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We report our findings on the important role of bromide ions in the seeding growth process of Au nanorods. The seed-
mediated process constitutes a well-developed method for synthesizing gold nanorods in high yield, which is facilitated
by a micelle-forming surfactant, cetyltrimethylammonium bromide (CTA-Br). Despite the tremendous work in recent
years, the growth mechanism of Au nanorods has not been fully understood. Contrary to the widely accepted
mechanism of CTA™ micelle-templated growth of Au nanorods, we have identified the critical role of bromide ions in the
seeding growth of Au nanorods. We found that even when the micelle-forming agent (CTA™) concentration is below its
critical micelle concentration (cmc), bromide ions added in the form of NaBr can successfully effect the growth of Au
nanorods in good yield. By controlling the concentration of externally added bromide ions, the rod shape and
dimensions of the resulting Au nanoparticles can be readily controlled in the presence of only a minimum amount of
CTABEr (as a steric stabilizer for nanorods). High-resolution TEM studies show that the as-formed nanorods are
perfectly single crystalline, instead of penta-twinned ones, and are bound by {111} and {100} facets with a [110] direction
as the elongation direction. A mechanism is proposed to account for the seeding growth of single crystalline Au
nanorods. Overall, this work explicitly demonstrates that Br— indeed serves as an important shape-directing agent for

gold nanorod formation in the seed-mediated process.

1. Introduction

Noble metal nanoparticles exhibit interesting optical properties
originated from excitation of free electrons in the particle (i.e.,
surface plasmon resonance, SPR).!™® The plasmon excitation
gives rise to strong light absorption, scattering, and optical near-
fields, the latter being particularly important for surface-enhan-
ced Raman scattering of adsorbed molecules on the particle
surface.® The surface plasmon modes of metal nanoparticles
are determined by particle size, shape, and particle-to-particle
interaction.” > Although spherical particles can be readily
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synthesized, the tunability of the SPR of nanospheres is, however,
limited;*! for example, spherical Au particles ranging from 10 to
100 nm (diameter) only show a moderate tunability of SPR
wavelength by ~50 nm (Apeax varying from ~520 to ~570 nm).
On the other hand, nonspherical (i.e., anisotropic) particles are
much more efficient in this aspect due to their extreme sensitivity
to factors such as particle shape (e.g., nanorods), the shape aniso-
tropy (e.g., aspect ratio of nanorods), and tip truncation (e.g., the
case of nanoprisms).”> >* For Au nanorods, a slight change in
aspect ratio from ~2.5 to ~3 can lead to a 50 nm red shift of the
longitudinal plasmon mode, equivalent to the maximum SPR
tunability of Au nanospheres. The high efficiency of nanorods in
terms of SPR tunability is also reflected in that the nanorod’s
volume increases only by a factor of 1.2 while the spherical
particle’s volume changes by 1000 times when going from 10 to
100 nm (diameter) in order to achieve the 50 nm tunability.
Thus, far, there have been a variety of anisotropic nanoparti-
cles, such as nanocubes, nanoprisms, nanorods, and nanowires,
etc.?~?? Their optical absorption or scattering wavelengths cover
the entire visible spectrum, even up to the near-infrared spectral
range. Among these nanostructures, the rod-shaped nanoparti-
cles are the earliest explored (back to late 1990s). Their optical
properties are mainly controlled by the length and are insensitive
to the rod diameter.>>** Thus, simply by controlling the rods’
aspect ratio (length-to-diameter ratio) in the synthesis, one can
readily obtain any color in the visible range, which renders Au
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nanorods of particular interest for biological and biomedical
applications since color-based imaging and tracking are essential
in these applications. With respect to the synthetic protocols of
Au nanorods, Murphy and co-workers™ developed a facile seed-
mediated method for synthesizing Au nanorods involving cetyl-
trimethylammonium bromide (CTABr). Although this process
has now become a standard protocol for nanorod synthesis,***!
the factors responsible for shape control are still elusive. The
synthetic procedure involves two main steps.***! In the first step,
metal salt (e.g., HAuCly) is reduced with a strong reducing agent
(e.g., sodium borohydride) in the presence of a stabilizing agent
(citrate or CTABTr) to yield 2—4 nm quasi-spherical Au seeds. In
the next step, the seeds are added to a growth solution containing
metal salt, weak reducing agent (ascorbic acid), and CTABr, and
Au nanorods are produced by 1D seeding growth; note that
addition of AgNOs increases the nanorod yield but restricts the
attainable aspect ratio.* In their initial report, Jana et al. used
citrate-stabilized seeds and the nanorod yield was not high
(~15%).%° Later, Nikoobakht et al. modified the approach by
using CTABr-stabilized Au seeds and increased the nanorod yield
to ~100%.' The aspect ratio of nanorods is found to vary signi-
ficantly with the amount of AgNOj in the growth solution. Au
nanorods of high aspect ratio (~25) could be achieved in the
absence of Ag™ but with low yield, whereas in the presence of Ag™
the aspect ratio achievable is typically <6 but with high yield.*?

