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By utilizing the X-ray absorption approach, the gold ions evolving from the Au-Cl complex to Au rods have
been elucidated. The theoretical simulation of X-ray absorption spectra further revealed the evolution of gold
and concluded that ultrafine small clusters of gold (Au13) formed after a reducing agent was added to the
growth solution. A redesigned seed-assisted growth method, a serial addition of growth solution, was employed
to achieve the goal of the consecutive support of gold. The development approach was found to successfully
fabricate 1D gold nanorods/wires with a tunable size from 50 nm to 1.7µm.

Introduction

The synthesis of metal nanoparticles has been a research issue
for decades owing to their widespread use in electronics,
photonics, catalysis, information storage, optical sensing, bio-
logicallabeling,imaging,andsurface-enhancedRamanscattering.1-5

The properties of metal nanoparticles are dependent on their
size, shape, composition, and crystallinity.6 By properly control-
ling these parameters, it is possible to tailor their properties for
various applications. The intense study devoted to metal
nanoparticles is motivated mainly by their extremely interesting
optical properties. The wavelength of the plasmon resonance
depends on several parameters, among which particle size and
shape, surface charge, and the nature of the environment are
probably the most important.7 As a result, shape control has
received considerable attention because it allows one to fine-
tune the properties with greater versatility.8 In this regard, gold
and/or silver nanostructures have attracted substantial interest
because of their size- and shape-dependent optical properties.
Specially, one-dimensional (1D) gold nanostructures have
received great attention owing to their biological applications9

and size-dependent optical properties that can be tuned by
varying the aspect ratio of the rods.7,10Several synthetic methods
exist for preparing gold nanorods, such as electrochemical
deposition on hard templates,11 electrochemical synthesis in
solution,10a photochemical methods,12 and the seed-mediated
method.13 In addition to the hard template approach (porous
membranes), most of the other methods rely on the use of a
surfactant as a soft template in the experimental solution.
Cationic ammonium surfactants have been used as soft template
and directing agent in the synthesis of 1D gold nanorods in
aqueous solutions; the most widely used surfactant is cetyltri-
methylammonium bromide (CTAB). CTAB surfactants adsorb
to gold nanorods in a bilayer fashion with the trimethylammo-
nium headgroups in the first monolayer facing the gold surface.14

Preferential adsorption of CTAB to the different crystal faces

of gold leads to the inhibition of growth along the long axis of
the rods, thereby enhancing growth at the ends of rods. The
growth mechanism of gold nanorods in the presence of CTAB
has been investigated extensively considering the influence of
pH value,15 nature of the seed,16 heat treatment,17 and so on.
However, most of the studies in the synthesis of gold nanorods
have focused on the roles of CTAB;18 little attention has been
given to the evolution of gold during the reaction and growth.
The lack of information on the processes occurring in the
reaction vessel during the growth of gold hinders the develop-
ment of predictable shape-control schemes.

It is vitally important to study the fundamentals of gold
growth because the understanding of this aspect will guide us
to newer material design and a more sophisticated synthetic
method. Although X-ray crystallography is extremely powerful
as a structural probe, it provides only a description of the
structure in the solid state. In contrast, most chemical reactions
take place in solution. Reactive intermediates also are, by
definition, difficult or impossible to crystallize. To accurately
follow the reaction, it is essential to confirm that the crystal-
lographic structure accurately represents the molecule of interest
when it is in solution. One promising way to achieve this goal
involves using X-ray absorption spectroscopy (XAS) here
especially for the solution phase.19a The study of the extended
X-ray absorption fine structure (EXAFS) has been particularly
useful in providing local structural information about the
noncrystalline,19 and the X-ray absorption near-edge structure
(XANES) can characterize the chemical bonding environment
of the absorbing atoms and can be used to derive the effective
oxidation state of the metal atoms.20 In this report, utilization
of XAS allows us to approach the growth of gold and propose
a growth mechanism. On the basis of these principles and our
results with gold 1D nanomaterials, we have been able to grow
nanorods/wires with a continuous size of 50-1700 nm.

