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CONSPECTUS

anosdence and nanotechnology impact our lives in many ways, from elec-

tronic and photonic devices to biosensors. They also hold the promise of
tackling the renewable energy challenges facing us. However, one limiting
scientific challenge is the effective and efficient bottom-up synthesis of nanoma-
terials. We can approach this core challenge in nanoscience and nanotechnology
from two perspectives: (a) how to controllably grow high-quality nanomaterials
with desired dimensions, morphologies, and material compositions and (b) how
to produce them in a large quantity at reasonable cost. Because many chemical
and physical properties of nanomaterials are size- and shape-dependent,
rational syntheses of nanomaterials to achieve desirable dimensionalities and
morphologies are essential to exploit their utilities. In this Account, we show that
the dislocation-driven growth mechanism, where screw dislocation defects
provide self-perpetuating growth steps to enable the anisotropic growth of various
nanomaterials at low supersaturation, can be a powerful and versatile synthetic method for a wide variety of nanomaterials.

Despite significant progress in the last two decades, nanomaterial synthesis has often remained an “art”, and except for a few well-
studied model systems, the growth mechanisms of many anisotropic nanostructures remain poorly understood. We strive to go beyond
the empirical science (“cook-and-look”) and adopt a fundamental and mechanistic perspective to the anisotropic growth of nanomaterials
by first understanding the kinetics of the crystal growth process. Since most functional nanomaterials are in single-crystal form, insights
from the dassical aystal growth theories are crucial. We pay attention to how screw dislocations impact the growth kinetics along
different crystallographic directions and how the strain energy of defected crystals influences their equilibrium shapes. Furthermore, such
inquiries are supported by detailed structural investigation to identify the evidence of dislocations. The dislocation-driven growth
mechanism not only can unify the various explanations behind a wide variety of exotic nanoscale morphologies but also allows the
rational design of catalyst-free solution-phase syntheses that could enable the scalable and low cost production of nanomaterials
necessary for large scale applications, such as solar and thermoelectric energy conversions, energy storage, and nanocomposites.

In this Account, we discuss the fundamental theories of the screw dislocation driven growth of various nanostructures including
one-dimensional nanowires and nanotubes, two-dimensional nanoplates, and three-dimensional hierarchical tree-like nanostructures.
We then introduce the transmission electron microscopy (TEM) techniques to structurally characterize the dislocation-driven
nanomaterials for future searching and identifying purposes. We summarize the guidelines for rationally designing the dislocation-
driven growth and discuss specific examples to illustrate how to implement the guidelines. By highlighting our recent discoveries in the
last five years, we show that dislocation growth is a general and versatile mechanism that can be used to grow a variety of nanomaterials
via distinct reaction chemistry and synthetic methods. These discoveries are complemented by selected examples of anisotropic crystal
growth from other researchers. The fundamental investigation and development of dislocation-driven growth of nanomaterials will
create a new dimension to the rational design and synthesis of increasingly complex nanomaterials.
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Introduction

Synthesizing nanoscale building blocks of arbitrary dimen-
sions, morphologies, and materials from bottom-up has
been a major pursuit in nanoscience and nanotechnology.
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Anisotropic nanostructures, such as one-dimensional (1D)
nanowires (NWs), nanorods (NRs), and nanotubes (NTs),
two-dimensional (2D) nanoplates, and three-dimensional
(3D) hierarchical structures have exhibited new fundamental
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FIGURE 1. Supersaturation and crystal growth. Schematic illustrations for (A) growth rate of different crystal growth modes as a function of
supersaturation,’ (B) propagation of screw dislocation growth spirals, and (C) nucleation and expansion of 2D nuclei in LBL growth.'® Panel A adapted

from ref 14. Reprinted with permission from AAAS.

physical properties and demonstrated promising utility in nano-
electronics, nanophotonics, solar energy conversion, thermo-
electric and electrochemical energy storage, and chemical and
biological sensing,'~° It is important to understand the funda-
mental anisotropic growth process of nanomaterials so that
rational and controllable syntheses can be designed accordingly
to prepare nanostructures suited toward specific applications.

Since most functional nanostructures are single crystals,
their formation process is essentially the process of crystal
growth. Therefore, the challenge to grow anisotropic hanos-
tructures is to break the symmetry in crystal growth to
promote the formation of highly anisotropic crystals instead
of polyhedral crystals or thin films. In contemporary litera-
ture, catalysts or templates are widely adopted approaches
to regulate the crystal growth to yield anisotropic nano-
structures.! For example, in the catalyst-driven growth of 1D
nanostructures, such as vapor—liquid—solid (VLS),”® solution—
liquid—solid,® and vapor—solid—solid'® mechanisms, the pre-
sence of catalyst particles promotes crystal growth through the
catalyst—NW interface over the NW sidewall surface, and the
structure can thus propagate anisotropically. Templates can
physically inhibit or suppress the growth along a certain
direction and result in anisotropic structures.’

