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Abstract An improvement in the previously
reported seed-mediated chemical synthesis of gold
nanorods (GNRs) is reported. Monodisperse GNRs
have been synthesized in a one-step protocol. The
addition of controlled quantity of sodium borohydride
(NaBH4) directly into the growth solution produced
uniform GNRs, formed by in situ nucleation and
growth. In order to arrive at the conclusion, we studied
the formation of GNRs with various seeds, of metals
of widely differing crystal structures, and there were
no variations in the properties of the GNRs formed.
The role of NaBH4 in the growth of GNR, which has
not been covered in previous reports, is discussed in
detail. The dependence of longitudinal plasmon peak
on the concentration of NaBH4 is compared with the
dependence of residual concentration of NaBH4 in the
seed solution, which is added to the growth solution in
seed-mediated synthesis. The study shows that NaBH4
plays an important role in the formation of GNRs.
This proposed protocol offers a number of advantages: one-step preparation of GNRs, significant
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reduction in the preparation time to 10 min, high
monodispersity of GNRs, and tailorability of the
aspect ratio depending on NaBH4 concentration. It is
suggested that NaBH4 added to the growth solution
leads to in situ formation of the seed particles of the
size of 3–5 nm which enables the growth of GNRs.
The growth of GNRs suggested here is likely to have
an impact on the preparation of other anisotropic
structures. Our single-pot methodology makes the
procedure directly adaptable for commercial-scale
production of GNRs and for their synthesis even in
undergraduate laboratories.
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Introduction
Anisotropic metal nanostructures such as nanorods
(Murphy et al. 2005; Perez-Juste et al. 2005), prisms
or triangles (Millstone et al. 2005; Sajanlal and
Pradeep 2008; Ah et al. 2005; Jin et al. 2001), wires
(Hu et al. 1999; Wiley et al. 2005), multipods (Hao
et al. 2004), stars (Nehl et al. 2006), tadpoles (Hu
et al. 2004), and a variety of other structures are
subjects of intense investigation currently. Crystals
formed with spherical nanoparticles, so called superlattices, are often anisotropic and show interesting
properties (Nishida et al. 2008; Yang et al. 2006).
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GNRs belong to an important class of anisotropic
nanostructures exhibiting very strong correlation
between optical properties and aspect ratio (Murphy
et al. 2005; Perez-Juste et al. 2005). Their photophysical properties have triggered a huge interest in
designing novel applications in medical diagnostics
and therapeutics (Tong et al. 2007), sensors (Rex
et al. 2006), surface enhanced Raman scattering
(Nikoobakht and El-Sayed 2003b), and optical
waveguides (Maier et al. 2003). Recently, macroscopically aligned nanorod arrays were reported,
bringing them a step closer toward the fabrication of
waveguides and nano-gratings (Sreeprasad et al.
2008). Most of the applications envisaged require
precise control over the aspect ratio and size distribution. In this respect, several synthetic protocols
have been reported; principal among them are
template assisted (Van der Zande et al. 1997),
electrochemical (Yu et al. 1997), photochemical
(Kim et al. 2002), and seed-mediated (Jana et al.
2001a, b) chemical syntheses. Seed-mediated synthesis has been a subject of intensive research interest
owing to its reliability in the preparation of GNRs
with higher yields (Sau and Murphy 2004). Synthesis
using *4 nm gold nanoparticle seeds have been used
for the growth of GNRs. The size, protecting agent,
and the concentration of the seed are most important
factors for the control of the aspect ratio of nanorods
(Gole and Murphy 2004). Thus, commonly followed
chemical synthesis of GNRs is a two-pot strategy:
synthesis of gold seeds and their subsequent addition
to the growth solution (Sau and Murphy 2004).
Important role of seeds in GNR formation has been
reiterated by anchoring them on a substrate and
growing GNRs by dipping the immobilized seeds in
the growth solution (Taub et al. 2003; Wei et al.
2004). A recent report suggests the formation of
GNRs through the use of silver seeds (Xu et al. 2007).
In this study, the importance of NaBH4 in the
growth of GNRs is reported. We find that gold seeds
can be grown in situ in the growth solution by
controlling the concentration of NaBH4, which leads
to one-step formation of GNRs. Highly uniform
GNRs can be formed in a single step by controlling
the concentration of NaBH4 and thus the process does
not require the external addition of any metal seed
into the growth solution. The nanorods synthesized
are chemically, structurally, and spectroscopically
similar to those obtained from the seed-mediated
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approach and are highly uniform, so that a purification step can be avoided for a large-volume synthesis.
In order to reach this conclusion, GNRs were formed
starting from various seeds, derived from metals of
widely different crystal structures. All formed similar
GNRs in terms of structural and spectroscopic
properties. The similarity of GNRs in these experiments suggested the possibility of forming seeds in
situ, which subsequently aided the growth of nanorods. Based on the results from the experiment, it is
concluded that NaBH4 present in the pre-formed
seeds helps in the GNR growth. Several other control
experiments were also done. The complete destruction of active BH4- in the preformed seeds makes the
GNR growth impossible, while addition of measured
quantity of BH4- in the growth solution itself
facilitates GNR growth. Conclusions from this study
in the context of the existing knowledge allow us to
come up with a complete picture for the growth of
GNRs.