Experimental Section

Chemicals and Materials.Hydrogen tetrachloroaurate (III)
hydrate, trisodium citrate dehydrate (99%), silver nitrate (99%),
ascorbic acid (AA) (99%), and cetyltrimethylammonium bro-
mide (CTAB) (99%) were obtained from Acros Organics and
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used without further purification. The water used throughout
this investigation was reagent-grade water, produced using a
Milli-Q SP ultrapure-water purification system from Nihon
Millipore Ltd., Tokyo.

Preparation of Gold Seeds.An aqueous 1% trisodium citrate
solution (0.35 mL) was added into 10 mL of an aqueous 0.25
mM HAuCl4 solution. After the solution was stirred for 3 min,
0.3 mL of an ice-cold, freshly prepared aqueous 0.01 M NaBH4

solution was added, followed by stirring for 5 min. The seed
solution was kept at room temperature for∼2 h and was used
further.

Preparation of Gold Nanowires.CTAB (0.1 M) and 0.25
mM HAuCl4 aqueous solution were prepared as the growth
solution; the solution was stored at 27°C throughout the
experiment. Gold seeds (0.1 mL) were placed in a beaker. Three
quantities (1, 10, and 100 mL) of growth solutions were
mixed with 0.06 mL (first), 0.6 mL (second), and 6 mL
(third) of freshly prepared ascorbic acid solution (10 mM),
respectively. The growth solution became colorless after the
ascorbic acid solution was added. These three colorless solutions
were added to the gold seed solution step by step at intervals
of 30 s.

Serial Addition of Growth Solution. CTAB (0.1 M) and
0.25 mM HAuCl4 aqueous solution were prepared as the growth
solution; the solution was stored at 27°C throughout the
experiment. First, 5 mL of growth solution was mixed with 0.3
mL of freshly prepared ascorbic acid solution (10 mM). Serial
growth solutions (5 mL) were added to the seed solution (0.1
mL) at 30 s intervals. After the desired volume of growth
solutions was added, the reaction mixture was kept for 24 h
before subsequent analysis.

Characterization. The UV/vis spectra of the colloidal
nanoparticle solution were obtained using a SHIMADZU UV-
1700 spectrophotometer with a 1 cm quartz cell at room
temperature. Transmission electron microscopy (TEM) was used
to characterize the surface morphology of the samples. The TEM

images were collected on a JEOL JEM-2010 electron micro-
scope. The images of high-resolution transmission electron
microscopy (HRTEM) and electron diffraction patterns were
collected on a JEOL JEM-2100F electron microscope. The
specimens were obtained by placing many drops of the colloidal
solution onto a Formvar-covered copper grid and evaporating
it in air at room temperature. Prior to specimen preparation,
the colloidal solution was sonicated for 1 min to improve the
dispersion of particles on the copper grid. A series of XAS
measurements of the synthesized samples were made using
synchrotron radiation at room temperature. Measurements were
made at the Au L3-edge (11918 eV) at room temperature.

XAS Data Analysis. The Wiggler-C beam line of the
National Synchrotron Radiation Research Center (NSRRC),
Taiwan, has been designed for such experiments. The back-
scattering amplitude and phase shift functions for specific atom
pairs were calculated ab initio using the FEFF8 code.21 X-ray
absorption data were analyzed following standard procedures,
including preedge and postedge background subtraction, nor-
malization with respect to edge height, Fourier transformation,
and nonlinear least-squares curve fitting.22 EXAFS analyses
were carried out using an analysis package, “REX” or
“REX2000”, coded by Rigaku. The normalizedk3-weighted
EXAFS spectra,k3x(k), were Fourier-transformed in thek range
from 2.0 to 13.5 Å-1 to reveal the contribution of each bond
pair on the Fourier transform (FT) peak. The experimental
Fourier-filtered spectra were obtained by performing an inverse
Fourier transformation with a Hanning window function withr
between 1.9 and 3.2 Å. The S0

2 (amplitude reduction factor)
value of the Au atoms was fixed at 0.85 to determine the
structural parameters of each bond pair.