Here we discuss the screw dislocation driven growth mech-
anism of anisotropic nanomaterials, in which screw dislocations,
common defects in crystals, provide self-perpetuating growth
steps and break the symmetry of crystal growth. No catalyst or
template is required because the anisotropy is due to the growth
Kinetic differences along different crystallographic directions
caused by the dislocations.'’~'* We show that the growth of
a variety of nanostructures, from 1D NWs and NTs to 2D
nanoplates and 3D nanostructures with different compositions
can be explained by the dislocation-driven mechanism. Practical
techniques to characterize dislocation-driven nanomaterials
to confirm their growth mechanism are then introduced to

fadilitate the search of these materials. We also outline a general
framework to design rational dislocation-driven nanomaterial
growth and review a wide variety of materials synthesized
using both vapor and solution growth methods following this
guideline, demonstrating the generality of the dislocation-
driven mechanism.

Classical Crystal Growth Theories

Since the key to anisotropic crystal growth is controlling and
differentiating the Kinetics of crystal growth along specific
directions to break the symmetry of crystal growth, we first
review the fundamental crystal growth processes.'® Accord-
ingto the classical crystal growth theory, the supersaturation
(o) of the system is the driving force for crystal growth:1 5

o = Infc/co)

where c is the precursor concentration and ¢, is the
equilibrium concentration. The dislocation-driven growth,
layer-by-layer (LBL) growth, and dendritic growth modes
progressively dominate the crystal growth as supersatura-
tion increases (Figure 1A).

The screw dislocation defects can promote bulk crystal
growth at low supersaturation conditions. The line of a screw
dislocation creates step edges upon intersection with a
crystal surface, which will propagate as self-perpetuating
growth spirals (Figure 1B).'® Thus there are always step
edges to which atoms can be added, and there is no need
to overcome the energy barrier to nucleate new crystal
steps; therefore the crystal growth can proceed under low
supersaturation conditions. This model, known as the Burton—
Cabrera—Frank (BCF) theory,'”"'8 predicts a dislocation growth
rate linearly dependent on supersaturation and dominant over
other crystal growth modes below a critical supersaturation
(0*). This growth kinetic is a characteristic feature of dislocation-
driven growth that can distinguish it from other growth modes.
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Under intermediate supersaturation conditions, the LBL
mode starts to take over the crystal growth. Here, the
nucleation of successive crystal layers is necessary to create
the new step edges that facilitate the addition of more atoms
on crystal facets (Figure 1C). Therefore a higher supersatura-
tion is necessary to overcome the energy barrier needed for
nucleating new steps, which results in the Kinetics of the LBL
growth rate exponentially dependent on supersaturation.

At high supersaturation (above ¢**, Figure 1a), crystal
growth is dominated by the dendritic mode. In this growth
regime, the precursor flux at the crystal surface is so high that
nonequilibrium monomer aggregation occurs and the rate
of diffusion from the surrounding environment toward the
crystal surface limits the rate of crystal growth; therefore this
mode is also referred to as diffusion-limited aggregation
(DLA). Furthermore, at kinks or corners of the crystal, the
concentration gradient between the high-supersaturation
reaction media and the crystal surface is the highest;
thus the growth rate is the fastest, which usually yields
crystals with rough surfaces and fractal patterns, such as
snowflakes.'®

We emphasize that these crystal growth theories are
generally applicable regardless of the reaction media
(vapor, solution, or melt) or their outcomes (bulk single
crystals, thin films, or nanostructures). These theories on
crystal growth Kinetics are the basis for manipulating the
growth rates along different crystal directions to enable
anisotropic nanomaterial growth. Just as understanding
and controlling reaction Kinetics in organic synthesis is the
key to synthesizing diverse and complex molecules, adding
the Kinetic perspective to nanomaterial growth will enable
the rational design of complex nanomaterial synthesis. Note
that VLS and analogous catalyst-driven NW growth only rely
on the LBL crystal growth, but the differential kinetics of LBL
growth through the catalyst—NW interface and the vapor—
solid interface enables anisotropic crystal growth.

Dislocation-Driven Growth of Nanomaterials:
Morphological Variations

Using preferred dislocation-driven growth under low super-
saturation conditions, we can explain a variety of distinct
morphologies, including 1D NW and NT, 2D nanoplate, and
3D hyperbranching nanostructure (Figure 2). The key is the
difference in the step growth rates between different growth
fronts, for example, the velocity of steps at the dislocation
core (v and those at the outer edges (v,), which leads to
different dimensionalities. Moreover, the strain and stress
caused by dislocation defects also impact nanomaterial
1618 = ACCOUNTS OF CHEMICAL RESEARCH
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FIGURE 2. Formation pathways for different nanostructures driven by
screw dislocations.

morphologies, which can also be recognized as sighatures
of dislocation-driven growth.