Experimental section
Materials
Cetyltrimethylammonium bromide (CTAB) was purchased from SD Fine Chemicals, India. Tetrachloroauric acid trihydrate (HAuCl43H2O) and silver
nitrate (AgNO3) were purchased from CDH, India.
Ascorbic acid (AA) was purchased from Hi-Media
Chemicals, India. NaBH4 was purchased from
Sigma-Aldrich, USA. All chemicals were used without further purification. Triply distilled water was
used throughout the experiments.
Synthesis of GNRs using metal seeds
The growth solution was prepared based on a modified
literature procedure reported earlier by Sau and
Murphy (2004), but the procedure was slightly
modified. We studied the formation of GNRs with a
variety of metal seeds, chosen on the basis of differing
lattice structures in the bulk and ease of synthesis. We
used Fe (bcc), Ru, and Cd (hcp), Cu, Pb, Ag, and Au
(ccp), Hg (rhombohedral), In (tetragonal), and Sb
(trigonal). The seeds were prepared from their salts by
the reduction of NaBH4. For example, the Pb seed
particles were prepared by adding 100 lL of 10 mM
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ice-cold NaBH4 to 500 lL of 10 ppm Pb(NO3)2
solution. The solution prepared was colorless upon
visual observation. From the TEM measurements, the
size of the Pb seed particles was found to be 3–5 nm.
A total of 50 lL of the Pb seed particles was added to
the growth solution containing 5 mL of 100 mM
CTAB, 250 lL of 10 mM HAuCl43H2O, 32.5 lL of
10 mM AgNO3, and 35 lL of 100 mM AA. The
solution was kept undisturbed for 3 h for the complete
growth of nanorods. The solution was centrifuged at
11,000 rpm for 20 min to remove excess CTAB and
other ions. The pellet was redispersed in triply
distilled deionized water. The other metal seeds were
prepared in similar ways. The different seed particles
were added separately to the growth solution and kept
undisturbed for 3 h for the growth of GNRs. Several
of the metal seeds, prepared from metals such as Fe,
Cu etc. are expected to be highly reactive in water and
therefore the seed solutions were used immediately
after preparation. The stability, chemical composition,
and structure of these seed particles were not
investigated.
Synthesis of GNRs using NaBH4
For a typical synthesis, 1.67 mM of NaBH4 was
prepared in ice-cold water. A growth solution as
mentioned above was prepared. A total of 50 lL of
freshly prepared ice-cold NaBH4 was added to the
growth solution. The growth of nanorods was
observable within a few minutes of the addition of
NaBH4 and no apparent change was seen after
10 min. However, the mixture was kept undisturbed
at room temperature for 3 h to complete the growth
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of nanorods. The nanorod solution was centrifuged
twice at 11,000 rpm for 20 min to remove excess
CTAB and other ions. The pellet was redispersed in
triply distilled deionized water.
Instruments
Ultra violet–visible absorption spectra were recorded
using Perkin-Elmer Lambda 25 spectrophotometer.
High resolution transmission electron microscopy
(HRTEM) and Energy dispersive X-ray analysis
(EDAX) were carried out with an Oxford EDAX
housed in JEOL 3010, 300 kV instrument equipped
with a UHR polepiece. The samples were prepared by
dropping the dispersion on carbon coated copper grids.

