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S
hape anisotropy has become a power-
ful tool in tuning the structure�prop-
erty relationships of nanoparticles.

Various empirically derived surfactant-
driven wet chemistry techniques now
enable a high degree of shape control in
colloidal nanoparticle synthesis. However, a
key question remains, namely, what triggers
an isotropic seed particle, with a cubic lattice,
to grow at different rates along symmetry
equivalentdirections? Toachieve this, an initial
symmetry breaking event must occur and is
a prerequisite for anisotropic growth.
Perhaps the most widely studied aniso-

tropic nanoparticle system is that of single-
crystal gold nanorods, in which the aspect
ratio (nanoparticle length/width) of the nano-
rod can be used to tune the longitudinal
localized surface plasmon resonance (LSPR)
from the visible to near-infraredwavelengths.1

This has attracted significant interest for appli-
cations within optoelectronics,2�4 catalysis,5,6

biosensing,7�9 drug and gene delivery,10,11

and photothermal hyperthermia treat-
ments,12,13 where the LSPR can be shifted to
infrared frequencies in the biologically trans-
parent window.

The size, shape, and surfaces of nano-
particles cannowoftenbe controlled through
surfactant-driven synthesis techniques. In
the case of single-crystal gold nanorods,
the most widely used synthesis method is
that of Agþ-assisted seed-mediated growth
in the presence of specific cationic sur-
factants containing halide counterions;
commonly, cetyltrimethylammonium bro-
mide (CTAB).14 The nanoparticles synthe-
sized using this method are single crystals
with aspect ratios up to ∼4, which have
recently been reported to be bound by
high-index side facets15,16 and in other
cases by low-index facets.17 There is cur-
rently little agreement as to the mecha-
nism by which single-crystal gold nanorod
growth takes place. A major obstacle
in obtaining clear insights into the surfac-
tant-driven growth mechanism is the num-
ber of possible variables that could be
involved. These include the relative con-
centrations of HAuCl4, CTAB, AgNO3, and
ascorbic acid, the size, structure, and con-
centration of seed particles, solution pH,
and the many possible synergistic effects
of the aforementioned. Although many of
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ABSTRACT Formation of anisotropic nanocrystals from isotropic single-crystal pre-

cursors requires an essential symmetry breaking event. Single-crystal gold nanorods have

become the model system for investigating the synthesis of anisotropic nanoparticles, and

their growth mechanism continues to be the subject of intense investigation. Despite this,

very little is known about the symmetry breaking event that precedes shape anisotropy. In

particular, there remains limited understanding of how an isotropic seed particle becomes

asymmetric and of the growth parameters that trigger and drive this process. Here, we

present direct atomic-scale observations of the nanocrystal structure at the embryonic

stages of gold nanorod growth. The onset of asymmetry of the nascent crystals is observed to occur only for single-crystal particles that have reached

diameters of 4�6 nm and only in the presence of silver ions. In this size range, small, asymmetric truncating surfaces with an open atomic structure

become apparent. Furthermore, {111} twin planes are observed in some immature nanorods within 1�3 monolayers of the surface. These results provide

direct observation of the structural changes that break the symmetry of isotropic nascent nanocrystals and ultimately enable the growth of asymmetric

nanocrystals.
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these factors can now be placed in a general frame-
work for Au nanoparticle synthesis,18,19 the question as
to what causes an initially isotropic single-crystal seed
particle to break symmetry remains.
It is generally accepted that a halide-containing

cationic surfactant, such as CTAB, is crucial for Au
nanorod growth, while there is substantial empirical
evidence that Agþ is an essential ingredient for the
formation of single-crystal nanorods.1,14 However,
there is little direct evidence as to what role either
Agþ or other surfactants play in the embryonic stages
of crystal growth and therefore what drives symmetry
breaking of the nascent crystals.
The limited experimental observations of gold

nanorod growth at the symmetry breaking stage have
meant that proposed mechanisms have remained
largely speculative. It has been suggested that CTAB
micelles may act as soft templates to guide shape
anisotropy,20�22 and this is largely supported by the
correlation of expected surface facet and micelle size
at the symmetry breaking point. However, direct evi-
dence for such a process is lacking, and questions such
as why the resulting uniform crystal shape and growth
direction and what is the role of Agþ remain un-
resolved.
Alternatively, if a selective surface passivation