2D Nanoplates. Starting from a screw dislocation hillock
on the surface (Figure 2A), it is intuitive to explain the
formation of 2D nanoplates by BCF theory. The key is to
pay attention to the crystal growth step velocities at different
positions from the dislocation core.?° When v, is equal to v,
the newly generated steps near the dislocation core pro-
pagate at the same rate with earlier steps at the outer edge of
the growth spiral; thus the dislocation hillock spreads in 2D
fashion without a step pile up (Figure 2B). This is the most
typical process during bulk crystal growth when dislocation-
driven growth is in operation and does not intrinsically lead
to highly anisotropic crystals. However, when the super-
saturation is low, the slope of dislocation hillocks will be
small, which leads to the formation of highly squashed
pyramids that can be approximated as nanoplates.*°

1D Nanowire and Eshelby Twist. If and when v, is
impeded due to impurities, mass transport, size of the
dislocated seeding crystals, or other factors that remain to
be understood,?' the newly generated spiral steps will catch
up, resulting in step bunching and formation of cylinders.
When this occurs, highly anisotropic 1D crystal growth
(Figure 2Q) is enabled under low supersaturation because
axial growth on dislocation spiral steps is preferred while
energetically unfavorable creation of 2D nuclei on the side-
wall is required for LBL growth along the radial direction where
no dislocation is present. As a consequence, the crystal can
rapidly propagate along the line direction of the dislocation to



form a NW. At slightly higher supersaturation, LBL growth on
the sidewall can proceed at moderate rate but still slower than
dislocation-driven growth, which leads to decreased aspect
ratio and produces NRs often with tapering diameters.

The presence of a screw dislocation disrupts the perfect
periodicity of the crystal. A strain field is thereby generated,
forcing the 1D crystal to twist about its axial axis,'®** which
is known as the “Eshelby twist”. The strain energy associated
with screw dislocations per unit length (E) is quadratically
dependent on the magnitude of the Burgers vector (b) of the
screw dislocation:

2 R 2
powrdr b (E)
4z ) r 4m  \ro

where u is the shear modulus, R is the radius of the
cylinder containing the dislocation, and ry is the core
radius of the dislocation. The Eshelby twist, a (in radians

per unit length), is predicted as'®?2
Wb
- 7R?

The effect of the Eshelby twist in bulk crystals and micro-
meter-sized whiskers is rather minute due to their large
size.'® In nanowires, the Eshelby twist is more pronounced
due to the 1/R* dependence. Particularly in branched nanos-
tructures, the periodically rotating branches (Figure 2F) reveal
the twist in the central NW, enabling direct measurement of
lattice twist and a simple estimate of the magnitude of b3
We note that although the analytical expression of Eshelby
twist was derived using continuum elasticity theory;, it is still
applicable to nanoscale structures. More detailed atomistic
representation of the Eshelby twist based on molecular
dynamics was recently made for thin NWs and NTs.**~2°

1D Nanotube. The formation of single-crystal NTs can be
a signature of the nanomaterial growth driven by dislocations
with large magnitude of Burgers vector b (Figure 2D). With
increasing b, the strain energy within the crystal will eventually
exceed the surface energy required for creating a new inner
surface and cause the dislocation core to become hollow.'**” In
a bulk crystal or thin film, the radius (1) of the hollow channel is
directly dependent on the magnitude of the Burgers vector (b):?’

b2
= éunzy

where v is the surface energy. This mechanism causes the
frequently observed micropipe structures in dislocation-
prone SiC and GaN bulk crystals, called “open-core
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dislocations’ or “dislocation micropipes”.?”8 The equilibrium
morphology of dislocation-driven 1D nanostructures should
be hollow NTs when the b is sufficiently large."* Fluctuations
during the crystal growth may cause oscillation between
solid and hollow conditions and voided NWs.

The lattice twist relationship in hollow NTs is more com-
plex. The overall energy per unit length for a hollow nano-
structure is now composed of three terms: the surface
energy from the inner tube, the dislocation-induced lattice
strain, and the reduction in lattice strain due to Eshelby
twist:'4

R) ub? (R —r?)