Results and discussion
Formation of GNRs using different metal seeds
Seed particles of elements, such as Fe, Ru, Cd, Cu,
Pb, Ag, Au, Hg, In, and Sb, were prepared by the
reduction of NaBH4. Metal salts were used as
precursors for the seed growth. Figure 1A shows a
transmission electron microscopic (TEM) image of
Pb seed particles and Fig. 1B shows the lattice
resolved image of a single particle in high resolution.
From the TEM measurements, we found that the size
of the seed particles was 3–5 nm. The seed particles
upon addition to the growth solution gave GNRs. The
nucleation was initiated upon the addition of 50 lL
suspension of the seed particles to the above growth
solution. All the seed particles successfully formed

Fig. 1 A TEM image of Pb
seed particles and B
HRTEM image of a Pb seed
particle
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GNRs. A typical large area TEM image of the GNRs
formed is shown in Fig. S1 (Supporting Information).
The aspect ratio of GNRs formed was 3.4 (diameter
11 nm).
The GNRs formed are of well-defined structure,
although the precursor metals have different crystal
structures. All the products were thoroughly investigated by absorption spectroscopy and TEM. Under
the same reaction conditions, all the metal seeds
formed GNRs of almost the same aspect ratio. The
longitudinal surface plasmon (LSP) of the nanorods
was observed in between 770 and 810 nm, while the
transverse plasmon (TSP) was almost the same for
all. The absorption spectra of GNRs synthesized
using different metal seeds are given in Fig. 2A. A
typical high-resolution TEM image of GNRs formed
using Pb seed is given in Fig. 2B. The lattice
structure of GNR is observed to be fcc irrespective
of the differing crystal structure of the metals used to
grow the GNRs. HRTEM images of GNRs synthesized using different metal seeds were examined to
see the presence of other crystal structures in them.
Figure 3 shows the HRTEM of GNRs exhibiting fcc
crystal structure, formed using different seed particles. The entire structure of the rods, starting from the
tip, was examined in each case and the nanorods as a
whole were found to be single crystals. The concentration of the metal ions used in the seed solution is

A

In situ synthesis of GNRs using NaBH4
In order to ensure whether NaBH4 alone was able to
form GNRs, 50 lL of 1.67 mM ice-cold NaBH4 was
added directly to *5 mL of the growth solution.
UV–visible absorption spectroscopy carried out in a
time-dependent manner during the reaction showed
the simultaneous appearance and subsequent saturation of the TSP and LSP at 511 and 796 nm,
respectively, within 10 min of addition of NaBH4.
This indicates the formation of GNRs (Fig. 4A). The
formation of GNRs was checked at every stage by
absorption spectroscopy and TEM. There is an
insignificant shift in TSP after 10 min indicating that
nanorod growth is complete, although the reaction
mixture was kept undisturbed for 3 h. This product
was centrifuged at 11,000 rpm for 20 min in order to
remove excess CTAB and unreacted ions. The
residue was redispersed in triply distilled deionized