mechanism, such as capping of specific surfaces by
AgBr complexes23�25 or by Ag underpotential deposi-
tion26�28 is responsible for symmetry breaking, how
does this lead to shape anisotropy? A conventional
cuboctahedral structure is a single crystal bound by 8
{111} and 6 {100} facets29;arranged symmetrically;
meaning there is no obvious reason for asymmetric
growth. If growth is inhibited on the {100} surfaces but
allowed on the {111} facets, the resulting particle
morphology would be a cube bound by {100} surfaces
(as shown schematically in Supporting Information
Figure S1), and indeed, this is a commonly observed
byproduct of nanorod synthesis. Clearly, greater
insight at the atomic scale into the anisotropic struc-
tural evolution of seed particles is needed.
An obvious question is “where is the silver”? Due to

the overlapping X-ray peaks and the extremely low
concentrations, silver is difficult to detect on Au nano-
particles. Only very recently30 has energy-dispersive
X-ray (EDX) spectroscopy managed to detect silver in
statistically significant amounts on fully grown nano-
rods, and in this case, a special, optimized geometry for
X-ray detection was required. The particles analyzed in
the present study are not amenable tomeaningful EDX
analysis of silver content (see Supporting Information).
Here we present a systematic study of the atomic

structure of gold nanoparticles as a function of variable
growth parameters at the embryonic stages of gold
nanorod synthesis. First, aberration-corrected trans-
mission electron microscopy (TEM) is used to charac-
terize the atomic structure of small Au seed particles

that are used to nucleate growth. The seed particles are
then overgrown slightly, both with and without the
addition of silver ions, and these are characterized.
Finally, nanocrystals were analyzed at the early stages
of nanorod growth in order to provide insights into the
continuing growth process following the onset of
anisotropy. We observe that there is a critical size
threshold at which the nascent nanocrystals become
asymmetric and identify key structural changes that
occur at this size. We show that silver is essential to
break the symmetry of the embryonic nanocrystals and
for the subsequent formation of single-crystal Au
nanorods. The evolving structure of the growing seed
particle and the role of silver are discussed as key steps
in the symmetry breaking process of single-crystal gold
nanorod growth.
Aberration-corrected phase contrast TEM and annu-

lar dark-field scanning transmission electron micro-
scopy (ADF STEM) are popular methods for imaging
atomic structures at the highest resolution. ADF STEM
image contrast depends in part on atomic number and
thickness and can therefore be used to obtain three-
dimensional information about the particle, provided
that certain experimental parameters are quanti-
fied.17,31,32 However, for the small nanoparticles
considered here, the highly localized electron dose
from a focused STEM probe leads to excessive atom
movement and changes to particle orientation and
even structure on a time scale shorter than typical
acquisition times and, as such, is not best suited to the
current study. The small size of nanoparticles at the
embryonic stages of growth makes them inherently
less stable than fully grown nanorods under prolonged
exposures to an intense electron beam needed for
chemical mapping. In addition, sample cleaning pro-
cedures such as ligand exchange, centrifuging, and
plasma cleaning are required butmay not be desired or
possible. For these reasons, we have chosen to use
aberration-corrected phase contrast TEM imaging
to characterize both the initial and overgrown seed
particles as it allows fast acquisition with controlled
exposure of the particle to the electron beam. How-
ever, it is not generally possible to deduce the facet
orientations from inspection of these two-dimensional
phase contrast images, unless it is known there is a
coherent facet parallel to the electron beam direction
or there exists a plausible morphological model which
can be tested by comparing the experimental image
with images simulated using that model. In this work,
surface facets are only assigned where these condi-
tions have existed.

RESULTS

Characterization of Initial Seed Particles. We begin the
study with the characterization of the atomic structure
of the initial seed particles. The addition of surfactants
is thought to modify nanoparticle surface energetics
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and, therefore, the resulting minimum energy mor-
phology. It is therefore important to characterize the
atomic structure of initial seed particles with their
appropriate surfactant environment (in this case,
CTAB).

