Tian GdF; nanowires 38
2011 Vaughn SnSe nanosheets 39
2011 Wang Bi,Te; nanowires 40,41
2011 Wang Cu;Tey sheet-like particles 42
2011 Wang Sb,05 nanorod-bundles 43
2011 Yella WO, asymmetric nanobrushes 44
2011 Yin BaWO, shuttle-like, ellipsoid-like, and flower-like 45

structures
2011 Zhang Bi,S; nanorods and nanosheets 46
2012 Burrows a-FeOOH acicular nanorods 47
2012 Chen WO; ultrathin, nanosheets 48
2012 Distaso ZnO twin nanorods 49
2012 Dong BiOI/BiOCl nanoplates 50

microflowers
2012 Douglas lanthanide oxide nanoribbons 51

(Ce0,, Nd,, 03, Eu,0s3, ultra-thin nanowires
Gd,0s, Dy»03, Yb,03)

2012 Ji B-MnO, hollow polyhedral nanorods 52
2012 Kim PbSe nanorods 53
2012 Li Cd(OH), pancake-like superstructures 54
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2012 Liang Ag nanorices 55
2012 Liu ZnO twin-brush mesocrystals 56
2012 Liu Ag nanoplates 57
2012 Ludi ZnO nanorods, 58
fan- or bouquet-like bundles
2012 Wang SnO, ultrathin nanosheets 59
2012 Wang rutile TiO, branched nanorods 60
hierarchical mesocrystals
2013 Cao ZnO hierarchical leaf- and flower-like structures. 61
2013 Cui BiOCl nanosheets 62
2013 Li Sb,03 nanobelt bundles 63
2013 Li TiO, highly branched nanowires 64
2013 Li anatase TiO, nanosheet array 65
2013 Li WO, nanotube-based bundles 66
2013 Liu CaCO;-H,O dumbbell-like superstructures 67
2013 Nootchanat Au nanosheets 68
2013 Shuai o- Zr3(POy)4 layered nanodisks 69
2013 Song SnO, nanorods 70
2013 Yu Pt-M (M = Cu, Co, Ni, Fe)  worm-like nanowires 71

2. OA growth kinetics
2.1 Roles of vdW and CI interactions in a colloidal system-the DLVO theory

The DVLO theory assumes that the interaction potential energy (Epryo) for two
spherical particles of the same size separated by a distance % (the shortest distance
between two spherical particles, each having a radius of a and a center-to-center
distance of », and 4 = » —2a) is the sum of the repulsive electrostatic energy of the
electric double layers (Egp;) and the attractive vdW energy (E,;») of attraction
between adjacent particles, which is given in Eq. 1.

Eprvo = Evaw + EgpL e))

The derivation of Egp; and E,;» between two colloidal NPs can be found in the
literature.”””* The interaction potential for two colloidal NPs versus their separation
can be plotted, as shown in Figure 1. The energy barrier or the activation energy (£,)
of the ‘attachment’ reaction between two particles can be obtained based on the
difference between the maximum and the minimum of Ep;yo which is a function of
inter-particle separation. With the calculated values of these interactions and E,, the

kinetic constant of the OA growth can be directly determined via the famous
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Arrhenius equation, as given in Eq. 2.

k = Ae Ea/RT )

EDLVO/kI;I‘

Figure 1. Interaction potential versus separation between two spherical colloidal NPs.

The DLVO theory accounts for the effects of ionic strength, pH, surface potential,
Hamaker coefficient and dielectric constant. However, additional forces besides the
DLVO construction, such as H-bonding, steric force and hydration force, have also
been reported to affect the colloid stability.”” DLVO is not effective in describing the
correlation between the formation of colloidal crystals and the atomic structure of the
crystal surface.”® Further, the dynamic size change of OA crystals with non-spherical
shapes cannot be investigated by the DLVO model.

2.2 A model for growing OA NR: roles of vdW and CI

To develop a model that works with anisotropic OA crystals can provide more
insightful information about the OA mechanism. To study the OA mechanism, a
portion of such work has been done by constructing analytical models.”” The

theoretical construction of 1D OA nanostructures largely facilitates the understanding
6
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of the kinetic process of the OA growth. It was assumed that spherical NPs are
attached to the two sides of a cylindrical NR and then grow into 1D OA NCs. The
primary monomers (NPs that are used as precursors at the initial stage) are assumed to
be spherical NPs with a radius of R;. The growing NR is assumed to be cylindrical
with a continuously increasing AR. In the OA growth, spherical NPs driven by the
inter-particle interactions typically attach to one end of the growing 1D NRs. The
growth model is demonstrated in Figure 2. With the incorporation of AR, the NP-NR
model allows for the evaluation of the NP-NR interactions during the entire dynamic
growth of the OA NRs. Since the activation energy of the OA growth is primarily a
function of CI, vdW and DI, the analytical expressions of these interactions are
necessary to evaluate the correlation between their dynamic evolutions with the
important parameters associated with the OA growth. The evaluation of the
interactions enables one to design efficient parameters for the OA growth before the
actual synthesis of the OA NCs, including the NP size, the aspect ratio of a growing
NR or nanotube (NT), the concentration of the precursor NPs, the surfactants and the

solvents.
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Figure 2. Demonstration of the NR growth via the oriented attachment of one monomer NP to one end of the NR.

Reproduced from ref. [77] with permission from The Royal Society of Chemistry.