Fe
Ru
Cd
Cu
Pb
Ag
Au
Hg
In
Sb

2

1

B

0} {111}

{11
{111}

Absorbance

very less (10 ppm) as compared to NaBH4. As a
result of all these observations, we thought that
something else in the medium is nucleating the GNR
growth. From several control experiments as
described below, we concluded that the excess
NaBH4 present in the seed solution leads to in situ
formation of gold seed in the growth solution which
aids in the one-step formation of GNRs.
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Fig. 2 A UV–visible spectra of GNRs formed using various metal seeds. B HRTEM of one end of a GNR formed from Pb seeds
showing its fcc crystal structure
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Fig. 3 HRTEM images of
nanorods formed using
different seed particles: (A)
Fe (bcc), (B) Cd (hcp), (C)
Sb (trigonal), and (D) In
(tetragonal). Although the
metals are of different
crystal structures, the GNRs
formed are fcc
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Fig. 4 A UV–visible spectra of GNRs obtained at different
time intervals after adding NaBH4 solution: a 0, b 3, c 5, d 8,
and e 10 min. B TEM images of nanorods formed at different
stages after adding NaBH4 solution: (I) 3, (II) 5, (III) 8, and

(IV) 10 min. Although absorption spectrum does not change
significantly after 10 min, the number of spherical particles
reduces almost to zero upon keeping the reaction mixture for
3h
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water. TEM images of the redispersed material
showed the presence of GNRs with good monodispersity. No spherical particles were observed. The
resulting GNRs have an aspect ratio of 3.4 with a
diameter of 11 nm. Figure 4B shows the TEM
images of nanorods formed at different stages after
the addition of NaBH4. The HRTEM of the GNRs
was similar to that as given in Fig. 2B.
The aspect ratio can be tuned by varying the
volume of NaBH4 solution added to the growth
solution (Fig. 5). It was observed that the aspect ratio
decreased with increase in the volume of NaBH4
used, finally resulting in spherical nanoparticles
(aspect ratio, 1) at 0.5 mL (keeping all other parameters the same). Under optimum conditions, GNRs
formed the aspect ratio of 3.4, by the addition of
50 lL of 1.67 mM NaBH4 (trace a). With further
increase in the amount of NaBH4 (500 lL of
1.67 mM NaBH4), the LSP merged with the TSP
and a single absorption peak was obtained, characteristic of spherical particles (trace e). A similar
observation was found in the previous seed-mediated
synthesis which showed that aspect ratio of GNRs
decreased with increasing the amount of gold seeds
(Jana et al. 2001a, b; Gole and Murphy 2004). Higher
concentration of NaBH4 in the growth solution
modified the growth kinetics resulting in the formation of spherical particles.
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Fig. 5 UV–visible spectra of GNRs formed with increasing
amount of NaBH4: a 50 lL, b 100 lL, c 200 lL, d 300 lL,
and e 500 lL
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Influence of different parameters of the growth
solution on GNR growth
Further, the effect of concentration of other reactants,
namely, Au3?, Ag?, and CTAB were monitored
carefully. Variation of the Au3? concentration in the
growth solution alters the aspect ratio of the nanorods. A total of 250 lL of 10 mM Au3? yielded welldefined nanorods (aspect ratio, 3.4). Increase in the
concentration of Au3? in the growth solution leads to
redshift of the LSP which indicates that higher aspect
ratio GNRs could be formed. Similar results were
reported by Murphy’s group (Sau and Murphy 2004).
But beyond certain concentration of Au3?, no
nanorods were formed. For example, an addition of
500 lL of 10 mM Au3? formed no nanorods. This
was confirmed by both UV–visible (Fig. 6A) and
TEM. We suspected that AA was not enough to
reduce all the Au3? ions present in the growth
solution. Upon the addition of 35 lL of AA to the
solution containing 500 lL of 10 mM Au3?, nanorods were formed, confirming the suggestion
(Fig. 6A, trace h). The initial reduction of Au3? to
Au1? was noticeable by the color change (yellow to
colorless), but there was no complete color change
when larger amounts of Au3? ions were present.
Earlier reports relied on Ag? for achieving GNRs
of desired aspect ratio (Kim et al. 2002; Nikoobakht
and El-Sayed 2003a). The role of Ag? was more
noticeable in the formation of short GNRs in high
yields (Jana et al. 2001a, b). In this protocol, no
GNRs were formed in the absence of AgNO3. The
UV–visible spectrum showed only one absorption at
536 nm, attributable to non-rod shaped particles. The
absorption spectrum of the solution in the absence of
AgNO3 is shown in Fig. S2.
Variation of the concentration of AA alters the
aspect ratio of GNRs. Shorter GNRs were observed
with an increase in the concentration of AA, keeping
all the other parameters constant. Similar observations were made previously (Sau and Murphy 2004).
The GNRs did not form below a certain concentration
of AA, due to incomplete reduction of Au3? to Au1?.
It was also observable in the color (due to Au3?) of
the growth solution. Below 20 lL of 100 mM of AA,
no nanorods were formed. Spectral data showed that
the addition of 35 lL of 100 mM of AA gives better
GNRs. The absorption features of different concentrations of AA are shown in Fig. 6B. Different
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Fig. 6 UV–visible spectra of GNRs prepared using different
amount of A Au3? ions [a 50 lL, b 100 lL, c 200 lL, d
250 lL, e 300 lL, f 400 lL, g 500 lL, and h when 35 lL
more AA was added to existing (g) solution], and B AA [a