The small gold seed particles utilized in this syn-
thetic method have previously been reported to be
single crystals following stabilization by alkanethiol
ligands.26 Here, the seeds were analyzed as synthe-
sized, that is, without ligand exchange and therefore
with CTAB as the ligand to avoid any structural effects
on these small particles from the ligand exchange.
Figure 1a shows a typical single-crystal cuboctahedral
seed particle. Muchmore than half of the seed particles
synthesized in CTAB are observed to be single-crystal
structures, although small numbers of twinned (b) and
multiply twinned particle (MTP) structures (c) are also
observed. A more accurate statistical analysis of par-
ticle morphology distributions cannot be achieved
because the determination of morphology requires
comparison of images of particles aligned close
to the zone axis with simulations. Only a subset of
particles falls near this orientation. Single-crystal
seeds that fulfill these conditions were identified as
cuboctahedra.

The cuboctahedron is a very well-known and well-
characterized single-crystal structure and is predicted
by the Wulff model to be the minimum energy struc-
ture for a face-centered cubic metal such as gold.29,33

However, for gold particles in the absence of surfac-
tants, the minimum free energy structure in the size
range of <10 nm is multiply twinned,34�36 for which
the preferred inclusion of lower-energy {111} surface
facets leads to inherently strained structures such as
icosahedra and decahedra.36,37 However, surfactants
such as CTAB adsorb to the surface of the particle and
may therefore modify the surface energetics, causing
the minimum energy structure of the particle to differ
from that expected based on conventional thermody-
namic considerations. The prevalence of cuboctahedra

particles in the presence of CTAB suggests that the
surfactant modifies the surface energetics of the par-
ticle by reducing the energy of {100} surfaces relative
to the {111} surface, thereby removing the driving
force for the formation of multiply twinned particles that
can incorporate a higher fraction of {111} surfaces at
the expense of elastic strain and consequentlymodifying
the minimum energy structure away from the multiply
twinned icosahedra and decahedra. Calculations based
onother surfactant systems, such as ionic liquids, support
this, reporting nearly equal thermodynamic stabilities of
{111}, {100}, and {110} surfaces.24,28

The inherent instability of small nanoparticles
under the electron beam means that the illuminating
radiation can potentially induce atomic movement,
resulting in modifications to the surfaces and internal
structure of the nanoparticle. Such effects must be
carefully analyzed in order to ensure high fidelity in
particle structure characterization, and details of this
analysis are reported in the Supporting Information.
For the small (∼2 nm) seed particles, beam-induced tran-
sitions from single crystal to MTP structures (Figure S2)
meant that an accurate statistical analysis of par-
ticle yield was not possible. However, the slightly lar-
ger nanoparticles discussed in the following results
showed significantly improved stability under the elec-
tron beam, with no overall shape or structure transi-
tions occurring during the short acquisition times used.
This therefore allows for accurate characterization of
particle size, structure, and surface faceting.

Characterization of Slightly Overgrown Seeds. In a stan-
dard nanorod synthesis, seed particles such as those
shown in Figure 1 are used as nucleation points for
nanorod growth via their addition to a growth solution
containing HAuCl4, CTAB, AgNO3, and ascorbic acid.
Here, an intermediary step is added to this procedure
in order to investigate the so far elusive mechanism by
which symmetry breaking occurs. In this step, the seed
crystals are overgrown in a growth solution containing
only enough gold ions to increase the size of the seed

Figure 1. Au seed particles synthesized in CTAB are predominantly single crystal (a), with a small percentage twinned (b) or
multiply twinned (c) (as indicated by the arrows).
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nanoparticles by a few nanometers. Within these
growth solutions, the concentration of the silver ion
(and consequently the ratio of silver to gold) is varied.
The full synthetic procedure is reported in theMethods
section; however, it is important to note that the con-
centration of CTAB in these growth solutions is char-
acteristic of conditions commonly used for spherical
overgrowth of seeds and is lower than used for typical
nanorod synthesis, while still being above the critical
micelle concentration. The visible spectrameasured for
the seeds overgrownwith and without the presence of
the Agþ ion are shown in Figure S4. In addition to the
surface plasmon resonance associated with spherical
particles, the addition of AgNO3 leads to the develop-
ment of a second peak at longer wavelengths, consis-
tent with the development of shape anisotropy within
the sample;for nanorods, this resonance is due to the
longitudinal localized surface plasmon resonance. This
lower-energy resonance is not observed for samples
grown in the absence of silver ion.