The results of simulations of gold atoms are based on the
theoretical approach implemented in the relativistic, self-
consistent FEFF8 code. The cluster size of the multiple-
scattering calculation is specified by the FMS card and that for
the self-consistent field calculations by the SCF card in the input

Figure 1. TEM images of gold resulting products after first growth addition (a), second growth addition (b), and third growth addition (c). (d and
e) HRTEM images and SAED patterns corresponding to short (Figure 1b) and long (Figure 1c) gold nanorods.
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file. Default values of other input options were used. The only
nonstandard input to FEFF8 was the EXCHANGE card
(EXCHANGE 0/1 0 0.25), indicating that the calculations are
carried out using the Hedin-Lundqvist/Dirac-Hara plasmon-
pole self-energy, without any shifts, and with some additional
broadening (0.25 eV). These parameters usually agree better
with experimental results. Hedin-Lundqvist background func-
tion was used for HAuCl4 solution and mixture of HAuCl4 and
CTAB solution (molecular). Dirac-Hara background function
was used for adding reductant (ascorbic acid) into the growth
solution (solid).23

Results and Discussion

Addition Effect and Optical Properties. Figure 1a-c shows
the TEM images of the resulting product. When the first addition
of growth solution was added to the seed solution, spherical
particles were the major product; only a few short nanorods
were obtained owing to the small amount of growth solution
available as a gold ion source (Figure 1a). When the second
and third growth solution were used to grow the nanorods, the
average lengths were found to be∼59 nm and∼570 nm,
respectively. The gold nanorods were formed in high yield,
together with a small percentage of rough nanoplates (Figure
1c). The nanorods are relatively uniform in both diameter and
length. High-resolution TEM images (Figure 1d) of these shorter
rods (second) show diffraction contrast along the growth axis
of the nanorods, indicating that the structure is not single-
crystalline. The structure is twinned along the long axis. Electron
diffraction analysis confirmed the superposition of specific
crystallographic zones corresponding to the<110> and<111>
zones of the face-centered cubic structure. In the case of the
third addition, results of selective area electron diffraction and

HRTEM (Figure 1e) showed that nanorods (third) were iso-
metric pentafold twinned around their growth axis, which was
along the [110] direction. Each section was separated by (111)
planes and each rod has 5{100} side faces and 10{111} end
faces, which was consistent with previous study of nanorods
prepared in CTAB medium.24

Because the nanostructure of gold is well known to exhibit
distinctive SPR features that depend strongly on their shape and
structure, the shape evolution of the product could be conve-
niently followed by the UV/vis spectroscopic method. Figure 2
shows the absorption spectra of nanorods prepared in present
study. The surface plasmon absorption spectra of 1D gold
nanostructures are usually characterized by two bands. The
absorption band appearing at the shorter wavelength is attributed
to the transverse band, and that appearing at a longer wavelength
corresponds to the longitudinal band.7 It can be seen that through
increasing the additional volume of growth solution the longi-
tudinal plasmon band red-shifts and its intensity increases. When
the first addition of growth solution was added to the seeds,
only a small shoulder was found, which shows that most of the
resulting nanoparticles were spherical. As more growth solution
was added, the extinction spectrum exhibited a two-band feature,
which verified the formation of 1D nanostructures. Notably,
optical properties of these short gold nanorods are very close
to the trend predicted by discrete dipole approximation (DDA).
Simulations of the absorption efficiency using the DDA method
and taking into account the real shape of gold nanorods have
been reported.25 Its maximum positionλmax shifts to the red as
the aspect ratio increases. Simulated data is obtained for the
equation below:

Applying 2.4 (AR was obtained in this study) to eq 1 gives
λmax ) 648 nm, which is very close to our observation (649
nm).