600
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00 lL, b 10 lL, c 20 lL, d 30 lL, e 35 lL, f 50 lL, and g
75 lL]. Concentrations of the solutions used are the same as
given in the text
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From these studies, the importance in NaBH4 in the
formation of in situ seeds may be suggested. In order
to confirm this, freshly prepared NaBH4, aged NaBH4
(kept for more than 8 h at room temperature), and
heated NaBH4 were used in the synthesis. Freshly
prepared NaBH4 formed GNRs, whereas the addition
of aged NaBH4 did not result in GNRs. However,
NaBH4 preserved at 0 °C, even for 12 h before
adding to the growth solution, formed nanorods. In a
separate experiment, NaBH4 was heated for 5 min at
100 °C and cooled to room temperature (to ensure
complete loss of its reducing action). This did not
form nanorods as expected. UV–visible spectra of
GNRs grown using aged, boiled, and freshly prepared
NaBH4 are shown in Fig. 7. The addition of freshly
prepared NaBH4 to either aged or boiled NaBH4
regained their capacity to form nanorods (Fig. 8A,
B). These experiments reiterate the vital role of
NaBH4 in the formation of GNRs. Through these
studies, it is seen that controlled reduction of growth
solution is the sole criterion for the formation of
GNRs and seeds can be nucleated in situ.

c

Wavelength (nm)

concentrations of CTAB above the critical micellar
concentration (CMC) did not make any visible
change in the absorption spectrum.
Influence of NaBH4 on non-nucleating seeds
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Fig. 7 Absorption spectra of GNRs synthesized with a aged
NaBH4, b heated and cooled NaBH4, c freshly prepared
NaBH4, d fresh Au seed, e Au seed at 1 h, and f 4 h after
preparation

In order to confirm the active role of NaBH4, we
tried a few other control experiments as well. Gold
colloids of 4 and 16 nm in diameter were used as
seed particles. Four nanometer gold colloid was
synthesized by the reduction of NaBH4, and 16 nm
colloid was synthesized by the reduction of trisodium
citrate (Turkevich et al. 1951; Obare et al. 2002).
Colloid prepared by the reduction of NaBH4 formed
nanorods. Aged 4 nm colloids, where no active BH4is present, could not nucleate nanorods. The colloids

123

1784

J Nanopart Res (2010) 12:1777–1786

2.0

b

Absorbance

A

b

B

1.5
1.0

a
0.5
0.0

a
450

600

750

900

1050

450

600

750

900

1050

Wavelength (nm)
Fig. 8 UV–visible spectra of GNRs prepared by using (A) a
50 lL of aged NaBH4 (kept for more than 8 h at room
temperature) and b freshly prepared 50 lL NaBH4 added to

aged NaBH4, and (B) a 50 lL of heated and cooled NaBH4 and
b freshly prepared 50 lL NaBH4 added to heated and cooled
NaBH4