Aberration-corrected TEM analysis shows that seed
particles overgrownwithout Agþ remain approximately
spherical. Of the seeds overgrown in the presence of
Agþ, over a third have broken symmetry and grown
anisotropically to an aspect ratio of >1.25. Examples of
this are shown in Figure 2, in which the anisotropic
growth direction is seen to be Æ100æ, known to be the
final length axis for single-crystal gold nanorods.

A summary of the size, shape, and crystal structure
of seed particles overgrown both without Agþ and in

the presence of 12.7 and 63.4 μMof AgNO3 is shown in
Figure 3, based on the individual analysis of 36�50
particles for each overgrowth condition. For the pur-
pose of this analysis, each particle is defined as having
a major axis (Dmajor), measured as the longest axis of
the particle, and a minor axis (Dminor), measured ortho-
gonally to Dmajor. The aspect ratio of a given particle is
therefore Dmajor/Dminor. From Figure 3a, it can be seen
that, for particles overgrown in 12.7 and 63.4 μM
of AgNO3, symmetry breaking occurs at particle di-
ameters of 4�6 nm, while effectively no anisotropic
growth is observed for seeds overgrown in the absence
of Agþ. All particles that undergo symmetry breaking
and anisotropic growth are single-crystal structures,
and any twinned or multiply twinned particles remain
approximately spherical.

Seeds overgrown in the absence of Agþ begin to
incorporate an increasing number of twins and other
defects, such as stacking faults, as they increase in
size, with the percentage of single-crystal structures
dropping from approximately 85% (for D < 6 nm) to
50% (for D > 6 nm), with a quarter of the larger
overgrown particles incorporating multiple twin planes.

Overgrowth in the presence of Agþ proceeds more
slowly,19 presumably allowing a more epitaxial deposi-
tion of gold atoms and helping to maintain the initial
seed particle crystal structure during growth. This sig-
nificantly reduces the number of particles with twin
planes or stacking faults relative to those observed
during the growth of Au seeds without Agþ, as shown

Figure 2. (a) Gold seed particles overgrown in the absence of Agþ remain spherical and may become twinned or multiply
twinned. (b) Au seeds overgrown in the presence of Agþ (63.4 μM of AgNO3) are observed to become anisotropic.
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in Figure 3b. However, an increase in the proportion of
multiply twinned particles is observed when the AgNO3

concentration is increased from 12.7 to 63.4 μM.
The seemingly stochastic nature of the symmetry

breaking event38 is highlighted by the observation that
under these overgrowth conditions in the presence of
silver, and accounting for any twinned or defective
structures, around half the particles within the 4�6 nm
range remain approximately spherical. Given the high
yield of nanorod structures in the final growth product,
it is fair to assume that these single-crystal particles

would go on to break symmetry if allowed to continue
to grow, and therefore, their presence enables studies
of particles in the embryonic stages of growth before
symmetry breaking has occurred.

Figure 4 shows two cuboctahedral seed particles;
overgrown in the presence of 63.4 μM of AgNO3;
approximately 4 nm in diameter and orientated in the
Æ011æ direction. It is expected that the facet orienta-
tions of cuboctahedral seed particles will be {111} and
{100},29 and the geometry of this two-dimensional
image is consistent with this. However, in addition to
these facets, some small higher-index asymmetric
truncations are also observed; that is, the edge where
the two nominal {111} planes would meet is replaced
by a plane face parallel to the Æ110æ direction (which is
not necessarily smooth at the atomic level). (Note that
more accurate determination of the percentage of
nanoparticles with truncations is not feasible. In certain
crystallographic projections (such as [001]), a truncat-
ing facet is not readily distinguishable from an edge
between two facets, while particles imaged away from
a zone axis are not suitable for facet determination.
When suitable projection conditions are met, a major-
ity of single-crystal particles in the 4�6 nm range show
some level of truncation on at least one edge where
{111} facets would otherwise meet.