Figure 2. Extiction spectra of seeds, resulting products after first and
second growth addition.

Figure 3. XANES spectra of Au L3-edge for each reaction step.

Figure 4. Fourier transforms of Au L3-edge EXAFS spectra for each
reaction stage.

TABLE 1: AuL 3-Edge EXAFS Structural Parameters of
Each Reaction Stage, Au Rods, and Au Foil

sample path R (Å) CN σ (Å) ∆E (eV)

HAuCl4 Au-Cl 2.37 (3) 3.2 (5) 0.076 (5) 4.2 (7)
HAuCl4 + CTAB Au-Br 2.50 (5) 3.6 (6) 0.082 (4) 6.3 (6)
HAuCl4 + CTAB

+ AA
Au-Au 2.80 (9) 5.1 (6) 0.101 (7) -3.3 (7)

introducing seeds Au-Au 2.81 (6) 8.8 (4) 0.089(6) 3.2 (7)
Au rods Au-Au 2.85 (4) 10.7 (5) 0.069 (5) -1.2 (3)
Au foil AusAu 2.86 (3) 11.8 (4) 0.0045 (5) 1.0 (5)

λmax ) 96 AR (aspect ratio)+ 418 (1)

18552 J. Phys. Chem. C, Vol. 111, No. 50, 2007 Chen et al.
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XANES Analysis of Gold throughout the Reaction.X-ray
absorption spectroscopy experiments were performed to provide
a better understanding of the oxidation state of gold nanopar-
ticles throughout the reaction. Figure 3 plots the XANES of
the Au L3-edge throughout the experiment, which can distin-
guish the absorption spectra of gold during the reaction. The
spectrum after CTAB was added to the precursor (HAuCl4) has
a similar structure, whereas the white line significantly decreased
in intensity. The L3-edge white line intensity depends on the
electronic charge transfer between the absorbing atoms and
ligands.26 One should consider that chloride ions from AuCl4

-

will (at least partially) exchange with bromide ions from CTAB
because the bromide concentration is much higher than that of
chloride. The interaction of the gold with the bromide has the
effect of increasing the number of unoccupied d states of the
gold. This result indicates a certain degree of electron transfer
from bromide to gold, which elucidates the existence of the
ligand exchange. Numerous studies have utilized the shape of
the edge as a probe to determine the chemical state of the
metal.27 When ascorbic acid (as reducing agent) was added into
the growth solution, the spectrum underwent a striking change
and the white line intensity damped considerably. Although the
position of the absorption edge in the K-edge was strongly
dependent on the oxidation state of absorbing atoms, this effect
usually was not operated in L3-edge especially for 5d elements.26

The expected absorption edge shifts are not readily observed
in all cases because the actual edge is superposed to a varying
extent by a prominent peak (2p3/25d transition), which depends
on the oxidation state of gold. From the formal electronic
configuration for the gold, Au0 (5d106s1), Au1+ (5d106s0), and
Au3+ (5d86s0), it is supposed that only the Au3+ can exhibit the
2p3/2 f 5d transition. Nevertheless, in an actual condition, the
proximity between the Au 5d and 6s levels can cause the orbital
mixing and the d-orbital vacancy even in Au0 or Au1+ states,
allowing the 2p3/2 f 5d transition.28 Notably, the intensity of
this peak appears to increase with increasing unoccupied d
densities of states.28c,d This decrease in intensity of the white
line, as mentioned above, can be attributed to the fact that Au3+

ions were reduced to Au0 and/or Au1+ by ascorbic acid.
Nevertheless, we believe that most of Au3+ ions were reduced
to Au0 atoms because the stoichiometry of the reagents in the
present synthesis is such that the amount of ascorbic acid is
enough to reduce all of the gold salt in the solution. Theoreti-
cally, each ascorbic acid molecule loses two electrons upon
oxidation,17 and for reducing Au3+, three electrons are needed
per gold ion. Therefore, the ascorbic acid to gold salt ratio should

be at least 1.5 to make the complete reduction of gold. We have
used the ascorbic acid to gold salt ratio of∼2.4, which would
completely reduce all gold ions in the solution. When seeds
were mixed with growth solution in which ascorbic acid had
been added, the near edge structure was similar to that of gold
foil while the intensity of solution after seeding was clearly
lower than that of gold foil. This indicated that the resulting
product had a structure similar to that of bulk gold after growth
solution was added to the seeds.