2.2.1 vdW interaction
The analytical expression of the vdW interaction between an attaching NP and a
growing 1D nanostructure was derived.”® In the derivation, aspect ratio was
introduced to evaluate the vdW during the entire dynamic growth of OA NRs.” The
derivation was based on the Hamaker's particle—particle model and was adopted as the
platform to explore the role of the vdW interaction in the formation of 1D OA NRs
from NP precursors. The vdW interaction between two spherical particles is given by
Eq. 3,
E=—fdv1fdv2# 3)
r
where v; and v, are the respective volumes of the two particles, 7 is the distance
between the two particles, ¢ is the atomic concentration of the particles, and 4 is the
vdW constant. A two-step integration approach was adopted in the derivation. First,
the vdW between the entire cylinder and a single point within the sphere was
calculated. Second, this solution was used as the basis to integrate over the entire

sphere, yielding the vdW between the two objects. Through the vdW expression, the
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correlation between vdW and the important growth parameters including the
dimension and separation of NP and NR, the Hamaker constant and the attachment
orientation, was evaluated, as shown in Figure 3. To evaluate the critical separation at
which the vdW interaction between the NP and the NR is negligible, the critical
center-center separation (C,, indicated by the vertical dotted line in Figure 3A) and
critical surface-to-surface separation (D, D = C.- L/2 - R,, L is the length of the NR,
R, is radius of NP) were proposed. The value of vdW smaller than —0.5% kzT was
negligible, as marked by the horizontal dotted line in Figure 3. The dramatically rapid
drop in vdW with increasing C verifies that the vdW interaction is a short-range force
(Figure 3A). The critical separation (D) increases nearly linearly with the radius of
NPs (R;) as shown in the inset of Figure 3A, which implies that if the vdW dominates
the growth, NRs with a larger size will grow faster when the effect of Brownian
motion is neglected. D is nearly constant as AR varies (Figure 3B), which suggests
that the growth rate remains constant as the growth of AR via OA proceeds. However,
the change of other factors, such as the dramatic decrease of the diffusion and
Brownian motion as the size and mass of NRs increase, slows down the OA growth
process. D increases asymptotically with the Hamaker constant (A), indicating the
limited influence of A (Figure 3C). This may explain why a change of the surfactant
and an increase of the synthetic temperature cannot increase the growth rate while the
increase in the concentration and size of the primary NP monomer precursors
increases the growth kinetics. The weaker vdW interaction in the off-axis approach of

NPs to the growing NR suggests that the head to head attachment is favored during
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the growth of 1D OA NRs (Figure 3D). Such theoretical investigation into the growth
of NRs provides the basis for comprehending the role of vdW, and the guidance for

the efficient synthesis of 1D nanostructures.
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Figure 3. The correlations between vdW and the parameters associated with the dimension and separation of NP
and NR. (A) Graphs of vdW versus C for NRs with different diameters. Insert: plot of D versus R,; (B) Graphs of
vdW versus C for NRs with different ARs and of a fixed diameter of 2 nm; (C) Graphs of D versus A with different
R, and a fixed AR of 10; (D) Graphs of the vdW interaction versus the separation between a NP (diameter: 10 nm)
and a NR (diameter: 10 nm and AR: 20). Reproduced from ref. [78] with permission from the PCCP Owner

Societies.

2.2.2 Coulombic interaction

In a colloidal system, strongly-charged surface surfactants hinder the Ostwald
ripening (OR) growth at the initial stage to promote the OA growth, and thus they are
frequently employed to facilitate the successful synthesis of various well-defined 1D,

2D and 3D materials with ‘focused’ size distributions and desired structures. The
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adsorption of charged surface adsorbents and ions on NP monomers creates strong
columbic interactions between the NPs, and largely affects the kinetics of the OA
process. To illustrate the role of CI in an OA growth, the accurate calculation of CI is
desirable. The analytical expression of CI was derived via the same NR-NP model and
based on the expression of the CI between two point charges,”” as described by the

Coulomb's law in Eq. 4,

E zinQl (4)

4me T

where Q) and (O, are the charge values of point 1 and point 2, r is the separation
between point 1 and point 2, and ¢ is the dielectric constant of the medium. The above
equation was then employed as the integration unit to obtain the analytical expression
of CI between a spherical NP and a cylindrical NR with the incorporation of the
important parameters in the OA growth, including the NP size, the AR of the growing

NR and the NP-NR separation, as shown in Eq. 5,

l
1 at+c+s
Eq = ESnzazrf T (lnrc_z> +(a+c— 2c)] (5)

where o is the surface charge density of the NP and the NR, r is the radius of the NP
and the NR, / is the length of the NR, ¢ is the NP-NR separation, ¢ is the dielectric

constant of the medium and

a=\/(C+é)2+r22,b=\/(c—é)2+r22

The surface charge density and the dielectric constant are related to the nature of the

materials to be synthesized, the concentration of the NP precursor, the surfactant used
to control the growth direction, and the nature of the solvents. The increase of AR

11
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describes the dynamic growth process of the NR, this simple analytical form of CI
provides an efficient platform for the evaluation of CI in a variety of OA growth
systems. For instance, the long-range feature of the CI interaction (see Figure 3A and
Figure 4) indicates that a medium with a higher precursor concentration and with a
higher temperature is favorable to obtain small particle separation and facilitates the
fast growth of OA NRs. The evaluation of CI versus AR shows that CI gets saturated
when AR reaches a certain value, which indicates that the OA growth is inhibited
when the NRs grow to a certain large length. This statement is confirmed by the long-

existing challenge of synthesizing OA NRs or NWs with high ARs in experiments.
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Figure 4. (A-E) Graphics of CI versus ¢ for NRs of different radii. For each graph, the critical point d is the ¢ value of the
crossing point of the two red lines. All graphs assume AR = 10, T = 300 K, dielectric constant = 80 (water solvent), and charge
density = 30 000/x electrons nm™, and (F) the plot of d/(r, + 1/2) versus .. Reproduced from ref. [77] with permission from

The Royal Society of Chemistry.