E = 2y 1100 1 (R) _i0* R — 1)
=T gy r 4z (R2 +r?)

where R and r are outer and inner radius of the tube,
respectively. A 1D nanoobject with an outer radius R
reaches its energy minimum as dE/dr = 0, which relates
its dimensions to the Burgers vector:

[872yr [ R?+r?
b= u % <R2 —r?

where the first factor represents the contribution from the
newly generated inner surface, and the second one is
the modification due to Eshelby twist. In other words, the
strain energy caused by the screw dislocations can be
dissipated through forming a hollow core or producing a
lattice twist around the NW/NT axis. At small b, formation
of a thick-walled NT (small r/R) with little Eshelby twist is
preferred; while at large b, a heavily twisted thin-walled
NT (large r/R) is expected. We confirmed these pre-
dictions in the dislocation-driven ZnO NTs.'* This theory
can also explain the formation of chiral carbon NTs*° and
layer-structured inorganic NTs*> as screw dislocation
driven, for which the NT wall is very thin and the Eshelby
twist (i.e., the chiral angle) is large.

Structural Characterization of Dislocation-
Driven Nanomaterials

While dislocation-driven growth is general, this mechanism
is underappreciated because of the practical difficulties asso-
ciated with visualizing dislocations and their dynamics.
In contrast to catalyst-driven mechanisms where the pre-
sence of catalyst nanoparticles is often self-evident, screw
dislocations are mobile and especially unstable in small
volumes.'® Nevertheless, there are other structural char-
acteristics associated with screw dislocations, such as
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FIGURE 3. TEM imaging of screw dislocations in NWs. Panels A—C show
the process of two-beam analysis on a Cu NW. (A, B) The dislocation
contrast is invisible when g-b =0, and (C) the contrast is pronounced
when gl b. Panels A—C reproduced from ref 31. Copyright 2012
American Chemical Society. (D) HRTEM image of the screw dislocation in
an InP NW. Reprinted with permission from ref 32. http://ptl.aps.org/
abstract/PRL/v107/i19/e€195503 Copyright 2011 by the American
Physical Society. (Readers may view, browse, and/or download material
for temporary copying purposes only, provided these uses are for
noncommercial personal purposes. Except as provided by law, this
material may not be further reproduced, distributed, transmitted, mod-
ified, adapted, performed, displayed, published, or sold in whole or part,
without prior written permission from the American Physical Society.)

Eshelby twist and hollow tubes, which can be utilized to
confirm this mechanism. In this section, we introduce
the common techniques to characterize dislocation-
driven nanomaterials.

Diffraction Contrast of Dislocations. Transmission elec-
tron microscopy (TEM) and its associated electron diffraction
techniques have been the most direct and convenient
methods to analyze crystal defects. The presence of screw
dislocations distorts the crystal lattice, which diffracts addi-
tional electrons and produces a dark line of contrast that
can be observed by TEM. However, dislocation contrast
becomes invisible when only the lattice planes correspond-
ing to the reciprocal lattice vectors (g) perpendiculartob (g-b=
0) are excited during the imaging. By properly orienting a
NW relative to the incident electron beam, such two-beam
conditions that involve the zero beam and such g-beams can
be established; b is then parallel to the cross-product of the
two noncollinear g vectors that make the dislocation invi-
sible (bll g, x g).3° Figure 3A—C shows the typical process of
conducting the two-beam analysis to determine b in a Cu
NW.2' A definitive analysis requires two sets of two-beam
conditions, which is sometimes difficult to achieve due to
nanomaterial instability and limited tilting range of the TEM.
When feasible, the direct high-resolution TEM (HRTEM)
imaging of the screw dislocation shows the discontinuity
of atomic planes at the dislocation core, as shown for a thin
InP NW (Figure 3D).3?

Determination of Eshelby Twist. The Eshelby twist asso-
ciated with the screw dislocation is a structural characteristic
that can be detected to confirm the dislocation-driven

1620 = ACCOUNTS OF CHEMICAL RESEARCH = 1616-1626 = 2013 = Vol. 46, No. 7

growth mechanism in 1D nanostructures. In special cases,
such as branched nanotree structures (Figure 2F),'2?332 the
twist can be directly visualized and calculated from the
periodicity of the rotating branches. Occasionally, in a long
or heavily twisted 1D structure, lattice rotation can result in
distinct zone axes at different regions of the object. Then the
twist can be determined by dividing the angle between the
two zone axes with the distance, as shown in an example of
a PbSe nanotree (Figure 4A).>

For most NWs and NTs, the twist is not always significant
enough to be directly visualized but can be detected using
the more sensitive twist contour analysis. Lattice twist dis-
turbs the orientation of nonbasal planes of crystals, causing
variation in electron diffraction that appears as bands/
contours of contrast (Figure 4B,C). These twist contours can
be analyzed using diffraction contrast TEM introduced by
Drum:3*3> the 1D object should be oriented such that a pair
of g vectors (+g) that are noncollinear with the NW/NT axial
direction are excited. A zero-beam bright-field image and
two dark-field images can be acquired by imposing the
objective lens aperture onto each diffraction spot. A contour
band can be uniquely indexed to a single g vector by
comparing the dark-field images with the bright-field one
(Figure 4Q). The twist angle is then calculated as