prepared by the reduction of trisodium citrate did not
form nanorods at all. However, when NaBH4 was
added to citrate colloid and the mixture was added to
the growth solution, nanorods were formed (Fig. S3).
This provided conclusive evidence that the growth of
nanorods was controlled by NaBH4 and that externally synthesized seed particles are not necessary in
the nanorod growth.
The effect of NaBH4 concentration on the position
of LSP was evaluated. The results for NaBH4
nucleated GNRs were shown in Fig. 5. The changes
in the position of LSP with the amount of external
seed used (growth performed as per the seed-mediated method) are presented in Fig. S4. An approximate estimate of residual NaBH4 available in the
volume of seed solution added to the growth solution
is calculated. This can be done by using the fact that
one mole of BH4- can reduce eight moles of Au1?
existing in the growth solution. The data are shown in
Fig. S5. The results show that in all the cases of GNR
formation, NaBH4 is always present in a limited
quantity. The LSP position from these two growth
processes is plotted in Fig. 9, as a function of
effective BH4- available in the growth solution.
The data suggest that the GNRs formed by the two
methods are quite similar. This is because the
effective concentrations of BH4- are similar in both
the cases as well as other parameters. Note that the

residual concentration of NaBH4 in seed-mediated
method is likely to be less than the theoretical value
as seed solution is left for 2 h, which explains the
slight differences between the two cases. It is also
important to note that GNR formation happens only
when the effective concentration of NaBH4 is significantly less than the concentration of Au1? in the
solution. It can be concluded from the figure that
NaBH4 is sufficient to induce the formation of GNR.
The original two-step seed-mediated chemical synthesis approach is suggested to study as follows: single
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An elemental analysis using TEM EDAX confirms the
absence of other metals in the GNRs (Fig. S6),
implying that the absence of externally added metal
seeds in GNRs. Although detection limit of an
elemental analysis at these concentrations pose questions, it is difficult to believe that the seeds of varying
structures have any effect both in composition and in
structure. Note that we used externally added seeds of
different metals, with varying crystal structures (e.g.,
metals used are: Hg (rhombohedral), In (tetragonal),
Sb (trigonal), etc.). An earlier reported study on silver
seed-based synthesis of GNR revealed the absence of
silver in the fully grown GNR (Xu et al. 2007). All of
these suggest the in situ formation of gold seeds and
thus, NaBH4 plays a critical role in the formation of
GNRs. It is also important to highlight the fact that
increasing concentration of NaBH4 leads to a blueshift in the longitudinal plasmon of GNR. This
happens because, as the concentration of the reducing
agent increases, a large number of in situ seeds are
formed in the solution, which are supposedly acting as
self-nucleation centers. In turn, the amount of Au1?
available for reduction and nucleation on the seed
surface reduces drastically, thus the growth of seed to
GNR is inhibited, resulting in the formation of
spherical particles.

crystalline seed particles synthesized externally
through the use of NaBH4 as a reducing agent and
CTAB as the protecting agent act as nucleation centers
during the reaction in the growth solution. Au1?
species, present in the growth solution due to the
reduction of Au3? using AA, reduces to Au(0) on the
seed surface leading to symmetry breaking and
the growth of specific facets. During this process of
crystal growth, surfactants and silver bromide preferentially binding to the [100] crystal facet, inhibiting the
nucleation of Au(0) on the [100] facet, and allowing the
growth on stable [111] facet preferentially. The role of
various species contributing to the growth of GNR has
been summarized earlier (Murphy et al. 2005;
Perez-Juste et al. 2005). The formation of Au(0)
initiates the process of in situ spherical seed formation
in the solution. This is clearly evident from the TEM
images taken at different time intervals after the
addition of NaBH4. After the formation of seed
particles, as reported earlier, certain facets of the seed
particles are selectively blocked for further growth due
to the action of CTAB and/or silver bromide. During
this process of selective facet blocking and nucleation
of gold on un-blocked surface, a bilayer micelle of
CTAB continues to develop on the longitudinal growth
direction. Scheme 1 illustrates the AA-induced reduction of Au3?–CTAB complex to Au1?–CTAB complex in the growth solution. The growth of GNRs
initiates with the growth of in situ formed seed
particles. The role of AA, AgNO3, and CTAB, as
suggested in earlier reports, is observed in this
experiment (Murphy et al. 2005; Perez-Juste et al.
2005).
The role of externally added metal seed to the
growth of GNR is likely to be minimal based on the
findings from this study. If metal seeds were to act as
the center for nucleation, traces of such metals should
be found in the fully grown GNRs. HRTEM images of
the GNR revealed the fcc nature of the NR crystals.
Scheme 1 Representation
of the growth of GNRs
using in situ synthesized
seed particles