Figure 5A shows that CI decreases gradually as the temperature increases, which
suggests that increasing the temperature can reduce the energy barrier of an OA
growth.79 The decrease of CI with the increase of temperature is abrupt for NRs with

large ARs, indicating that the formation of long OA NRs at high temperatures is more
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thermodynamically favorable compared to short NRs. This finding is consistent with
our previous experimental observation of the long EuS NRs at high temperatures.*
The increase of CI with increasing surface charge density of NRs and the more abrupt
such trend for long OA NRs, as shown in Figure 5B, suggest too large a charge
density is detrimental to the growth of long/ultra-long OA NRs. Suitable ligands
should be employed to control the charge density at a proper level while maintaining

sufficient stability in the OA growth of long NRs.
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Figure 5. Plots of the CI interaction versus (A) temperature and (B) charge density for NRs of different ARs. For

R e YY" YT

all the plots, ¢ = 60 nm, dielectric constant = 80 (water solvent), and in plot (A), charge density= (50000/x)

electrons/nm”. Reproduced from ref. [79] with permission from The Royal Society of Chemistry.

Due to the high efficiency of the model and the analytical interaction expressions
for evaluating the growth of OA NRs, this model was employed to evaluate the
growth of OA nanotubes,” which was recently observed in experiment.”’ A 3D
demonstration of two NPs attaching to the two ends of a growing NT is shown in
Figure 6. The derivation of the CI expression is similar to the derivation of the
expression between a NP and a NR. The detailed expression of CI between a NP and a
NT can be found in ref. [80]. 1y is the radius of the NP, and r; and r, represent the radii

of outer and inner radii of the NT, c is the separation between the NT and the NP, and

13
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! represents the length of the NT.

Figure 6. A 3D model of two NPs attaching to two ends of a growing NT. Reproduced from ref. [80] with
permission from The Royal Society of Chemistry.

CI increases rapidly as the NP-NT separation decreases and there exists an
inflexion point d where the increasing rate begins to increase abruptly. This indicates
that too large a precursor concentration is detrimental to the OA growth of NTs. The
CI increases with increasing outer NT radius (Figure 7A) and this suggests that large
NTs experience larger growth energy barriers compared with small NTs. A dilute
precursor solution may favor the synthesis of OA NTs with relatively large radii.
Figure 7B shows that CI increases with the increase of AR, suggesting that the
elongation of NTs experiences higher CI energy barriers as their length increases,

which is consistent with the earlier theoretical report on the growth of NRs.”’

14
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Figure 7. (A) Plots of CI versus r; for NTs of different NP-NT separations, assuming AR = 10, rp/r; = 0.5, /=201,

ro=r;, T=300 K, dielectric constant of water solvent=80, and charge density=30000/n electrons/nm?. (B) Plots of
the CI versus AR, assuming the NT and the NP are attaching, ry = r, = 2.5 nm, and / = ARr; + r,. Reproduced from
ref. [80] with permission from The Royal Society of Chemistry.

2.3 Theoretical simulations of OA process: origin from crystals structures

Improving the capability of designing a growth system of OA crystals is a
promising research direction since it allows for the synthesis of materials with novel
structures, well-defined shapes and sizes. The investigation into the thermodynamic
origin on the atomic scale can largely improve our understanding on the kinetics of
the OA growth. The molecular dynamics (MD), Monte Carlo (MC) and density
functional theory (DFT) can simulate the NP aggregation and reveal the details of the
OA process, which are not accessible in experiments.

Molecular calculations demonstrate the importance of CI in controlling the OA
growth. Through molecular energetic calculations, Zhang et al. studied the role of
vdW and CI interactions to the lattice orientations of the resulted OA crystals.*
Assuming that the NPs are initially separated by an infinite distance, they simulated
the energy change in the OA (AEoa) attachment of two 4 nm spherical NPs on
different (hkl) surfaces, as shown in Figure 8. It is found that the thermodynamic

driving force for the OA attachment arises from both the interatomic interactions in

15
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the attaching NPs and the surface energy of the attaching surfaces. Based on the OA
energy as a function of crystallographic orientation, they also predicted the favored
OA growth orientations, and the predictions are consistent with experimental
observations. The CI interaction, stemmed primarily from the crystal structures,
makes much more contributions to AEps compared to the vdW interaction. The
molecular energetic calculation based on the interatomic potentials including CI and
vdW, provides the basis for understanding why sequential attachment events generate
crystals with morphologies not predicted from the symmetry of the material. The
computational prediction of initial and sequential OA attachment events facilitates the

experimental studies and improves the efficiency of materials design efforts.

Initial: before OA

“infinitely” far away

Energy: E(initial)

(hkl) facet (hkl) facet

l Energy change: AE(OA)

Final: after OA

Energy: E(attached)

Normal of
(hkl) face

Figure 8. Diagram showing an OA process in which two 4 nm particles are attached on an (%kl) surface.