A

o g+ —g_
“=3r

sin g

where 1 is the wavelength of the electron, L is the
separation between the contour bands, and f is the angle
between +£g and the 1D object's axial direction. The twist
contour analysis is a more sensitive technique that can
quantify lattice twist less than 1°/um. More importantly, it
eliminates interferences from other geometric distortion,
particularly the bending of the object, because bend con-
tours can be simultaneously excited under many g beams.
A screw dislocation also splits the basal planes of a 1D
object at its core, causing their normal to be slightly tilted
relative to the growth axis. This lattice tilt can be character-
ized using convergent-beam electron diffraction (CBED) from
which the magnitude of b can be calculated.??
Observation of Hollow NTs or Voided NWs. The template-
free, spontaneous formation of single-crystal NTs is another
signature of dislocation-driven growth. Such hollow struc-
tures can be conveniently visualized by TEM, because
the voided regions appear brighter due to more electron
transmission. We note that partially filled NTs or voided
NWs should also be paid attention to, because they might be
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FIGURE 4. Determination of Eshelby twist. (A) Determination of lattice twist in a PbSe nanotree using selected-area electron diffraction. Reprinted
from ref 23 by permission from Macmillan Publishers Ltd: [Nature Nanotechnology] (23), copyright (2008). (B) Schematic illustration of the effect of
Eshelby twist on lattice diffraction. (C) Bright-field and dark-field TEM images of a twisted ZnO NW illustrating the twist contour analysis. Panels Band C

reproduced from ref 34. Copyright 2010 American Chemical Society.
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FIGURE 5. Hollow nanostructures formed by dislocation-driven
growth. TEM images showing the transformation from hollow Cu,O NTs
to solid Cu,O NWs as reaction time elapses. Reference 36 - Reproduced
by permission of the Royal Society of Chemistry.

caused by gradually filling the initially empty tubes as the
growth proceeds (Figure 5).3°

Characterization of Dislocation-Driven 2D Nanoplates.
The 2D nanoplates naturally prefer to lay on their basal
planes when deposited onto surfaces, which displays the
dislocations from the top view that are difficult to image
using diffraction contrast TEM (as opposed to the side view
commonly observed in NWs). On the other hand, the dis-
location growth spirals are more evident from this perspec-
tive and can be directly observed using atomic force
microscopy (AFM, Figure 6A) and scanning electron micro-
scopy (SEM, Figure 6B). Moreover, 2D nanoplates can exhibit
“spider contour” features in TEM images (Figure 6C), the
origin of which is believed to be related to the strain field
associated with screw dislocations but is yet to be under-
stood thoroughly.?°

General Strategies for Rational Dislocation-
Driven Synthesis of Nanomaterials

The dislocation-driven NW, NT, and nanoplate growth is
general and can be rationally designed. Building on the
chemical vapor deposition (CVD) growth of “pine tree’-like
NWs of PDbS inititially discovered'*3* and following the
understanding of dislocation-driven mechanism achieved,
we improved the aqueous solution growth of single-crystal
ZnO NWs and NTs using flowing solutions of constant low
supersaturation.'® The generality of the dislocation-driven
mechanism for different material systems and synthetic
strategies (vapor or solution phase) have been demon-
strated with our successful syntheses of FeOOH,*” Cu,3’
Cu,0,%® and CdS/CdSe*® NW/NTs. From these examples,
we summatrize the general guidelines for designing growth
of anisotropic nanomaterials driven by screw dislocations.
Two prerequisites should be met: (i) the presence of disloca-
tion sources (“seeds”) to initiate and propagate the growth
and (ii) proper low supersaturation conditions to pro-
mote dislocation-driven growth over LBL and dendritic
growth.'® The seeding can often be achieved by introdu-
cing a spike in supersaturation at the initial stage of
the reaction to create defective seed particles. We also
demonstrated that the screw dislocations contained in a
crystalline substrate such as GaN can be utilized to initiate
NW growth.?* This approach was also used in the electro-
chemical growth of Ti NWs from a metal substrate.>® Here
we focus our discussion on manipulating the growth
process in order to maintain the low supersatuation. There
are several strategies.
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FIGURE 6. Characterization of screw dislocations in 2D zinc hydroxysulfate (ZHS) nanoplates. (A) AFM image of the dislocation core and growth
spirals. (B) SEM image showing the growth spirals. (C) Spider contours observed via TEM. Reproduced from ref 20. Copyright 2011

American Chemical Society.