Many efforts have been made to understand the mechanism of
the growth process. Particularly, the roles of the seeds, Ag™
ions, and CTABr concentration have been investigated systema-
tically.>~*® The results of these studies can be summarized as
follows. The role of the seeds is to induce face-selective deposition
of Au(0) and hence anisotropic growth. HR-TEM studies have
indicated that the CTABr-capped seeds used for nanorod growth
are single crystalline with well-developed facets.*® The role of Ag™
is to selectively adsorb onto Au {110} facets by underpotential
deposition (UPD) and hence to direct Au deposition on {100} and
{111} surfaces, leading to nanorod growth in the [100] direction.
In the absence of Ag" ions, the nanorods grow via a somewhat
different mechanism, i.e., in the [110] direction.** *® The role of
CTA-Br is a subject of debate in the literature and has not been
well understood.>” The popular perception is that the rodlike
micelles of CTA-Br act as a soft template for Au nanorod
growth.?**° But this does not explain why a very high concen-
tration of CTA-Br (0.1 M) is needed for nanorod growth; note
that the critical micellar concentration (cmc) of CTA-Br is far less
(~1 mM). It is generally accepted that CTA™ stabilizes the
nanorods by forming a bilayer around the nanorod.>*! If this is
the only role of CTA-Br in Au nanorod growth, the use of CTA-
Cl should also result in formation of Au nanorods. But literature
reports*>** as well as our own observation indicate that when
CTA-Clis used, only spherical particles are formed. This led us to
suspect that the counterion (Br™) in CTA-Br has a profound
effect on the nanorod formation process. Of note, the important
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role of anions in Pd, Ag, and Cu nanocrystal growth has been
reported.**’ Also, in the case of Au nanorod growth, it has been
shown that the presence of a very low amount of iodide impurity
in CTA-Br significantly disrupts the formation of nanorods.'®
Opverall, it is highly desirable to investigate whether bromide ion
has any role in the Au nanorod growth process.

Herein, we report our systematic studies on the major role of
bromide ions in the seeding growth of Aunanorods. Bromide ions
are simple ions and are not thought to be a shape-directing agent.
However, in our work we found that bromide ions actually induce
the formation of Au nanorods, even when the CTA-Br concen-
tration is below its cmc. Thus, the role of CTA-Br micelles as a
soft template for Au nanorod growth is less significant, albeit it
cannot be completely ruled out based upon our current data. The
high concentration of CTA-Br needed for Au nanorod growth is
indeed due to the need for high concentration of bromide ions,
and the role of CTA™ ionsis to sterically stabilize the nanorods by
the formation of bilayers on nanorods.

2. Materials and Methods

2.1. Materials. Hydrogen tetrachloroaurate (HAuCly-
3H,0), sodium borohydride (NaBHj), cetyltrimethylammonium
chloride (CTA-CI), ascorbic acid (AA), and silver nitrate (AgNO3)
were purchased from Sigma-Aldrich. Cetyltrimethylammonium
bromide (CTA-Br) was purchased from Fluka. All solutions were
prepared with Nanopure water (resistivity 18.2 MQ-cm) obtained
from a Barnstead NANOpure DIwater system.