Reproduced with permission from ref. [82]. Copyright (2012) American Chemical Society.

Molecular dynamic simulation was employed to study the electrostatic forces
between under-coordinated atoms on the surface of NPs and reveal the preferred
alignment of OA NPs. Alimohammadi et al. employed classical MD simulation to
study the aggregation of TiO, NPs with both Wulff shapes and asymmetric shapes.83

Figure 9 shows the MD aggregation process for symmetric NPs. The two NPs are first
16
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separated by a distance of ~8.5 nm (Figure 9A), and then the two NPs begin to rotate
and approach to each other in the Matsui-Akaogi force field which includes the vdW
term and CI term. The two NPs first rotate in the attaching orientation upon
aggregation (Figure 9B). Then the (001) surface of one NP contacts the edge between
two (101) facets of the other NP to form a ‘hinge’ pattern through the chemical
bonding between under-coordinated Ti and O atoms (Figure 9C). At the end, the two
NPs rotate around the hinge such that the (101) facet of one NP contacts the (001)
facet of the other NP (Figure 9D). The total CI interaction is consistently ten times
larger than the sum of the vdW and other interactions, indicating the dominant impact
of CI on the alignment of OA NPs. They further clarified that the CI interaction arises
from the under-coordinated atoms on the surface and edge of the NPs. Since a
symmetric NP with a Wulff shape shows no ex-dipole moment, they ascribed the
directional attachment to the high-order multi-poles which are created by positive and

negative charges associated with under-coordinated surface atoms.

C D

Figure 9. Snapshots of the aggregation of the large symmetric NCs in MD simulation. These figures are taken (A)
at the beginning of the simulation; (B) after 100 ps; (C) after 160 ps; and (D) after 1.0 ns. Oxygen atoms are shown
in red (dark) and titanium atoms are shown in white (light). Reproduced with permission from ref. [83]. Copyright

(2009) American Chemical Society.
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Chemical environments such as solvent can largely influence the interaction
between NPs and thus influence the OA growth. Sathiyanarayanan et al. found that
solvent plays an important role in promoting the anisotropic growth of colloidal
nanostructures.*® They proposed that two NCs approach each other and form a
mesocrystal configuration at a minimum free energy state, in which the two particles
hover next to each other with facets in parallel and separated with one or two layers of
solvent molecules. MD simulations in Figure 10 show that solvent ordering is
disrupted at the edges of NCs where initial contact between two nanoparticles is most
likely to occur. The free-energy barriers for NC aggregation are smallest on the
smallest facets where the smaller nanoparticle is in close proximity to the edge of the
larger one.* This simulation demonstrates that even without surfactant or ligand,
anisotropic growth is still possible with certain solvents. Similar experimental

phenomenon was also observed by Giersig et al.™
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Figure 10. MD time sequence of nanoparticle configurations when a small nanocrystal approaches the edge of the
nanoplate. (A) The initial nanoparticle configuration. (B) First contact of the two NCs. (C-D) Alignment of the two
NCs. The smaller one undergoes rotation. (E) Final formation of a monocrystal. Reproduced with permission from

ref. [84]. Copyright (2011) American Chemical Society.

Fusion between NPs is another phenomenon that might be related to the

aforementioned three types of interactions between NPs. Schapotschnikow et al.
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found that two uncapped nanocrystals can fuse via direct surface attachment when
they are placed close, regardless of their initial configuration, as shown in Figure 11.%
The fusion between two misaligned NCs can be divided into two stages. First, the two
NCs adjust their orientations to bring their edges into contact. Second, the two NCs
continue to adjust their orientations to close the gap. They also stated that the inter-

particle dipolar interaction plays an insignificant role in OA growth. DI will be

discussed in detail in a later section.

Figure 11. Fusion of two PbSe NCs. Top: The NCs are initially {100} facet-to-facet aligned. Bottom:
The NCs have an initial mistilt in two directions of 27° and 11°, respectively. Reproduced with

permission from ref. [86]. Copyright (2010) American Chemical Society.

The MD simulations and DFT calculations are frequently employed to probe the OA
growth at the atomic scale. vdW, CI, DI and other interactions between NCs of

arbitrary shapes and with arbitrary distances can be quantitatively evaluated through
19
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MD and DFT. Insightful results can be obtained by building rational models.
Nonetheless, one should always keep in mind that many computations actually ignore
some important variables including those from the chemical environments around
NCs, such as ligands, surfactants, solvent molecules and ions on the surface of NCs.
The ligands not only possibly alter surface charge of the NCs, but also leads to steric
hindrance. The latter largely decreases the OA growth rate since it increases the
energy barrier (E,) of the OA growth.”
2.4 OA growth controlled by directional-specific interactions: experimental
observations

2.4.1 Direct evidence based on in-situ HR-TEM experiments

The rapidly-developed in-situ high-resolution transmission electron microscopy
(HR-TEM) techniques allow for the direct observation of the crystal growth process at
the atomic and lattice scales. For instance, Li ef al. observed the dynamic aligning and
attaching process of two iron oxyhydroxide NPs in a fluid cell by in-situ HR-TEM
and they provided the direct evidence that the OA growth of crystals is governed by
strong direction-specific interactions.®” A typical dynamic attachment process is
shown in Figure 12. Figure 12A-G shows that the particles undergo continuous
rotation and interaction, and repeatedly touch each other until the attachment is
completed when they share the same crystallographic orientation or their orientations
are twin-related, as shown in Figure 12H. Careful analysis of the motion behavior
reveals that vdW interaction between two NPs provides preliminary attraction to
make the assembly of the two NPs. The two NPs remain separated by nanoscale
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distances until a proper lattice configuration is established under the decreased
energetic barrier due to the change in the Coulombic interaction. To illustrate CI more
specifically, the electrostatic repulsion arises from surface cation-cation and anion-
anion interactions as the lattices are mismatched, whereas the electrostatic attraction

arises from cation-anion interactions in the ionic crystal.