First, an overall low concentration or vapor pressure of
reactants is preferred. For example, in the solution growth of
dislocation-driven nanomaterials, the formal concentrations
of the precursors are intentionally diluted, usually in micro-
molar to few millimolar range, and close to equilibrium.'43¢
Similarly in vapor phase syntheses, the dislocation-driven
mode is promoted at lower precursor pressure, lower tem-
perature, or both.3338

Second, chemical equilibria can be coupled with the main
chemical reactions responsible for forming the nanomater-
ial products to further modulate the supersaturation.>? This
is particularly useful in solution growth due to the versatility
of solution chemistry. For instance, the concentration
(supersaturation) of metal ions can be effectively controlled
by adding ligands to form coordination complexes, such as
in the syntheses of Cu and Cu,0 NWs.2"3® In light of this
discussion, we think the role of “surfactants” in many nano-
material syntheses should be re-examined, since many
surfactants are simultaneously effective complexation
ligands that can lower the supersaturation of crystal growth.
In addition, redox equilibrium®” and other chemical equi-
libria®3 can also buffer the supersaturation to favor dislocation-
driven growth. Essentially, all these chemical equilibria can
serve as “chemical buffer systems” to maintain a low and
steady supersaturation for crystal growth.

Last but not least, the maintenance of constant low
supersaturation is also important to achieve steady disloca-
tion-driven growth. In commonly practiced close-system
syntheses, for example, a hydrothermal reaction, the super-
saturation keeps decaying as the reaction proceeds, result-
ing in final morphologies convoluted by uncontrolled
growth Kinetics (Figure 7A). In contrast, when the reaction
precursors are flowed through a reactor, as long as the
feeding rate of the precursors exceeds their consumption
rate, the supersaturation of the system remains constant.
This is commonly practiced in CVD reactions but rarely
performed for solution syntheses. We have developed a
continuous flow reactor (CFR, Figure 7B)'* to maintain
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constant low supersaturation level and achieve indefinite
growth time and successfully applied it to the solution
synthesis of ZnO,"' FeOOH,*” and Cu NWs.>'

Generality of Dislocation-Driven
Nanomaterial Growth

The dislocation-driven growth mechanism has been con-
firmed to be responsible for the growth of a variety of aniso-
tropic nanostructures synthesized via distinct approaches in
contemporary literature. Table 1 summarizes the dislocation-
driven nanomaterials conclusively confirmed with experimen-
tal evidence to date, the compositions of which vary from
metals, metal oxide/hydroxides, and chalcogenides to nitrides,
showing the generality of the dislocation-driven mechanism.
Herein we discuss representative examples to illustrate how
the general guidelines in the previous section were implemen-
ted in practical syntheses.

PbS/PbSe Nanowire Trees and Other Metal Chalco-
genides. The formation of the fascinating PbS/PbSe pine
tree structures (Figure 2F and 4A, respectively) is the conse-
quence of the collaboration between the dislocation-driven
growth that is responsible for the trunk growth and VLS
epitaxial branch overgrowth.'??333 The cubic rock salt
structure of PbS/PbSe is not generally known to grow
anisotropically, yet the presence of dislocations breaks the
symmetry of crystal growth and promotes 1D growth. We
have also demonstrated the operation of dislocation-driven
mechanism in the NWs of dislocation-prone wurtzite CdS/
CdSe.>8 In these syntheses, the coflow of hydrogen gas was
found to be crucial to promote the dislocation-driven
growth. Curiously, in many vapor syntheses of nanomater-
ials, the introduction of H, usually yields more defective
products, the root reason of which is not fully understood.
Moreover, dislocation contrast and Eshelby twist were even
observed in CdS/CdSe NWs incorporating catalyst particles.
This observation suggests that the VLS and dislocation-driven
growth can coexist, and it might be possible that the catalyst
can induce dislocation sites to initiate the growth.
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supersaturation profiles for static reactions and CFR reactions. (B) The CFR consists of a jacketed chromatographic column, a circulating water bath, and
a peristaltic pump, enabling precise control over precursor solution composition/flow rate, reaction temperature, and reaction time. (C) Morphological
change in 1D ZnO nanostructures with increasing supersaturations.'* Adapted from ref 14. Reprinted with permission from AAAS.