2.2. Preparation Procedure of Gold Nanorods. The nano-
rods were prepared through a seed-mediated procedure.’! This
procedure involves two main steps. (a) Preparation of gold seeds.
Gold seed solution was prepared by first combining HAuCly
solution (5 mL, 0.5 mM) and CTA-Br (5§ mL, 0.2 M), followed
by addition of freshly made NaBH, solution (0.6 mL, 10 mM)
under vigorous stirring. After ~5 min, magnetic stirring was
stopped, and the as-prepared seed solution was further aged
for several hours prior to nanorod preparation. (b) Preparation
of Au nanorods. Growth solution consists of HAuCl, (final
concentration 0.5 mM), CTA-Br (0.1 M), and AgNO; (0.12
mM). Ascorbic acid (105 uL of 0.1 M solution) was then added,
followed by brief stirring (~1 min). Lastly, 25 uL of the seed
solution was added to the growth solution (with brief stirring to
homogenize the solution). The solution was left to stand on bench
and sampled in different time intervals for UV —vis spectroscopic
analysis.

2.3. Characterizations. UV—vis absorption spectra (190—
1100 nm) were recorded using a Hewlett-Packard (HP) 8453 diode
array spectrophotometer. Transmission electron microscopy
(TEM) imaging was performed on a Hitachi 7100 TEM operated
at 75 kV. HR-TEM is performed on a FEI G-20 microscope
operated at 200 kV.

3. Results and Discussion

The standard seeding growth of Au nanorods involves two
steps: (1) the preparation of small Au seeds and (2) the seeding
growth of Au nanorods in the presence of CTA-Br and AgNOs.
Our studies focus on the second step, in particular, the potential
role of CTA™ and Br .

3.1. Effect of CTA-Br Concentration of the Growth
Solution. We first varied the concentration of CTA-Br in the
growth solution while keeping all the other experimental condi-
tions the same as in the standard protocol. Figure 1A shows the
UV—vis spectra of final Au nanoparticles for different CTA-Br
concentrations (i.e., 0.1,0.06, and 0.02 M). Note that the standard
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Figure 1. (A) UV—vis spectra of gold nanoparticles formed under
different concentrations of CTA-Br in the growth solution. (B—D)
TEM images corresponding to CTA-Br concentration of 0.1 M
(B), 0.06 M (C), and 0.02 M (D). Scale bars are 20 nm.

CTA-Br concentration is 0.1 M. We found that the 0.1 M CTABr
concentration is necessary in order to effect the growth of Au
nanorods with the typical aspect ratio (AR ~ 3.5); these nanorods
exhibit a longitudinal SPR mode at ~800 nm (Figure 1A). TEM
confirms the morphology of the resultant nanorods (Figure 1B),
which typically have a diameter of ~10 nm and length of ~35 nm.

When the CTABr concentration is lower, e.g. 0.06 M, the
longitudinal SPR peak appears at significantly shorter wave-
length (~630 nm) compared to the standard case (~800 nm)
(Figure 1A). TEM analysis shows that the resultant Au nanorods
are much larger in diameter (~25 nm) while the length is ~40 nm
(Figure 1C). When the CTABr concentration is further decreased
to 0.02 M, only spherical (or slightly prolate) nanoparticles were
produced (Figure 1D) with the SPR peak at ~585 nm.

These results indicate the importance of CTA-Br concentration
for the formation of typical Au nanorods. When the CTA-Br
concentration is lower than 0.1 M, particle growth along the
radial direction (or side growth) also occurs to a considerable
degree. Thus, CTA-Br plays a major role in inhibiting the side
growth during the elongation or 1D growth of nanorods. Lower
concentrations of CTA-Br apparently cannot sufficiently inhibit
the side growth of nanorods. Previous work by Murphy et al.
suggests that the nanorod side faces are protected by a CTA™
bilayer (i.c., rod-shaped micelles).”> On the basis of the above
observations and literature work, several questions naturally
arise: (1) Is the high concentration (0.1 M) of CTA" cations
needed for micelle formation? (2) Are the high concentrations
(0.1 M) of both CTA™ and Br™ needed for rod formation? (3)
Does the anion (Br™) matter in the nanorod formation? These
questions motivated us to pursue a more systematic study on the
nanorod growth process. It is worth noting that previous litera-
ture work has determined the cmc of CTA-Br to be ~1 mM;*! this
is significantly lower than the used CTA-Br concentration for Au
nanorod growth. Therefore, we suspect that the anion (Br™) in
CTA-Br perhaps has some important role in the seeding growth
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process of Au nanorods. Below we design various sets of experi-
ments to gain insight into the role of Br™ ions.