EXAFS Analysis of Gold throughout the Reaction.Figure
4 shows the Fourier transforms (FT) of Au L3-edge EXAFS
spectra for each reaction stage. As aqua HAuCl4 was mixed
with CTAB, a strong peak appearing in the FT corresponded
to the Au-complex change from∼1.9 to∼2.1 Å before phase
correction, which indicated that the first shell around the Au3+

atoms was Br atoms instead of Cl atoms. After ascorbic acid
(AA) was added, the Au3+ atoms were reduced to Au0 and led
the radius of Au atoms to increase. Thus, the peak appears at
∼2.6 Å before phase correction arising from the Au-Au
scattering in ultrafine gold nanoparticles. The FT of small
particles often gives the peak at a shorter distance, which also
means that a somewhat structural contraction occurred in this
stage. This can be attributed to core-level binding-energy shifts
relative to the Fermi level.29 On forming the metal, there is a
flow of charge into the volume appropriate to the Wigner-
Seitz cell, leading to a charge compression with the result that
the binding energy is smaller in the bulk metal than in the free
atoms.30 For small clusters where a significant fraction of the
atoms are located in surface sites, a net binding energy
intermediate between the free atom and bulk metal is expected.
Alternatively, the observed bond-length contraction with de-
creasing cluster size can also be explained by the aforementioned
redistribution of charge.31 In a surface, the number of nearest-
neighbor atoms is significantly less in the bulk, which leads to
a reduction in repulsive interactions between nonbonding
electron pairs. A contraction of nearest-neighbor distance is the
result, and therefore both EXAFS and XANES verify the
formation of ultrafine nanoclusters. As seed was added, a strong
peak at∼2.7 Å before phase correction appearing in the FT
arising from scattering of Au atoms. Seed particles are believed
to provide active sites for subsequent crystal growth; gold atoms
suspended in solution begin to grow and deposit on the surface
of seeds. After a sufficient period of growth, this epitaxial
deposition will lead to the growth of gold seeds. The peak
corresponding to the scattering of the Au-Au path became
sharper than the addition of ascorbic acid, which suggests the

Figure 5. (a) Comparison between experimental spectrum and that calculated with FEFF for the Au-Cl complex. (b) Comparison between
experimental spectrum and that calculated with FEFF for the Au-Br complex.

Controlling Length of Gold Nanowires J. Phys. Chem. C, Vol. 111, No. 50, 200718553
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growth of gold nanocrystals. Structural parameters for each
spectrum are obtained by EXAFS refinement (Table 1). The
evolution of the first metal-metal distance, which decreases
from 2.86 Å for Au foil and 2.85 Å for Au rods to 2.81 Å for
introducing seeds, confirms the contraction of the first coordina-
tion shell distance. The clusters after adding ascorbic acid feature
an intermediateR value at 2.79 Å, the Au-Au bond distance
could be correlated to some extent with the size of particles.
When a highly disordered system is analyzed by the usual
EXAFS analysis, the coordination number is much reduced and
the interatomic distance appears shorter than the real value. In
fact, the apparent bond length derived from EXAFS gets
shorter with raising temperature owing to the large thermal
disorder although it should be elongated by thermal ex-
pansion.22