TABLE 1. A Summary of Dislocation-Driven Nanomaterials Confirmed to Date

materials morphology synthesis refs
PbS/PbSe nanotree CcVD 12,23,33
CdS/CdSe NW cVD 38
InP NW cvD 32
AIN/GaN/InN NW/NT thermal nitridation 35,46-48
In,03 NW/NT vapor deposition 49,50
ZnO NW/NT hydrolysis; vapor deposition 14,34,41, 42
FeOOH NW/NT hydrolysis 37
ZHS (zinc hydroxysulfate) nanoplate hydrolysis 20
Co(OH),/Ni(OH), NW/nanoplate hydrolysis 20,43
Cu,0 NW/NT solution redox 36
Cu NW/NT solution redox 31
Au nanoplate solution redox 20
Ti NW electrochemical deposition 39
carbon nanotubes NT CcVD 29,44, 45

ZnO Nanowires/Nanotubes. The solution grown ZnO
NWs, NRs, and NTs via the hydrolysis of low-concentration
Zn** with the presence of weak base (such as hexamethyl-
enetetramine) as the precipitation reagent and pH buffer
have been reported and utilized widely,*° but their catalyst-
free formation mechanism was not clearly understood. We
have clearly confirmed that the solution growth of 1D ZnO
nanostructures is driven by dislocations using TEM struc-
tural characterization and investigation of crystal growth
kinetics."*** We also showed that with increased super-
saturation, the products' aspect ratios decrease, demonstrat-
ing the competition between dislocation-driven and LBL
growth modes (Figure 7C). Observed Eshelby twist*' or
growth spirals at the tip of the NWs*? show that ZnO NWs
synthesized by vapor phase reaction can also be driven by
dislocations. The commonly discussed “seeding step”*?

before many catalyst-free ZnO NW syntheses likely provides
a dislocation defect-rich ZnO layer to initiate the dislocation-
driven growth, similar to the function of the GaN substrate in
initiating ZnO NW growth.3*

o-FeOOH Nanowires and Other Hydroxides. o-FeOOH
NWSs can be grown by direct hydrolysis of Fe** ions.3’
However, Fe** ions hydrolyze quickly even at very low pH,
creating difficulty in controlling the supersaturation. On the
other hand, Fe?" is less pH-sensitive yet prone to oxidation.
Therefore, we designed the coflow of Fe?* solution and Fe
metal powder, where Fe>" ions were generated in situ via the
oxidation of Fe*" by the dissolved O, and then buffered by
the Fe*/Fe?"/Fe redox equilibria to maintain the low super-
saturation that promotes the dislocation-driven growth.
Using a CFR (Figure 7B) significantly increased the NW yield
and aspect ratio from a static hydrothermal reaction
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(Figure 8A,B). Both dislocation contrast (Figure 8C) and
Eshelby twist were observed. Similarly dislocation-driven
grown NWs and nanoplates of other hydroxides such as
Co(OH),2%*3(Figure 8D) and Ni(OH),>° can readily form from
the direct hydrolysis of the corresponding metal salt pre-
cursors. One-dimensional nanostrustures of many other
metal hydroxides or oxides, such as MNnOOH, MnO,, In(OH)3,
In,03, SnO,, and TiO,, may be synthesized via a hydrolysis
approach driven by screw dislocation, sometimes followed
by annealing and conversion to the corresponding oxides.
Cu Nanowires/Nanotubes via Redox Reactions. Copper
NWs/NTs represent a new class of materials, metal, that can

FIGURE 8. Metal hydroxide/oxyhydroxide NWs driven by dislocations.
SEM images of R-FeOOH NWs from a CFR reaction (A) and a static
reaction (B). TEM images showing the dislocation contrast in a-FeOOH
() and a Co(OH), (D) NW). Panels A to C reproduced from ref 37.
Copyright 2011 American Chemical Society. Panel D adapted from ref
43. Copyright 2010 American Chemical Society.

be grown by screw dislocations. Their formation also
involves the redox chemical reactions, which are intrinsically
more complicated because the supersaturation of the reaction
system is necessarily determined by both oxidizing and redu-
cng agents. We controlled the supersaturation using low
formal concentration of Cu®* (oxidizing reagent) and hydra-
zine precursors (reducing reagent), as well as high concentra-
tions of complexing ligands OH~ and ethylenediamine.®'
These created low and well-buffered supersaturation condi-
tions for dislocation-driven growth of Cu. The dislocation-
driven growth of Cu,O NWSs/NTs (Figure 5B) was similarly
designed: low concentrations of Cu®" and glucose were
used as the oxidizing and reducing reagents, respectively;
while OH™ and tartrate ions form stable complexes with
Cu?" that further lower the supersaturation.>®

The concept of dislocation-driven growth in redox reac-
tions is very relevant in electrochemical deposition synthe-
sis, where the applied overpotential is essentially the
supersaturation of the system and can be easily manipu-
lated: smaller overpotential means lower supersaturation
that favors the dislocation-driven growth. The recent report
of electrochemical deposition of Ti NWs initiated from dis-
locations in strained substrates (Figure 9F) strongly supports
this argument.>®

Single-Walled Carbon Nanotubes (SWCNTSs). The gen-
eral theory of dislocation-driven growth of NTs can also
explain the formation and structure of SWCNTs**#4 and

CWLE G RETRY B InN Helical NTs

FIGURE 9. A collection of TEM or SEM images of various nanostructures driven by dislocations. Panel A adapted from ref 47. Copyright 2003
American Chemical Society. Panel B reprinted with permission from ref 48. Copyright 2005 American Institute of Physics. Panel Cadapted from ref 38.
Copyright 2012 American Chemical Society. Panel D adapted from ref 49 and 50. Copyright 2011 American Chemical Society. Panel E adapted from
ref 20. Copyright 2011 American Chemical Society. Panel F adapted from ref 39. doi:10.1088/0957-4484/23/12/125601 © I0P Publishing.