3.2. Effect of the Nature of Halide Ions in Growth Solu-
tion. We first replace Br~ with CI™ by using CTA-CI but keep the
total concentration of CTA™ cations constant (~0.1 M) in the
growth solution. This experiment allows to probe the role of the
counterion of the surfactant while keeping the CTA" micelles
essentially unaltered since the micellar structure is primarily
determined by CTA™ rather than by X .

We investigated Br /Cl™ ratios of 2:1, 1:1, and 1:2 (in the order
of decreasing Br~ concentration). Interestingly, in all cases of
mixed halide ions (total 0.1 M) the distinct longitudinal SPR peak
at ~800 nm disappeared, indicating that none of these conditions
result in typical Au nanorods of similar aspect ratio as those
formed under sole CTABr (0.1 M) condition (Figure 2A). TEM
analysis shows that under the Br /CI™ ratios of both 0.066 M/
0.033 M (2:1) and 0.05 M/0.05 M (1:1), a mixture of nanorods
(predominant), some spherical particles and nanocubes, is formed
(Figure 2B). The nanorods show a somewhat larger diameter
(~15 nm vs ~10 nm in sole CTABr condition) and a shorter
length (~30 nm), indicating a side growth of nanorods occurs as
well. This is consistent with the case of lowering CTA-Br
concentration (cf. 0.06 M, Figure 1C), indicating that Cl~ ions
are less efficient in inhibiting radial growth of nanorods than do
Br ™ ions. In the case of 1:2 ratio of Br™ /CI ™, the aspect ratio and
yield of nanorods are even lower. These results clearly demon-
strate that Br™ ions play a major role in Au nanorod formation
and that higher anisotropy is only obtained in the presence of
sufficient bromide in the growth solution.

The above observations led to an interesting question of
whether other Br™ sources (e.g., NaBr) can effect Au nanorod
growth. Below we perform experiments to investigate this. Of
note, we did not pursue 1™ ions as they strongly bind to Au and
seem to destroy particles.

3.3. Effect of Bromide Ions from an External Source. To
further investigate the role of Br—, we intentionally used a low
concentration of CTABr (0.02 M), at which Au nanorods do not
form (see Figure 1D). Under this condition, we added various
amounts of NaBr to the growth solution to investigate the effect
of extrinsic Br™ ions (as opposed to intrinsic Br~ from CTABr).
Surprisingly, we found that the addition of NaBr indeed effects
the growth of nanorods and that the anisotropy of Au nanorods
improves with increasing concentration of NaBr from 0.02 to 0.08
M (Figure 3). The nanorods formed under NaBr (0.08 M) and
CTABr (0.02 M) have an average diameter of ~15 nm and
a length of ~35 nm. Note that higher NaBr concentrations
(>0.08 M) were not investigated.

These results explicitly demonstrate that externally added
bromide in the form of NaBr can indeed lead to effective growth
of nanorods, even when the CTABr concentration is not sufficient
(e.g.,0.02 M) for Au nanorod formation. Therefore, in the case of
standard conditions for nanorod growth, i.e. with sole CTABr
(0.1 M), the anion (Br™) should play a more significant role than
does the CTA™ cation in terms of directing the rod shape, for that
CTABr only (e.g., 0.02 M) cannot effect nanorod growth
(Figure 1D).