In the case of adding AA, a low coordination number (5.1)
was due to its smaller size, this value is slightly lower than
expected (ideally 5.5) for an Au13 cluster. As seeds were
introduced into the growth system, the coordination number
increased to 8.8 owing to the presence of seed particles and an
epitaxial growth of gold. The ultrafine clusters (smaller than 1
nm) grew upon the surfaces of seeds, which led to the increase
of coordination number. With the progressive growth of gold,
growing from small nanocrystals (8.8) to nanorods (10.7), the
coordination number increased further. The coordination num-
bers of both the nanocrystals and nanorods were substantially
lower than those for bulk Au, as expected from the presence of
a high proportion of surface atoms as is the nature of nanoma-
terials. The Debye-Waller factor (σ) corresponding to the first
shell showed a great variation according to the situation of the
sample, from 0.045 Å for Au foil to 0.069 Å for Au rods
prepared in the present method and up to 0.101 Å for the clusters
formed after adding AA. The case of the sample after seeds
have been introduced has a lower coordination number and
higher Debye-Waller factor than that of Au nanorods. One
interpretation of the low coordination number and high Debye-
Waller factor could be that the Au atoms are looser in the as-
formed gold clusters than those in gold nanorods. It is reasonable
to believe that gold nanorods have better crystallinity than the
as-formed gold clusters, for instance, the relative absence of
disorder in the form of stacking, as is usually found for small
metal cluster sizes.

Theoretical Simulation of XANES. To demonstrate the
structure and geometry of gold during the reaction more
accurately, we manipulated a theoretical simulation study of

XANES. In the present study, we have used theoretical
simulations based on the ab inito relativistic, self-consistent
code FEFF8 to show that XANES can provide considerable
insight into the morphology of gold.5 This code is based on a
full multiple scattering, real-space Green’s function formalism.
These include the study of small Pt clusters, Cu clusters, Cu/
Mn clusters, and Cu/Pd clusters.32 Figure 5a shows the
experimental data of HAuCl4 and theoretical simulation spec-
trum based on the model in which AuCl4

- has a square planar
structure (D4h). In FEFF8 code, the cluster size of the multiple-
scattering calculation is specified by the FMS card (i.e.,
FMS 3.0) and that for the self-consistent field calculations by
the SCF card in the in the input file (SCF 3.0), only the first
shell was taken into consideration. It clearly elucidates that the
theoretical simulation spectrum matched well with the experi-
mental one. Our computed value was found to be∼2.39 Å;
this is slightly longer than those obtained from the quantum
chemical calculated one (2.36 Å).33 This is because AuCl4

- in
this study was not in the solid phase, rather the molecular phase.
Gold ions may be surrounded by solvent molecules (e.g., H2O),
which leads to the weakening of the overlap between orbitals
of gold and those of chloride and makes the Au-Cl bonds
longer. Figure 5b shows the experimental data of a mixture of
HAuCl4 and CTAB and theoretical simulation spectrum based
on the model in which AuBr4- has a square planar structure
(D4h). As CTAB was added into the HAuCl4 solution, a ligand
exchange occurred and simultaneously chloride ions were
replaced with bromide ions. We operated the simulation through
using a model similar to that of the operation in AuCl4

-

molecules, scattering atoms (change from Cl to Br) and
interatomic distance were optimized. Note that the calculation
results demonstrated that the bond length for a Au-Br
bond was∼2.52 Å; this increase in bond length (0.13 Å)
corresponded to the difference in atomic radius between
chloride and bromide (0.12 Å).34 As a result, bromide at
certainly high concentration (100 times higher than that of
chloride) should strongly affect the following course of reaction
and growth of gold.

Figure 6 shows the experimental data of adding ascorbic acid
and the theoretical simulation spectrum based on the model
considering gold atoms have faced-centered cubic structure
(Fm3hm). Nevertheless, there should be no negligible effects
owing to factors in the structure of the clusters: (a) cluster size
and (b) lattice contraction. To investigate cluster size effects
on XANES spectra, several calculations were performed with

Figure 6. (a) Size effect on the XANES spectra for Au13, Au43, Au55, and Au78. (b) XANES spectra as calculated with FEFF for a 13-atom cluster
of gold with different interatomic distances. (RAu-Au ) 2.80, 2.82, 2.84, and 2.86 Å).