Notably, these truncations tend to occur asymme-
trically. Such truncating facets may be initially incorpo-
rated into the cuboctahedral structure to remove edge
effects where lower-index facets would otherwise
meet. At this small size, the non-negligible contribution
of under-coordinated edge and corner atoms has a
significant effect on the overall particle-free energy,39

and therefore, the incorporation of a higher-index
truncating surface may be energetically favorable to
a sharp atomic edge. These facets are absent in the
classical cuboctahedral structure and provide an alter-
native type of surface with a different expected inter-
action with the surfactant and adsorbate species. Also
particularly notable is the close correlation of the size at
which truncations in the single-crystal seed structure
appear and the particle size at which symmetry break-
ing is observed.

Figure 3. Overgrown Au seed particle size and structure
for different concentrations of added Agþ. Structure yields
for particles grown in the presence of 0, 12.7, and 63.4 μMof
AgNO3 are based on analysis of 40, 50, and 36 particles,
respectively.

Figure 4. Particle models (left) of a perfect cuboctahedra and a cuboctahedra incorporating asymmetric {110} truncations.
TEM images (right) of Au seed particles overgrown in the presence of 63.4 μM AgNO3. The single-crystal particles closely
match the asymmetrically truncated cuboctahedralmodel, with some small truncations parallel to the Æ110æ direction. Arrows
indicate additional atoms in twinned sites. Particle models created using Vesta.40
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Kinetic effects and the dynamic nanoscale growth
environment may well give rise to such small trunca-
tions. However, in the absence of Agþ, any truncations
are always sub-nanometer in size, whereas in the
presence of Agþ, surfaces approximately parallel with
{110}-type direction range from small truncations of a
few atoms to extended facets, which grow with the
length of the nanoparticle. Wemay surmise then that it
is only in the presence of Agþ that the higher-index
truncations are stabilized and therefore able to grow
into larger facets.

In addition to the development of some truncating
facets, another feature of both particles shown in
Figure 4 is the appearance of adatoms or even adlayers
that are deposited in twinned as opposed to single-
crystal sites (as indicated by arrows). In a separate
experiment described later, we also observe twin planes
in some immature Au nanorods at the early stages
of nanorod synthesis using established methods14

(see Methods section).

Characterization of Final Growth Products from Overgrown
Seeds. The final synthesis products of overgrown seeds
in a standard nanorod growth solution are shown in
Figure 5 and Supporting Information Figures S5 and S6.
All nanorods are observed to be single crystals, while
the byproducts tend to be bipyramids (in agreement
with Liu and Guyot-Sionnest26), cubes or other quasi-
spherical shapes. The final growth products from seeds
overgrown in 12.7 μM of Agþ have the highest yield
of nanorods, significantly reducing the number of large
quasi-spherical byproducts that are often twinned
or pentatwinned. This corresponds well with the
increased number of MTPs observed for seeds over-
grown in 63.4 μM of Agþ. As well as affecting the final
aspect ratio of nanorods, the amount of Agþ added
clearly determines symmetry breaking and the final
yield of nanorods and other byproducts.

Characterization of Twin Planes at Early Stages of Nanorod
Synthesis. In a separate experiment, we characterized
nanorods at different stagesof a standard seed-mediated

nanorod synthesis (i.e., without the seed overgrowth
step) by removing samples from the growth solution at
regular time intervals, in a similar approach to that
employed by Park et al.20 For this nanorod synthesis,
the general trend of the various stages of growth is
consistent with those reported,20 albeit slightly faster,
with anisotropic growth leading to nanorods via an
intermediate dumbbell-type structure.