132.25 s

Figure 12. (A to G) Typical dynamic in-situ HR-TEM images of the attachment process between two particles.
The surfaces of particles I and II made transient contact at many points and orientations (points 1-1, 1-2, 2-3, and
3-4) before finally attaching and growing together (points 3-5). (H) High-resolution image of interface in (G)
showing twin structure (an inclined twin plane). The yellow dashed line in (G) shows the original boundary of the
attached particle. From ref. [87]. Reprinted with permission from AAAS.

Liao ef al. demonstrated the existence of the electrostatic dipole moments and their
dominant role in the shape-directed NP attachment.®® By tracking the trajectories of
Pt;Fe NPs in the growth of NRs with the real-time TEM imaging technique, as shown
in Figure 13A, the velocity of a spherical NP can be measured as it approaches

another spherical NP or a NP chain (Figure 13B). The corresponding forces
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associated with these velocities were then calculated and shown in Figure 13B. It
indicates that NP movements are random when the NP is above a critical distance
from the receiving NP or NP chain. When the NP approaches a spherical NP or a NP
chain smaller than a critical distance, the NP experiences a drift velocity, which
increases with decreasing distance. The drift velocity increases abruptly at very close
distances, indicating the strong attractive forces in short distances. Combining with
the preferred attachment of a NP to the two ends of NP chains, they ascribed these
phenomena to the anisotropic electrostatic dipolar interactions, which can be
generated by particle faceting or surfactants on the NP surface to facilitate the
formation of certain patterns. DI between NPs or NP chains is then calculated, which
is shown in Figure 13C. Compared with NP-NP interaction, the NP-NP chain
interaction is strongly anisotropic, favoring the attachment at the end of the NP chain
over the attachment in the middle of the NP chain. The observations and the

calculations confirm the dominance of the electrostatic dipolar interactions.
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Figure 13. (A) Sequential color TEM images of the growth of Pt;Fe nanowires in a liquid cell during exposure to
the electron beam, showing the evolution from the initial nucleation and growth in the molecular precursor

solution to a later stage of nanowire formation by shape-directed NP attachment. Time is displayed as minutes:
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seconds. (B) Velocity of a NP when it approaches (I) another NP or (II) a NP chain versus inter-particle distance.
Error bars show the standard deviation. The right-hand axis shows forces exerted on the approaching NP. (C)
Contour maps of the minimum electrostatic interaction energy exerted by a NP or a NP chain as a NP is
approaching (a unit of £/kT has been used, where kj is Boltzmann s constant). Each NP is assumed to be a point
electronic dipole. It illustrates that the observation of NPs preferring to attach to the ends of a chain is consistent

with dipolar forces mediating NP attachment. From ref. [88]. Reprinted with permission from 44A4S.

With the in-situ liquid TEM, Liu et al. observed the self-assembly of Au NPs with
positively charged cetryltrimethylammonium ions (CTA+).89 Figure 14 shows the time
sequential in-situ TEM images of the self-assembly process. Under the electron
illumination in TEM, the hydrated electrons reduce the overall positive charges of the
CTA" covered Au NPs, which decreases the repulsive electrostatic forces in the NPs.
The anisotropic attractive interactions, including DI and vdW interaction, overcome
the repulsion among the NPs and induce the assembly of NPs in the 1D chain.
However, the negatively charged Au NPs do not undergo any assembly process and
thus still keep separated. The above observation provided the direct evidence that the
surface charge induced CI, the anisotropic DI and the vdW interactions govern the
kinetics of the OA self-assembly of the NPs. The state of adsorption and the surface
charge of NPs indeed largely act on the attachment of NPs and the associated

secondary units.
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Figure 14. The time sequential in-situ TEM images of the self-assembly of Au-CTA" NPs. (A) At the beginning,
NPs are well separated; (B) after 150 s illumination by e-beam with intensity of 10 pA/cm’, the dimers, trimers
formed; (C and D) the short chains formed by existing dimer, trimer attachment and individual NPs attachment.
The scale bar is 500 nm. Reproduced with permission from ref. [89]. Copyright (2013), American Chemical
Society.

Monitoring NP movements using in-situ HR-TEM can provide insightful evidences
for strong interactions among NPs. However, such in-situ TEM observations must be
treated with special caution since the electron beam used in TEM measurements can
influence the OA growth. The effects of high-energy electron beam include local
heating, direct momentum transfer from the electron beam, and electron charging,
which have influence on NC motion and the energies among NCs (vdW, CI, and
DI).*" °' Thus, any in-situ TEM observations should be validated also by ex-situ
experiments. Nevertheless, in-situ HR-TEM technique combined with theoretical
methods (MD, MC simulations and DFT calculation) is a powerful method of
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exploring the effects of variables influencing the OA growth. These variables include
the chemical environments (solvent, ionicity, ligands and other additives), the reaction
conditions (temperature, pressure, irradiation, and sonication, etc.) and the crystal

structures (lattice structures, crystalline facets and defects).