Conclusions
We report a simple one-pot approach for the synthesis
of highly uniform GNRs. This method throws
important light into the kinetics and nucleation of
GNRs. NaBH4 as a controlled reducing agent is found
to be vital for the formation of GNRs when compared
to the role of externally prepared metal seeds. From
various experiments, we conclude that gold seeds can
be nucleated in situ by the action of NaBH4 in the
growth solution. The method reported is

HO
O

O

HO

Au1+-CTAB
HO

NaBH4

OH

+

In-situ seed
3+

Au -CTAB

1+

Au -CTAB
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comparatively simple, less time consuming, and may
be used even in undergraduate laboratories as well as
for the large-scale synthesis of GNRs.
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References
Ah CS, Yun YJ, Park HJ et al (2005) Size-controlled synthesis
of machinable single crystalline gold nanoplates. Chem
Mater 17:5558–5561. doi:10.1021/cm051225h
Gole A, Murphy CJ (2004) Seed-mediated synthesis of gold
nanorods: role of the size and nature of the seed. Chem
Mater 16:3633–3640. doi:10.1021/cm0492336
Hao E, Bailey RC, Schatz GC et al (2004) Synthesis and
optical properties of branched gold nanocrystals. Nano
Lett 4:327–330. doi:10.1021/nl0351542
Hu JT, Odom TW, Lieber CM (1999) Chemistry and physics in
one dimension: synthesis and properties of nanowires and
nanotubes. Acc Chem Res 32:435–445. doi:10.1021/ar970
0365
Hu J, Zhang Y, Liu B et al (2004) Synthesis and properties of
tadpole-shaped gold nanoparticles. J Am Chem Soc
126:9470–9471. doi:10.1021/ja049738x
Jana NR, Gearheart L, Murphy CJ (2001a) Seed-mediated
growth approach for shape-controlled synthesis of spheroidal and rod-like gold nanoparticles using a surfactant
template. Adv Mater 13:1389–1393. doi:10.1002/15214095(200109)13
Jana NR, Gearheart L, Murphy CJ (2001b) Wet chemical
synthesis of high aspect ratio cylindrical gold nanorods. J
Phys Chem B 105:4065–4067. doi:10.1021/jp0107964
Jin R, Cao Y, Mirkin CA et al (2001) Photoinduced conversion
of silver nanospheres to nanoprisms. Science 294:1901–
1903. doi:10.1126/science.1066541
Kim F, Song JH, Yang P (2002) Photochemical synthesis of
gold nanorods. J Am Chem Soc 124:14316–14317. doi:
10.1021/ja028110o
Maier SA, Kik PG, Atwater HA et al (2003) Local detection of
electromagnetic energy transport below the diffraction
limit in metal nanoparticle plasmon waveguides. Nat
mater 2:229–232. doi:10.1038/nmat852
Millstone JE, Park S, Shuford KL et al (2005) Observation of a
quadrupole plasmon mode for a colloidal solution of gold
nanoprisms. J Am Chem Soc 127:5312–5313. doi:10.1021/
ja043245a
Murphy CJ, Sau TK, Gole AM et al (2005) Anisotropic metal
nanoparticles: synthesis, assembly, and optical applications. J Phys Chem B 109:13857–13870. doi:10.1021/
jp0516846
Nehl CL, Liao H, Hafner JH (2006) Optical properties of starshaped gold nanoparticles. Nano Lett 6:683–688. doi:
10.1021/nl052409y
Nikoobakht B, El-Sayed MA (2003a) Preparation and growth
mechanism of gold nanorods (NRs) using seed-mediated