Atomic level characterization of particles grown for
6 and 20 min in the nanorod growth solution is shown
in Figure 6 and reveals the inclusion of twin planes in
the growing nanorod. This is particularly surprising
given that the final nanorod products were observed
to be single crystals, as is normal for this synthesis.
While twin planes are by no means ubiquitous in the
intermediate nanorod structure, they do offer further
insights into themechanism of nanorod growth, as will
be explored in the discussion to follow.

The twins are observed to be along the {111} plane
and typically lie about three atomic layers from the
surface. The energy for twin formation in Au is known
to be very small41 and can easily occur due to the
kinetics of nanoparticle growth. As the final nanorod
product is a perfect single crystal, any twin planesmust
be removed before the end of the growth process. The
twin planes terminate close to or at the point at which
the bridging facet meets the side facet (Figure 6). It is
likely that atoms can occupy twin sites in incomplete
surface layers parallel to the {111} plane with minimal
energy cost. However, following further Au atom
deposition, these layers become complete and interact
with facets at the side and the tip, at which point the
twin causes a loss of atomic ordering at these edges,
providing a driving force for atomic rearrangement to
create a perfect single-crystal structure. This structural
change is observed in two sequential image frames

Figure 5. Nanoparticle products following growth of over-
grown seeds in CTAB and Agþ.

Figure 6. Twin planes observed parallel to the bridging
facets of gold nanorods grown directly from seed. TEM
image of a Au nanorod after 6 min of growth (left) and ADF
STEM images of the tips of a nanorod after 20min of growth
(right). (Red lines delineate the twin plane boundary.)
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taken 14 s apart, shown in Figure S7, with the electron
beam likely providing sufficient energy to overcome
the energy barrier for atomic movement. Atoms in a
surface layer parallel to {111} initially occupy twinned
sites, causing a loss of atomic ordering at the corners of
both the tip and side facets (arrowed). The surface layer
shifts to form perfect single-crystal atomic sites via a
simple glide mechanism, leading to coherent inter-
faces at the edges where the facets meet.

DISCUSSION

Toward an Understanding of Symmetry Breaking. The
results presented here make three key observations
regarding symmetry breaking: first, that it is only
following the crucial addition of Agþ that anisotropic
growth begins; second, that symmetry breaking occurs
for single-crystal particles at diameters of 4�6 nm; and
finally, in this size range, small asymmetric truncations
are observed to appear on the seed particles. Further-
more, {111} twin planes are observed in some seed
particles and immature nanorods within 1�3 mono-
layers of the surface.

Consider first the observation of small truncations,
which is the first direct observation of a change in
atomic structure in the growing seed particle. Atomic
resolution images of seed particles in the same size
range that symmetry breaking occurs but before the
onset of anisotropy (Figure 4) are consistent with a
cuboctahedral structure with {111} and {100} facets,
except that some small truncations parallel to Æ110æ
can also be present. These presumably arise to remove
edges that would otherwise make a significant con-
tribution to the total surface energy of the particle.

The particles shown in Figure 4 are approximately
4 nm in diameter and have developed small trunca-
tions of between 4 and 6 atoms across. It is remarkable
that the particle size at which small truncations are first
observed matches the size at which symmetry break-
ing occurs, as shown experimentally in Figures 2 and 3.
This critical size may be related to the minimum size at
which truncating facets can be incorporated into the
particle structure. Furthermore, if silver is playing a role
in stabilizing this truncation;which is plausible given
its more open, rough atomic structure;then there
may be a minimum truncation size capable of adsorb-
ing and becoming stabilized by a silver layer, which in
turn helps define the minimum particle size for which
symmetry breaking can occur.

The development of truncating facets provides an
alternative surface of a more open atomic structure that
is expected to have different surfactant and adsorbate
interactions and therefore growth rates relative to the
lower index, more close-packed {111} and {100} sur-
faces. However, to generate anisotropy, such alternative
surfaces must be incorporated nonsymmetrically in the
particle structure in order to give a preferential growth
direction. This canpossibly be explained by thedynamic

nature of nanoparticle growth, in which small trunca-
tions may develop nonuniformly in the growing seed
particle, as seen in Figure 4.