2.4.2 Roles of DI

DI is the electrostatic interaction between dipoles in NPs. The dipole moments can
be classified in two types according to their origin, which are permanent dipoles (PDs)
and fluctuating dipoles (FDs). PDs are intrinsic and are induced by crystal structures,
polar NP surfaces and surface charges arisen from ligands on NPs. For instance, a
CdSe NR has a PD arising from its noncentrosymmetric crystallographic lattice and
the PD scales linearly with volume.” ZnO nanoplates have intrinsic dipoles along c-
axis arising from Zn*" terminated (0001) planes and O” terminated (0001) faces.” On
the other hand, FDs are induced by thermal displacements of individual atoms or ions
which vary with time in magnitude and direction. FDs are typically in a much smaller
magnitude than PDs and have no permanent direction with respect to nanocrystal
orientation.

It is still in debate whether only the permanent dipole interaction (PDI) accounts for
the OA growth since the fluctuating dipole interaction (FDI) could also be involved in
the OA process. Another debate is about the significance of DI (both PDI and FDI) in
the OA growth. A few publications based on both experiments and MD simulations
show that DI might be non-prominent in NP-NP interactions at the initial stage of OA
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growth.**%*

We next take the OA growth of a 1D NR as an example to elucidate the roles of DI
in OA growth. The OA growth of NCs has been verified by the above observations to
experience multi-step growth processes. In addition, the multi-step growth processes
not only occur between two monomer precursors but also occur between secondary
particles. Therefore, we can divide the growth of the 1D NR into three sequential
stages: fusion of two NPs (NP-NP growth) at the initial stage, oriented attachment of
more NPs onto the two end sides of the NR (NR-NP growth), and finally the possible
fusion between NRs (NR-NR growth).

If we assume that an OA reaction only involves primary NP monomers (NP-NP

growth), its kinetic model can be described by Eq.6, *°

_do(¥2kt+1)
T kt+1

d; (6)
where dj is the diameter of precursor NCs, d, is the diameter of NCs at time #, and & is
the reaction constant. Since OA is typically a thermodynamically metastable state
lying between the nucleation stage and OR growth stage, the OR process cannot be

ignored and should be distinguished from the OA mechanism. The classic OR kinetics

has been well established and can be described by Eq. 7, %6

d, = \d3 + kt (7

EuS clusters were synthesized through the OA mechanism by thermally annealing
2.5 nm EuS NCs (dy=2.5 nm) ligated with oleate.”> As shown in the TEM images of
Figure 15, oleate ligands strongly attached to the surface of the EuS NCs below

310 °C. These EuS NCs can only selectively attach to each other at (200) facets,
26



Nanoscale

which results in a relatively low ligand concentration and then the formation of
dumbbell structures (Figure 15B) and chains (Figure 15C). The OA growth
mechanism governs the reaction at relatively low reaction temperatures. At higher
temperatures, the increased thermal momentum of the NCs causes the ligands on EuS
NCs to change from oleate to oleylamine, as confirmed by the FT-IR results. Larger
aggregations are then formed, as shown in Figure 15D. d; is equal to 3.1 nm as the
growth time is 180 min. By analyzing the growth kinetics using Eq. 6 and Eq. 7, it is
found that OA governs the growth process since the monotonous increase in d,
predicted according to Eq. 7 is not observed in the experiment. This result verifies that
the growth is mainly NP-NP OA growth. Figure 15E shows the characteristic TEM
image of the system at 340 °C, which exhibits some NRs in the NC aggregations. The
diameters of both the NRs and the NCs are approximately 7.5 nm at ¢ =180 min.
Further kinetic analysis via Eq. 6 and Eq. 7 shows that both the OR mechanism and
the single step OA model (Eq. 6) cannot explain the experiment result. A two-step OA
reaction mechanism was then found to work well, indicating that a multi-level OA
mechanism dominates the reaction at high temperatures. In other words, NR-NP
growth must happen. EuS NRs with an aspect ratio ~ 15 were synthesized. Such a
long NR growth must have a very high activation energy due to the decreased surface
energy. The DI increases with the NR length in the later stage of NR-NP growth, and
induces increased attraction forces among particles. This might account for the
formation of long NRs. It was recently found by Hapiuk et al. that a high external
electrical field has negligible influence on the OA growth of bare ZnO NCs.”
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However, since the NPs both in the experiment of Hapiuk et al. and in the MD
simulations®**® have no ligands or other adsorbed species, the significance of DI in
NP-NP growth remains elusive, especially in those occurring in a chemical

environments with polar solvent, ions and ligands.

Figure 15. (A)TEM image and electron diffraction pattern of 2.5 nm EuS NP monomers, and TEM images of EuS
NCs synthesized at (B) 300 °C, (C) 310 °C, (D) 320 °C and (E) 340 °C. The inset of (C) illustrates the chainlike
structures that formed and eventually rearranged into clusters. Reprinted with permission from [25]. Copyright
(2011), AIP Publishing LLC.