123

J Nanopart Res (2010) 12:1777–1786
growth method. Chem Mater 15:1957–1962. doi:
10.1021/cm020732l
Nikoobakht B, El-Sayed MA (2003b) Surface-enhanced
Raman scattering studies on aggregated gold nanorods. J
Phys Chem A 107:3372–3378. doi:10.1021/jp026770
Nishida N, Shibu ES, Yao H et al (2008) Fluorescent gold
nanoparticle superlattices. Adv Mater 20:4719–4723. doi:
10.1002/adma.200800632
Obare SO, Hollowell RE, Murphy CJ (2002) Sensing strategy
for lithium ion based on gold nanoparticles. Langmuir
18:10407–10410. doi:10.1021/la0260335
Perez-Juste J, Pastoriza-Santos I, Liz-Marzan LM et al (2005)
Gold nanorods: synthesis, characterization and applications. Coord Chem Rev 249:1870–1901. doi:10.1016/
j.ccr.2005.01.030
Rex M, Hernandez FE, Campiglia AD (2006) Pushing the
limits of mercury sensors with gold nanorods. Anal Chem
78:445–451. doi:10.1021/ac051166r
Sajanlal PR, Pradeep T (2008) Electric-field-assisted growth of
highly uniform and oriented gold nanotriangles on conducting glass substrates. Adv Mater 20:980–983. doi:
10.1002/adma.200701790
Sau TK, Murphy CJ (2004) Seeded high yield synthesis of
short Au nanorods in aqueous solution. Langmuir
20:6414–6420. doi:10.1021/la049463z
Sreeprasad TS, Samal AK, Pradeep T (2008) One-, two-, and
three-dimensional superstructures of gold nanorods
induced by dimercaptosuccinic acid. Langmuir 24:4589–
4599. doi:10.1021/la703523s
Taub N, Krichevski O, Markovich G (2003) Growth of gold
nanorods on surfaces. J Phys Chem B 107:11579–11582.
doi:10.1021/jp036144s
Tong L, Zhao Y, Huff TB et al (2007) Gold nanorods mediate
tumor cell death by compromising membrane integrity.
Adv Mater 19:3136–3141. doi:10.1002/adma.200701974
Turkevich J, Stevenson PC, Hillier J (1951) A study of the
nucleation and growth processes in the synthesis of colloidal gold. Discuss Faraday Soc 11:55–75. doi:
10.1039/DF9511100055
Van der Zande BMI, Bohmer MR, Fokkink LGJ et al (1997)
Aqueous gold sols of rod-shaped particles. J Phys Chem B
101:852–854. doi:10.1021/jp963348i
Wei Z, Mieszawska AJ, Zamborini FP (2004) Synthesis and
manipulation of high aspect ratio gold nanorods grown
directly on surfaces. Langmuir 20:4322–4326. doi:
10.1021/la049702i
Wiley B, Sun Y, Mayers B et al (2005) Shape-controlled
synthesis of metal nanostructures: the case of silver. Chem
Eur J 11:454–463. doi:10.1002/chem.200400927
Xu ZC, Shen CM, Xiaol CW et al (2007) Wet chemical synthesis of gold nanoparticles using silver seeds: a shape
control from nanorods to hollow spherical nanoparticles.
Nanotechnology 18:115608. doi:10.1088/0957-4484/18/
11/115608
Yang Y, Liu S, Kimura K (2006) Superlattice formation from
polydisperse Ag nanoparticles by a vapor-diffusion
method. Angew Chem Int Ed 45:5662–5665. doi:
10.1002/anie.200601233
Yu YY, Chang SS, Lee CL et al (1997) Gold nanorods: electrochemical synthesis and optical properties. J Phys Chem
B 101:6661–6664. doi:10.1021/jp971656q