3.4. Effect of CTA-Br below Critical Micelle Concentra-
tion. The afore-discussed results show that bromide ions play a
critical in effecting anisotropy of Au nanoparticles in the seeded
growth process. To gain more information, we further attempted
to prepare Au nanorods with growth solutions containing very
low concentrations of CTABr (even below its cmc value ~1 mM),
but the total bromide concentration in the growth solution is still
maintained at 0.1 M by adding NaBr. This set of experiments is
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Figure 2. (A) UV—visspectra of Aunanoparticles formed under different ratios of CTABr/CTACI. (B) TEM image of nanoparticles formed

at 0.066 M/0.033 M and (C) 0.033 M/0.066 M. Scale bars are 20 nm.
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Figure 3. (A) UV—vis spectra of Au nanoparticles corresponding
to growth solutions containing CTABr (0.02 M, same for all the
solutions) and 0, 0.02, 0.04, and 0.08 M NaBr, respectively. (B)
TEM image of Au nanoparticles for the condition of CTABr
(0.02 M) mixed with NaBr (0.08 M).

designed to evaluate how important the CTA™ micelle is for Au
nanorod formation.

We have varied the CTABr concentration from 3.0 mM down
to 0.5 mM; note that 0.5 mM is already below the cme value. The
results shows that, in all cases, Au nanorods are predominantly
formed (Figure 4). The nanorods have typical dimensions of
diameter ~15 nm and length ~40 nm. Even when the CTABr
concentration (0.5 mM) is below its cmc (1 mM), nanorods are
still formed (Figure 4B), albeit with a lower yield. These experi-
ments clearly show that, as long as sufficient Br~ ions exist in the
growth solution, the growth of nanorods can take place even
when CTA™ concentration is below its cmc value.

When the concentration of CTABris at its cmc value of ~1 mM,
under which nanorods are predominantly formed, we further
investigated the effect of adding increasing amounts of NaBr to
the growth solution to determine the optimal NaBr concentration
for nanorod growth. Figure 5 shows that anisotropy is gained at an
optimal [Br™] concentration range of 0.05—0.10 M.

3.5. Discussions. Taken together, the above results clearly
demonstrate the important role of Br™ in the seeding growth of Au

10274 DOI: 10.1021/1a100446q

A NaBr+CTABr
—3mM
w —2mM
2 —1mM
—0.5mM
0.54
0.0

400 800 800
Wavelength (nm)

Figure 4. (A) UV—vis spectra of Au nanoparticles formed under
low concentrations (mM) of CTABr; the total [Br ] is fixed at
0.1 M. (B) TEM image of Au nanoparticles corresponding to
0.5 mM CTABr and 99.5 mM NaBr.

nanorods. It is worth noting that Sau and Murphy also pointed out
the important role of anions in the surfactants used in the synthesis
of gold nanorods and nanowires.* In the CTABr-effected growth
process (standard procedure), the CTA™ cations provide steric
protection of the nanorods; our results show that its concentration
could be decreased to its cmc value. Thus, the high concentration of
CTA™ (0.1 M) in the standard protocol is not necessary for Au
nanorod formation; albeit a minimum amount of CTA™ is still
needed for protecting Au nanorods since the surface-bound bro-
mide species do not offer steric protection. Below we focus on the
discussion of the role of Br ™ ions based upon our observations.
Previous work has shown that halide ions interact with gold
surfaces, and the interaction strength follows the increasing order
of F~ < CI” < Br < I, which reflects the decreasing energy of
solvation of these ions.*” Among the halides, F~ ions nonspeci-
fically adsorb to gold surface; CI™ ions also bind to gold via a
weak interaction, while I ions bind too strongly to gold surface
and tend to destroy Au nanoparticles. Indeed, recent work by
Korgel and co-workers demonstrated that a very low concentra-
tion (~ ppm) of I" impurity in CTABr prevents nanorod
growth."® Thus, only Br™ is left as a suitable candidate since it
binds to gold not too weakly nor too strongly. Our results of
replacing Br™ ions partially with CI™ ions (see section 3.2) clearly
show their difference in inhibiting radial growth of Au nanorods.
We believe that such an intermediate binding capability of Br is
one of the key characters that Br— ions can effect the growth of Au
nanorods. Of note, bromide was also found to promote aniso-
tropic growth in the synthesis of Pd nanobars and nanorods.* An
interesting question is how Br~ ions effect the 1D growth of Au
nanoparticles. Previous work by Murphy et al.** studied the
structure of Au nanorods using HR-TEM. The Au nanorods
adopt a penta-twinned structure, and the two ends are enclosed by
{111} facets while the rod sides are bound by {110} (and {100} if

Langmuir 2010, 26(12), 10271-10276
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Figure 5. (A) UV—vis spectra resulting from supplementing the bromide concentration of growth solutions containing | mM CTABTr with
NaBr. TEM images for conditions of (B) 0.05 M NaBr and (C) 0.08 M NaBr.