18554 J. Phys. Chem. C, Vol. 111, No. 50, 2007 Chen et al.

D
ow

nl
oa

de
d 

by
 N

A
T

IO
N

A
L

 T
A

IW
A

N
 U

N
IV

 o
n 

A
ug

us
t 1

0,
 2

00
9

Pu
bl

is
he

d 
on

 N
ov

em
be

r 
29

, 2
00

7 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

jp
07

70
61

5



raising number of atoms. As shown in Figure 6a, the intensity
of the white line varies slowly with the size of the cluster
(indicated by an arrow). This is a direct consequence of the
existence of inequivalent sites in small clusters, which concludes
that a size effect is directly observable on the white line. Most
interestingly, the intensity of the white line increased from
adding of ascorbic acid to gold foil (as indicated by an arrow
in Figure 3); it is consistent with the evolution of the cluster
size effect generated by theoretical simulation. Earlier, Lytle
had shown that a small white line exists at the Au L3-edge in
accord with the band calculation of Mattheiss et al., who showed
that there are unoccupied density states of d5/2 and d3/2 character
in the vicinity of the Fermi level owing to some level of s-p-d
hybridization.27 Moreover, we have to point out that the
simulation spectra exhibit another feature: the presence an
additional peak located at about 11980 eV, which arises in
intensity with increasing cluster size. Thus, all simulation
spectra differ from those of the experiment except the simulation
spectrum of Au13 displays a feature similar to the experi-
mental results. At this step of the numerical simulation, we
have to emphasize the ultrafine small clusters presented at this
stage.

To evaluate the modifications coming from a slight variation
of the interatomic distance, we have also performed a set of
calculations for 13-atom clusters of gold with different Au-
Au interatomic distances. As shown in Figure 6b, it is clear
that the position of the resonance peaks varied slightly with
the change of Au-Au bond length. A shift toward higher
energies can be attributed to a smaller interatomic distance. Our
results for the effects of interatomic distance in XANES is in
reasonable agreement both in amplitude and relative splitting
with that of a simulation withRAu-Au ) 2.82 Å, implying the
occurrence of structural contraction. This lattice contraction in
small particles has been reported, which usually takes place in
nanomaterials.35 Consequently, the XANES features cannot be
explained only in terms of cluster size but the interatomic
distance must be taken into account. Nonetheless, there are clear
numerical trends in the XANES analysis, which give semi-
quantitative insight into the design of these gold cluster
materials. Simulation of XANES for gold provides clear and
accurate evidence to verify the presence of Au13 clusters with
structural contraction.

According to the above observation, we summarized the
evolution of gold as shown in Figure 7. After HAuCl4 solution
was mixed with CTAB as surfactant, chloride ions were replaced
by bromide ions to form a complex (AuBr4

-) with gold ions
(Au3+), which means that ligand-exchange occurred. Because

ascorbic acid (AA) as a reducing agent was added into the
AuBr4

- solution, the majority of gold ions (Au3+) were reduced
to Au0 atoms and aggregated to form Au13 clusters. Additionally,
surfactant (CTAB) acted as a stabilizer to prevent the Au13

clusters from further growth. As a result, the Au13 clusters can
stably maintain this situation for a period as a result of the lack
of color in the solution at this stage. Because the scattering cross
section for these ultrasmall gold clusters (below 1 nm) is
extremely small, the well-known surface plasmon resonance
(SPR) absorption for gold nanoclusters in the UV/vis region
could not be observed.36 After introducing the seeds into the
reaction system, these Au13 clusters formed after adding AA
grew upon the surfaces of seeds, which indicated that an
epitaxial growth is present in this system. An “autocatalytic
growth mechanism” may be operated here to explain this
observation; the presence of nanoparticles as seeds significantly
enhances the growth steps rather than the nucleation steps.37

At once, the surfactant acts as a growth director to serve a one-
dimensional environment for the growth of gold because of the
rodlike micelles formed by the surfactant. The hydrophobic tail
of CTAB interdigitates to make a bilayer on the rods, with the
cationic headgroup of the first monolayer facing the gold
surface.10b As a consequence, an anisotropic growth takes
place and 1D gold nanorods were prepared under these
conditions.