In the OA NR-NP growth, which may be a dominant growth type in the growth of
OA NRs, the significance of DI is evidenced by the in-situ HR-TEM observations
shown in Figure 13. The work conducted by Kim et al. further confirms the above
discussion.” They synthesized PbSe NRs by the solution—liquid—solid (SLS) growth
of PbSe NPs followed by the OA growth of adjacent PbSe NPs. The morphology of
PbSe NRs is shown in the SEM image of Figure 16A and the TEM image of Figure
16B. The HR-TEM image in Figure16C exhibits the fringe image and corresponding
FFT patterns of PdSe NRs, which confirms that the PdSe NRs exhibit high
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crystallinity and consist of different lattice orientations (regions (a), (b), (c)
correspond to (111), (200) and a mix of (200) and (111) respectively) along the (100)
axis. The waved morphology provides the evidence for the OA growth of NRs. The
growth mechanism was then proposed by Kim et al. as shown in Figure 17. PbSe NPs
initially nucleate and grow along the <001> direction after the super-saturation is
reached with the catalyst of Bi NPs and the selective adsorption of surfactants on the
other facets (Figure 17A-B). Through the elongation, the PbSe NPs have the net
dipole moments in the <001> direction and induces the subsequent attachment of the
nearby PbSe NPs (Figure 17C-D). Such dipole moments induce additional dipole
moments in the adjacent PbSe NPs such that the OA growth continues until a long NR

is formed (Figure 17C-D).

Figure 16. High resolution (A) SEM and (B) TEM images of PbSe NRs synthesized using the Bi catalysts. (C) A highly
magnified HR-TEM image showing (a) (111) planes, (b) (200) planes and (c) the mixture of (200) and (111) planes, respectively.
The insets show the corresponding FFT patterns of (a), (b), and (c), respectively. Reproduced from ref. [53] with permission

from The Royal Society of Chemistry.

29

Page 30 of 40



Page 31 of 40

Nanoscale

é ’ @9 é ' 2o,
9
s SLS Growth P R\ Elongation A @
)
9

’o
9
Oriented Attachment k‘/ Oriented Attachment
i 2 Growth
9

()

Figure 17. Schematic diagram presenting a suggested mechanism for the Bi catalyst induced oriented attachment
growth of PbSe NRs. (A) Penetration of Pb and Se elements into Bi catalysts and independent binding between Pb
and Se elements. (B) Supersaturation and growth. (C and D) Losing cubic symmetry (dipole moment formation)
and subsequent attachment of PbSe NPs, respectively. (E) Final wave-shaped PbSe NRs. Reproduced from ref. [53]

with permission from the Royal Society of Chemistry.

In the NR-NR growth of OA, DI is crucial in the attachment of two NRs for forming
a longer NR. For instance, Gunning et a/. studied the kinetics of the 1D attachment of
CdS NRs with NR lengths of integer times of the original NR length, which
eliminated the interference of OR growth.'® A multi-step kinetic model was employed
to study the attachment between two NRs as shown in Figure 18A. Further, a multi-

step population balance model was employed as described in Eq. 8,7
dN, 1
k)= 5 Zi+j=ic KijNiNj — Ni . K;jN; (8)

where Nj is the concentration of 4; (k-mers), Kj; is the rate constants for the reaction
between of 4; and 4;. The TEM results show that no NRs are longer than the length of
a tetramer (Ny= 0 when k& > 4), and thus no attachment occurs between two dimers

(K22=10). Then we have Eq. 9.
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Ny —2K11N12 — K1,NiN; — Ky3N; N5
a Nz _ Ky1N{ — Kq1,N; N, )
dt| N3 Ki,NiN;, — Ky3N; N3

N4- K13N1N3

These equations are too complex to be solved analytically, but can be solved
numerically by the dataset fitting of the concentration time differentials using the
concentrations as independent variables. With Ny set as integers, the values of K;; (1 <
j < 3) at different temperatures were obtained by fitting the experimental data. The
activation energy and Arrhenius frequency factor are then solved from the Arrhenius
plots. The plots of £, and /n4 versus rod AR are shown in Figure 18B. Gunning et al.
further explained why the OA growth of too short a NR or too long a NR cannot
occur (as shown in the shadow area in Figure 18B) by analyzing the factors at the two
stages of the OA growth: alignment and fusion. The alignment stage is dominated by
the frequency factor, which was assumed in the study to be dependent on the dipole
moment. The electrical dipole interaction (Ep;) was estimated to be proportional to the
average length of the NR (l_) as shown in Eq. 10.

Ep <1 (10)

This equation demonstrates that the Ep; associated with NRs is the driving force for
the ordered 1D alignment of NRs. The electrical dipole interaction determines the
Arrhenius frequency factor and is dependent on the NR length for a given material.
Epr and A4 increase as the length of NR increases as confirmed by the blue curve
shown in Figure 18B. When the NRs are too short, no attachment occurs owing to
ineffective alignment, which is marked by the lower hatched area in Figure 18B. For

too long a NR, the fusion surface energy is decreased, which then leads to the sharp
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increase in the activation energy of the OA growth (the orange curve in Figure 18B)
as well as the decreased upper limit of the NR elongation. The 1D OA systems
between two NRs with a reduced dimensionality, simple metrology and limited extent
of the NR elongation are efficient prototypes to analyze the early stages of an OA
growth. Although this model is based on a special NR-NR attachment and cannot be
directly applied to general situations such as the oriented attachment between two NPs
and between a NP and a NR, it indeed verifies the importance of DI to the OA NC
growth. There is little literature about the OA growth via NR-NR. There may be an

alternative way other than NR-NP to grow NRs with ultra-high aspect ratios.
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Figure 18. (A) A schematic representation of the oriented attachment between two NRs. (B) A plot of E, and /n4

versus rod aspect ratio. The upper hatched area represents the energies that are too high for rod fusion to occur and

the lower hatched area represents the frequencies that are too few to allow adequate alignment for fusion to occur.