Figure 6. HR-TEM of Au nanorods effected by NaBr in the
presence of minimal CTABr.

truncation occurs. In this structure, the top and bottom ends of
nanorods form a decahedron fully enclosed by ten {111} facets.
The central axis of a decahedron is parallel with the [110]
direction; thus, penta-twinned Au nanorods grow along the [110]
direction. However, Liu and Guyot-Sionnest found the nanorod
structure depends on the seeds used.* If CTABr protected Au
seeds, rather than citrate protected seeds, are used in the growth
process, single crystalline (as opposed to penta-twinned) nano-
rods are produced.

Herein, we employ HR-TEM to investigate the structure of
NaBr-effected Au nanorods. Under HR-TEM, we randomly
chose nanorods for both HR-TEM and electron diffraction
analysis. In all the nanorods chosen for analysis, we did not find
structural faults, indicating that the nanorods are all perfectly fcc
single-crystalline rather than penta-twinned rods. Among the
randomly chosen nanorods, (111) planes are predominantly
observed (Figure 6A); the observed lattice spacing 2.37 A is in
excellent agreement with bulk Au (111) spacing (2.35 A). When
the rod is rotated, (200) lattices were seen (spacing: 2.05 A, bulk
Au (200) = 2.04 A) (Figure 6B).

Based upon the HR-TEM results, a structural model is con-
structed for the nanorod (Scheme 1). In this model, the side faces
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Scheme 1. Structural Model of Single Crystalline Au Nanorods and
Proposed Growth Mechanism

Single crystalline
Auseeds

Single crystalline
Aunanorods

consist of four {111} facets and two {100} facets; note that the
two {100} facets are due to longitudinal truncation (otherwise, the
four {111} planes form a parallelogonal radial cross section of
rod); this truncation is better observed from the end view of the
rod (Scheme 1). Apparently, the nanorod growth direction is
along[110]. The preferred growth of [110] nanorods, as opposed to
[100] or [111] nanorods, is indeed energetically favorable accord-
ing to the theoretical calculations by Barnard and Curtiss.*’

We propose a mechanism for the seeding growth of [110]
oriented, single crystalline Au nanorods. The starting Au seeds
are typically quasi-spherical particles (~2 nm) based on TEM
analysis. Such quasi-spherical particles are usually enclosed by
low-index {111} and {100} facets; note that {111} facets possess
the lowest surface energy (hence, the most stable type of facet)
among the three types of low-index facets, and the {110} facets
have the highest surface energy and hence are not preferentially
exposed in quasi-spherical nanoparticles; the {100} facets are in
between in terms of surface energy. We believe that one of the
major roles of Br~ ions in the nanorod growth process is their
etching interaction with the Au seeds. This chemical etching
process leads to small single crystalline, polyhedral particles at
the early stage of the growth process (Scheme 1), while those
twinned particles may be dissolved due to Br~ etching. Appar-
ently, this etching process occurs much easier on smaller seeds.
This explains the relatively higher yield of nanorods using small
Au seeds (e.g., <4 nm);** in contrast, when one uses large
nanoparticles (e.g., citrate stabilized ~10—20 nm Au particles)
as seeds, Au nanorods are still formed but with much lower yield;
this is because large particles are more difficult to be etched by Br™
to form the right type of polyhedral seeds for rod growth. Direct
evidence of seed etching by Br™ will be pursued in our ongoing
work. Since the {111} and {100} facets are more stable than {110},
it is reasonable to expect that the single crystalline seeds prefer-
entially elongate along the [110] direction to maximize {I111}
facets (see the red highlighted (110) facet in Scheme 1).