Length Control of Rods/Wires. Because the growth of the
seed particles to rod-shaped particles is terminated upon
depletion of the gold atoms supply of the solution, we believe
the fact that the length of nanorods can be prolonged further if
the growth of gold is not terminated. The synthesis of gold
nanowires in a wet chemical approach with size above micros-
cale has not yet been reported even though silver nanowires on
a micrometer scale have been fabricated.2b,13b We, according
to the above observation in this study, redesigned the seed-
mediated growth method. A serial addition of growth sol-
ution was employed to achieve the goal of supporting the gold
continuously. The rod mixtures were then grown by serial
addition of growth solution into the existing seed solution
in the presence of reducing agent (ascorbic acid). Through
TEM studies and statistical analysis, we have shown that the
length and width of gold nanorods/wires increase gradually with
increasing volume of growth solution (Figure 8). The average
length and width of the product after adding 10 mL of growth
solution were 58.1( 9.2 nm and 25.1( 0.9 nm, respectively.
When 1200 mL of growth solution was used to grow the 1D
gold nanomaterials, the length of gold rods extended to about
1700 nm (aspect ratio∼ 35). Moreover, we divided the growth

Figure 7. Evolution of gold at an early stage.
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into two regions: (a) small amount of addition (from 10 to 100
mL) and (b) large amount of addition (from 100 to 1200 mL).
In the case of length, the slope (nm/mL) of regions a and b
from linear-regression analysis give 4.78 and 1.14, respectively.
In the case of width, the slope (nm/mL) of regions a and b from
linear-regression analysis give 0.081 and 0.019, respectively.
The growth ratio between longitudinal and transverse axes can
be defined as

This demonstrates that the growth rate between the longitudinal
and transverse direction remained constant even if a large
amount of growth solution was introduced into the reaction

system to grow the gold 1D nanomaterials, which means that
this novel approach can be extended to large scale easily. As a
consequence, 1D gold nanorods/wires with desired lengths have
been fabricated successfully via this method. To our knowledge,
this is first example of high-yield gold nanowires with micros-
cale by means of a wet chemical synthesis.10b,10c

Conclusions

The present work has clearly established that gold ions
evolved from the Au-Cl complex to Au rods through using
the X-ray absorption approach. The theoretical simulation of
X-ray absorption spectra further revealed that evolution of gold,
ultrafine small clusters (Au13) presented after reducing agent
(ascorbic acid) was added to growth solution. XAS results allow
the growth of gold and guide a proper scheme about the growth
process. A serial addition of growth solution was employed to
keep the supporting of gold, and 1D gold nanorods/wires with

Figure 8. TEM images of resulting products after addition of 10 mL growth solution (a), 20 mL growth solution (b), 100 mL growth solution (c),
700 mL growth solution (d), and 1200 mL growth solution (e). Plot showing the dependence of the length and width on the volume of growth
solution; the insets show TEM images of samples synthesized under the corresponding condition (f).

growthlongitudinal/transverse) 4.78
0.081

∼ 59 region a

growthlongitudinal/transverse) 1.14
0.019

∼ 60 region b
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tunable size up to microscale have been prepared successfully.
Although the present work was focused on gold and CTAB,
we believe that this new strategy can also be extended to other
noble metals. We anticipate that continuous supply of metal
atoms may provide a generic route to the synthesis of metal
nanocrystals with controllable shapes, in high yields, and in large
quantities.
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