If these truncations are stabilized by a passivating
Ag layer, their enhanced stability relative to other
surfaces would mean that growth proceeds more
rapidly in other directions, with the initial truncation
becoming a side facet of the growing single-crystal
nanorod. The relatively rapid creation and stabilization
of such surfaces followed by anisotropic growth might
lead to what has previously been reported as a seem-
ingly stochastic “popcorn”-like symmetry breaking
mechanism,38 resulting in a large distribution of parti-
cle sizes observed during the first few minutes of
nanorod synthesis. Indeed, the particles shown in
Figure 2 can be thought of as elongated versions of
those seen in Figure 4 following anisotropic growth,
with the truncations becoming side facets in the
growing nanorod. The surface faceting may continue
to evolve during further nanorod growth.15,16,20

These observations suggest some key steps in
the symmetry breaking process that gives rise to
anisotropic growth and the resulting single-crystal
gold nanorods. These proposed steps are represented
schematically in Figure 7 and described below:

(1) Seed particles synthesized in CTAB are single
crystals with a cuboctahedral morphology,
bound by symmetrically arranged {111} and
{100) surfaces.

(2) Upon introduction to a Agþ-assisted gold nano-
rod growth solution, the seed particles initially
grow isotropically until reaching a critical par-
ticle diameter of 4�6 nm.

(3) At this point, small truncating surfaces consisting
of a few atoms across form nonuniformly at the
intersection of {111} facets. These truncations

Figure 7. Schematic representation of the proposed key
steps of the symmetry breaking process in single-crystal gold
nanorod growth. Particle models created using VESTA.40
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may be atomically rough and lie approximately
parallel with Æ110æ. They are of a more
open atomic structure than the comparatively
close-packed {111} and {100} surfaces already
present in the nanoparticle, and as such are
potentially preferred sites for Ag underpotential
deposition.

(4) Stabilization of the higher-index truncations
prevents further Au atom deposition. Growth
proceeds on the lower-index surfaces, leading
to the truncations becoming side facets in the
growing embryonic nanorod structure.

The observation of twin planes and partial surface
layers in twin sites parallel to the {111} plane suggests
that it is the {111} surface facets that are the preferred
site for Au atom deposition. Continued growth on the
{111} bridging facets would explain the formation of
dumbbell-like morphologies at intermediate stages of
nanorod synthesis, observed both here and previously
by Park et al.20 Also noteworthy is that the incorpora-
tion of a twin plane is in itself inherently a symmetry
breaking event. Bipyramids formed as a byproduct in
the samegrowth solution growup to five times the size
of the nanorods, showing that particle morphologies
with a high proportion of {111} facets grow to much
larger sizes than those with higher-index surfaces,
consistent with Au deposition and growth taking place
predominantly on {111} facets.

The sensitivity of anisotropic growth to the size and
structure of the seed particle is presumably due to the

existence ofmultiple surface types, which have differing
interaction energieswith the surfactants. Figure 3 shows
that, as gold seeds are grown larger in the absence of
Agþ, the relatively fast reduction of Au ions and sub-
sequent depositionmeans that defects such as stacking
faults or twin planes may be incorporated into the seed
particle, which in turn has a deleterious effect on the
final yield of nanorods. Therefore, the use of small seed
particles that can be introduced to a Agþ-containing
growth solution at the earliest stage of growth is
important to maintain their single crystallinity before
the symmetry breaking event can occur. The role of Agþ

in selectively passivating higher-index surfaces is con-
sistent with the reduction of MTPs with the addition of
12.7 μM of AgNO3. As the AgNO3 concentration is
increased to 63.4 μM, the number of MTPs increases,
suggesting that additional Agþ also passivates the
lower-index {111} surfaces, reducing the driving force
for single-crystal structures. This then causes theobserved
drop in nanorod yield after growth seen in Figure S6.

CONCLUSIONS

In summary, we show that small facet truncations
develop in the growing seed structure and that it is the
stabilization of these truncations in the presence of
Agþ that leads to asymmetry in the nascent nanocryst-
als. We also observe, in some cases, {111} twin planes
in seed particles and developing nanorods. These
observations suggest several key steps in the process
of symmetry breaking in gold nanorod growth.