Reproduced by permission of IOP Publishing. All rights reserved.
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other NTs of layered inorganic structures;*® they are essen-
tially NTs with extremely thin walls of single-atom or -layer
thickness, and their chiral angles represent the Eshelby twist.
In fact, Yakobson and co-workers suggested that the growth
of chiral armchair SWCNTSs can be considered as driven by
axial screw dislocations and their growth rates are correlated
with the magnitudes of Burgers vectors,?® which was experi-
mentally confirmed using in situ Raman spectroscopy.*”
The chirality-controlled synthesis of SWCNT has been a
major challenge, and the dislocation-driven growth could
provide additional ideas to address this challenge.

Other Nanostructures. Figure 9 exhibits a variety of other
anisotropic nanomaterials that have been grown via dis-
location-driven mechanisms. Among them, the wurtzite
llI-nitrides are prone to having screw dislocations. Not sur-
prisingly, hollow structures of GaN,*® AIN (Figure 9A),*” and
InN (Figure 9B)*® have been reported. Espedially, the thin
faceted tubular structures of InN display clear Eshelby twist,
which is consistent with the prediction by our model on
dislocated NTs.'* Evidence of dislocation in wurtzite CdSe
NWs>® are also shown in Figure 9C. Other examples of
dislocation-driven nanostructures include In,Oz NTs with
complex defect structures,**>° Au nanoplates,*® and Ti
NW arrays>° (Figure 9D—F). Despite their distinct morpholo-
gies and reaction chemistry, these nanostructures can all be
explained by the theory of dislocation-driven growth in a
unified way.

Summary and Outlooks

We have shown that dislocation-driven growth is a general
and versatile mechanism to synthesize a variety of aniso-
tropic nanostructures. Distinct morphologies, from 1D to 2D
to 3D, can be unified with the theory of dislocation-driven
crystal growth. The microstructural characterization techni-
ques discussed will facilitate the future search for dislocation-
driven nanomaterials and confirmation of the growth
mechanism. Moreover, we outlined the general framework
to rationally grow nanomaterials driven by screw disloca-
tions, which opens up the exploitation of large-scale and
low-cost catalyst-free solution synthesis of anisotropic nano-
materials for diverse applications, especially nhanocompo-
sites and renewable energy applications that demand large
scale. Indeed, we have recently utilized dislocation-driven
growth to synthesize FeF; NWs from solutions and demon-
strate their utility as high-capacity lithium ion battery
cathodes.>” The FeF; NWs can be further converted into
Fe;0s (hematite) NWs that show good performance in
photoelectrochemical splitting of water.>?

Screw Dislocation Driven Growth of Nanomaterials Meng et al.

In the future, it would be interesting to utilize the disloca-
tion-driven growth mechanism to grow more complicated
nanostructures. Variation in the nanomorphology, complex
heterostructures,® and more complex materials, such as
ternary oxides and sulfides, are exciting and feasible targets.
Because dislocation growth does not require metal catalysts,
more materials can be grown into 1D nanostructures or
synthesized in different ways using this versatile method.
The seeding process of dislocation growth has been less
studied and can be improved. For example, it could be
promising to pattern the nanomaterial growth by intention-
ally engineering the locations of dislocation sources.3*3°
How screw dislocation spirals evolve and differentiate into
different morphologies due to impurities, mass transport,
size of the seeding crystals, or other factors®' needs to be
theoretically and experimentally investigated in detail, and
such fundamental understanding can facilitate more ra-
tional controlled dislocation-driven nanomaterial growth.
Furthermore, while there has been extensive study on the
impact of dislocations on the physical properties of bulk
materials,? it is still interesting to investigate the effect of a
single screw dislocation in a single NW both theoretically
and experimentally. A recent theoretical work shows that
the presence of axial screw dislocation alters the bandgap of
semiconducting Si and ZnO NWs,>* suggesting a novel
platform for tuning the properties of nanomaterials through
defect-engineering. Deeper understanding of the disloca-
tion-driven growth of nanomaterials and their properties
and better control over such growth will add a new dimen-
sion to nanomaterial design and synthesis for various
applications.
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