From our observation that a minimal amount of CTABr
(~sub-cmc concentration) is still needed for nanorod growth,
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we believe that CTAY mainly provides a steric protection of the
formed nanorods, albeit its templating role cannot be completely
eliminated at this point. The (110) elongation of the single crys-
talline seeds results in {111} and {100} side facets (Scheme 1).
Subsequent passivation of side facets by Br retards the radial (or
side) growth and facilitates further elongation along the [110]
direction. We speculate that Br~ ions are adsorbed onto the
{100} and {111} side facets by forming covalent bonds similar
to Au—Br—Au bridging motifs. Such a bridging mode was
observed in the crystal structure of ultrasmall 25-atom (Au,s)
nanorods.***

Previous work by Murphy and others has demonstrated that
Au nanorods are stabilized by the CTA™ bilayers.***! Thus, both
the CTA" bilayer and Br™ are believed to be present on the side
facets of nanorods. Both CTA* and Br™ interact with nanorod
side surfaces and significantly slow down the radial growth rate of
nanorods, while the two ends are still subject to grow at a faster
rate than the side facets, hence effecting anisotropic growth and
leading to nanorods. With respect to the adsorption energy of
CTA™" on Au{hkl} faces, theoretical calculations show that the
CTA™/(111) system is more favored (interaction energy = —216
kcal/mol) than CTA™/(110) (—134 kcal) and CTA™/(100) (—132
keal).* One may argue that {111} and {100} facets are emerged
on the two ends of the nanorod as well (Scheme 1, end view), and
hence, anisotropic growth seems not to be favored. However, one
should realize that the CTA™ bilayer forms an ordered and dense
layer on the regular side facets but is disordered on the two ends of
nanorod due to high curvature of the ends; this leads to prefer-
ential deposition of reduced Au atoms onto the two ends. Taken
together, this quasi-1D anisotropic growth eventually leads to
well-defined nanorods with their aspect ratio controllable by
controlling the experimental conditions.

There are certainly many details to be elucidated in the above
proposed growth mechanism. One of the important aspects is the
specific role of Ag" in the Au nanorod growth process. The
addition of AgNO; to the CTABr-containing growth solutions
leads to immediate formation of AgBr, but the cloudy AgBr soon
disappears due to conversion to AgBr, since Br is in large
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excess. In the literature, it has been hypothesized that Ag" ions
form an adsorbate layer on the Au particle surface in the form of
AgBr, which restricts radial growth of rods. The valence state of
silver is under debate: Some work indicates that silver ions are not
reduced to Ag(0) during rod growth, but Liu and Guyot-Sionnest
suggested an underpotential deposition of Ag(0) on the different
crystal facets of gold, leading to symmetry-breaking and rod
formation.* The role of Ag(I) and its exact form on the surface of
nanorods remains to be elucidated in future work.

4. Conclusion

This work identifies the important role of Br~ as a shape-
directing agent in the seed-mediated growth of Au nanorods.
CTAB-r plays a major role in inhibiting the side growth during the
elongation of nanorods. The previously thought picture of Au
nanorod formation is that nanorods were effected by rodlike
micelles of CTA-Br surfactants. If the micelle-directed growth
mechanism dominates the process, when the CTABr concentra-
tion is below its cmc value, one should not obtain Au nanorods in
high yield. However, our results show that even when the CTABr
concentration is below cme, one can still obtain Au nanorods in
good yield by remediating the Br~ concentration by adding NaBr.
Thus, a high concentration of Br™ ions, rather than of CTA™, is
indeed necessary to effect nanorod growth. For CTA™, only a
minimal concentration is needed to provide steric protection of
the formed nanorods. Thus, Br™ ions are more critical for Au
nanorod formation than CTA™. The rod shape and dimensions of
the resulting Au nanorods are readily controllable by the con-
centration of Br~ ions. High-resolution TEM studies show that
the as-formed nanorods are perfectly fcc single crystalline, in
contrast with the penta-twinned rods reported previously. The
side faces of the nanorod are found to consist of {111} and {100}
facets, and the nanorod growth direction is along [110]. A
mechanism is proposed to account for the roles of bromide ions
in seeding growth of Au nanorods, including (1) etching to form
single crystalline faceted seeds and eliminating twinned seeds and
(2) surface passivation of {111} and {100} facets of nanorods
together with CTA™ bilayers. This work clearly demonstrates that
the Br™ ions indeed serve as a shape-directing agent for synthesiz-
ing gold nanorods.
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