METHODS
Hexadecyltrimethylammonium bromide (98%) was pur-

chased from Ajax Finechem. Sodium borohydride (99%), gold-
(III) chloride trihydrate, and L-ascorbic acidwere purchased from
Sigma-Aldrich. Silver nitrate was purchased from Merck. Ultra-
purewater (milli-Q) was used for the preparation of all solutions.

Gold Seeds. Aqueous solutions of CTAB (4.700 mL, 0.1 M) and
HAuCl4 (0.025 mL, 0.05 M) were mixed and allowed to stir for at
least 5 min. Following this, freshly prepared aqueous NaBH4

(0.300 mL. 0.025M) was rapidly added into the mixture under
rigorous stirring to forma brownish yellow solution. The resulting
solution was stirred for 15 min and kept at 29( 1 �C for 40 min.

Growth of Gold Nanorods from Gold Seeds. Aqueous solutions of
CTAB (10 mL, 0.1 M) and HAuCl4 (0.100 mL, 0.05 M) were mixed
and allowed to stir for at least 5 min. Aqueous solutions of
freshly prepared ascorbic acid (0.075 mL, 0.1 M) and silver
nitrate (0.080 mL, 0.01 M) were then sequentially added with
thorough mixing following each addition. Finally, gold seeds
(0.050 mL) were added with stirring. The color of the solution
gradually changed within 2 min. The final solution was held at
29 ( 1 �C for 20 min.

Overgrowth of Gold Seeds. Aqueous solutions of CTAB
(1.500 mL, 0.1 M), milli-Q water (10.000 mL), and HAuCl4
(0.020 mL, 0.05 M) were mixed and allowed to stir for at least
5 min. An aqueous solution of freshly prepared ascorbic acid
(0.020 mL, 0.1 M) was then added, and following complete
mixing, the solution changed from yellow to colorless. Aqueous
silver nitrate solution (0, 0.016, and 0.080 mL, 0.01 M) was then
added. Finally, the gold seed solution (1.000 mL) was added to
the above mixture under stirring. The solution became colored,

indicative of the formation of nanorods, within 10 s. The
resulting nanorod solution was grown at 29 ( 1 �C for 30 min.

Growth of Gold Nanorods from Overgrown Gold Seeds. Aqueous
solutions of CTAB (10.00 mL, 0.1 M) and HAuCl4 (0.100 mL,
0.05 M) solutions were mixed and allowed to stir for at least
5 min. An aqueous solution of freshly prepared ascorbic acid
(0.075 mL, 0.1 M) was then added, and following complete
mixing, the solution changed from yellow to colorless. Aqueous
silver nitrate (0, 0.016, and 0.080 mL, 0.01 M) was then added.
Finally, the overgrown seed solution (0.500M) was added to the
above mixture under stirring. The solution became colored,
indicative of the formation of nanorods, within 2 min. The
resulting nanorod solution was grown at 29( 1 �C for 120 min.

Following each synthesis step, a sample of the growth
solution was taken and immediately dropped onto an ultrathin
(<3 nm) carbon support on a Cu TEM grid for electron micro-
scopy analysis. Fully grown nanorods were centrifuged before
being deposited on a TEM grid. Examples of nanorods at
intermediate stages of growth shown in Figure 6 were prepared
by a conventional nanorod synthesis route, that is, without the
seed overgrowth step. Following deposition, the TEM grid was
washed in high-purity ethanol in order to remove excess CTAB.
There was no plasma cleaning of the samples prior to electron
microscopy analysis.

Electron microscopy was carried out at the Monash Centre
for Electron Microscopy on a FEI Titan3 80-300 kV FEGTEM
equipped with both probe and imaging spherical aberration
correctors. All imaging was carried out at 300 kV and at room
temperature, with the exception of Figure S3, which was
acquired at 80 kV and near liquid nitrogen temperature. All
images are unfiltered, with some small adjustments to contrast
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and brightness levels. UV�vis spectra were acquired using a
Cary 60 UV�vis spectrophotometer.
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