Reproduced from ref. [10] with permission from the PCCP Owner Societies.

The dipole-induced electrostatic interaction can drive the OA process and the self-
assembly even in more complex 2D or 3D mesocrystals besides 1D NRs. Liu et al.
synthesized the nanobelt-based, core-shell ZnO apple-like microspheres as shown in
Figure 19A-B.”® The ZnO microsphere assembly is formed from 2D nanoplatelets,
driven by the intrinsic dipole field arising from the anisotropic adsorption of

surfactants on the (0001) facet of the ZnO crystal. The dipole-directed growth model
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is shown in Figure 19C. First, the hexagonal nanoplatelets are formed under the
selective adsorption of the negatively charged polymer which contains Zn*
terminated (0001) faces and O* terminated (0001) faces, as well as intrinsic dipole
moments along the c-axis. The 3D stacking of the twin structures can occur with the
positively charged (0001) plane as the attachment facet while the negatively-charged
polymer can act as a matrix between the two attaching facets. When adding all the
microscopic dipoles, a unique twinned macroscopic electrical dipole system is formed,
resulting in the growth of the apple-like structures through the attraction of the
negatively-charged polymer-stabilized intermediates and dipolar nanoplatelets in
three dimensions. The assembly of the nanoplatelets into a parallel outer shell
structure is also induced by the synergistic effects of the core and the dipolar outer
shell nanoplatelets. The simulation results of the electrostatic potential distributions of
the twinned core structure in Figure 19D, the synergistic generated electric field, the
electrostatic potential in the core, and the dipoles of the nanoplatelets in the shell, as
shown in Figure 19E, further confirm that the dipole-field-driven mechanism induces
the formation of the apple-like structures. This example suggests that upon controlling
DI between the attaching NPs, OA might be employed to synthesize various 3D

nanostructures.
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Figure 19. (A) SEM image of a cracked ZnO microsphere. The dashed line is the axis of the microsphere. (B) The
detailed inner structure of the cracked ZnO microsphere. The arrows point to the distinct individual nanoplatelets
on the surface. The inset is the magnified figure of the area that the arrows point to. Scale bar: (A) 1 um and (B)
200 nm. (C) Schematic illustration of the growth model. (D) Contour plot of the electrostatic potential distribution
(color lines) around the model prism. The model prism (the gray rectangle) consists of permanent dipoles (the blue
arrows). (E) The electric field (green arrows which also represent the dipoles) and electrostatic potential
distributions of the model prism, which takes the dipoles of the nanoplatelets on the shell into consideration. The
green arrows indicate how the nanoplatelets are surrounding the core, because the spatial orientation of a
nanoplatelet is normal to its dipole. The electric field distribution near the dipoles, which stand for the intrinsic
dipoles of nanoplatelets near the hole, is marked by the black dashed circle. The color chart represents the intensity
of the electrostatic potential. The distribution is shown in the Y-Z plane. All the data to calculate the electric
potential are used as natural units. Reproduced with permission from ref. [98]. Copyright (2009) American
Chemical Society.

3. Summary and outlook

This review summarizes the OA growth kinetics from an energy point of view, with
the aim of understanding the underlining energetic interactions in the OA crystal
growth and the correlation between the kinetic processes with the resulted
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morphologies of OA crystals. The roles of various interactions mainly including vdW,
CI and DI to the OA growth kinetics are overviewed. The correlation between the
interactions of colloidal spherical NPs with experimental conditions including ionic
strength, pH, surface potential, Hamaker coefficient and dielectric constant, is
evaluated with a systematic insight into the DLVO theory. It has been found that the
DLVO model does not account for primary particles with anisotropic shapes or the
dynamic size change in the growth of OA crystals. The development of the dynamic
1D growth model facilitates the evaluation of the OA growth process. Such a model
based on the derived analytical expressions of vdW and CI between an attaching NP
and a growing NR, allows for the quantitative investigation into the correlation
between the growth kinetics of OA NRs and the important parameters associated with
the OA growth. The theoretical investigation focuses on the crystal evolution
throughout the dynamic growth process, and thus improves our fundamental
understanding on the 1D growth OA NCs. The molecular mechanics, molecular
dynamics and DFT simulations provide further insight into the OA growth at
crystalline, molecular and even atomic levels. Such information reveals the origin of
the force field between NPs, the collision mode, the bonding, the preferred attachment
orientations and the resulted morphology of the OA crystal. All of the factors have
barely been observed experimentally. But more accurate OA growth models for large
numbers of nanoscale components remain unexplored. The advances in the
experimental techniques facilitate the direct in-situ observations of the OA assembly,
and allow one to track the trajectory of attaching NCs. The force field between NPs
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can be extracted from the movement and attachment of NCs. These results provide
first-hand evidences of the interactions between NPs and their dominant role in the
shape-directed NP attachment. Nevertheless, when the research system is macro-scale,
more influencing factors must be considered to study the OA growth kinetics. The
evaluation of the nano/meso-scale interactions between various assembling
components in experimental conditions demands further insightful studies.
Undoubtedly, the OA crystal growth has developed into a fundamental materials
field and the rapid progress in both theories and experiments is expected to occur in
the years to come. Further studies of inter-particle interactions in various experimental
conditions, such as advanced in-situ HR-TEM technique and computer simulation via
more practical models, will improve our understanding on the OA growth mechanism
and enable the rational design of materials with novel structures, properties and

application potentials.
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