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By monitoring the time evolution of the optical absorption spectrum corresponding to dynamic information of aspect ratio (AR) and volume, we succeeded in following the growth
kinetics of gold nanorods. The results indicate that the rods growth consists of two stages:
seeds develop into rods with a fast AR increase and the rods grow big with constant AR.
Here, a charge transfer model, involving positive charge transfer from Au(I) to seed and neutralization by electron from ascorbic acid, has been introduced to explain the autocatalysis
mechanism of rod growth. The good agreement between the numerical simulation based on
this model and experimental results supports the proposed mechanism.
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sis gold nanorods effectively because the products are
influenced by many factors, such as temperature [22],
surfactant type [23], concentration of gold salt, reducing agent, silver nitrate and seed [24], seed qualify [25],
even stirring [26]. Additionally, rod shape is determined
by several parameters, such as diameter, length and ellipticity, which are also difficultly controled accurately
in growth solution, but all have great impact on the
final photophysical features. This may be the reason
why gold nanorods are still not commercially available,
while the spherical particles can be purchased with various diameters from the agent companies.

I. INTRODUCTION

The noble metal nanoparticles have drawn particular interest because of their unique optical properties,
which originates from the localized surface plasmon resonance (LSPR) as a collective oscillation of the conduction electrons which occurs when light impinges on a
nanoparticle at a specific wavelength [1]. These unique
optical properties led to plenty of potential applications
in many fields, such as surface enhanced spectroscopy
[2−4], optical filters [5−7], drug delivery [7−9], photothemal therapy [10, 11], and vivo imaging [11−13].
Gold nanoparticles, as the most stable nanoparticle [14],
have been widely studied. Over the last decade, rodshaped gold nanoparticles attracted more interest of
researches because of their additional properties that
are absent in the spherical particles. For example, the
presence of the strong longitudinal plasmon band makes
the resonance band wavelength ranging from 600 nm to
NIR region by altering the aspect ratio [15, 16].

For the shape controlling, it is very important to understand the growth mechanism of gold nanorods. Previously, most effort has been devoted to exploiting the
template function of cetyltrimethylammonium bromide
(CTAB) [27], the role of AgNO3 in solution [20, 23],
and behavior of gold salt in micelle [28]. However, to
date there is no satisfactory description of the essential
mechanism of the nanorod growth because most of these
investigations focusing on the final product, rather than
its growth process. Although, the gold nanoparticle
can be treated as a single crystal in solution, the seedmediated growth of nanorods is different from that of an
organic or inorganic crystal in solution. Here, seeds cannot collect gold atoms directly from environment. The
seeds firstly take part in a reduction reaction of gold salt
in solution, and meanwhile perform growth by binding
the reduced gold atoms. Therefore, understanding of
the dynamic process during the rod formation is really
necessary for optimizing the synthesis protocol.

Unlike that of spherical nanoparticles, the preparation of rod-like shape nanoparticles is more challenging.
Many methods have been developed for gold nanorod
synthesis, including electrochemical deposition [17, 18],
photochemical synthesis [19], seed-mediated growth in
solution [15, 20] and electron-beam lithography [21].
Among them, the seed-mediated method reported by
El-Sayed [15] and Murphy [20] is the only one to produce gold nanorods in desirable quantity under simple conditions. Nevertheless, it is still hard to synthe-

In the present work, based on the effect of reducing
agent (ascorbic acid, AA) amount on the gold nanorod
formation, the dynamic growth mechanism was investigated by observing the dynamics of the optical absorp-
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tion spectrum. We found that the amount of AA in the
solution affects significantly not only the gold nanorods
shape but also the growing dynamics. An autocatalysis mechanism, involving a charge transfer process, has
been applied to explain the experimental results that
was successfully described the growth dynamics in solution.

II. EXPERIMENTS
A. Materials

Chloroauric acid, AA, sodium borohydride, and silver nitrate were purchased from Aldrich. CTAB was
purchased from Alfar. All reagents were used as received. Deionized water (>18.0 MΩ) from a Millipore
water purification system was used for all experiments.

B. Growth of gold nanorods

The usual seed-mediated growth procedure reported
previously has been used in the present work with some
modifications [15, 27]. A typical synthesis involves a
2.5 mL aqueous solution consisting of 0.1 mol/L CTAB
prepared in a 1 cm quartz optical cell. Also, 50 µL
of 20 mmol/L HAuCl4 solution, 18 µL of 10 mmol/L
AgNO3 , and various volumes of 100 mmol/L AA were
added to the reaction cell in turn followed by gentle mixing. AA volumes of 20, 25, 30, and 40 µL corresponding
to the ratio of [AA]:[AuCl4 ]=1, 1.25, 1.5, and 2.0, respectively, were used. Finally, an amount of 10 µL of
the seed solution was injected into the mixture to initiate the growth of gold nanorods. The seed solution was
prepared according to previous reports [15], and diluted
4 times before use.

C. Measurement

Absorption spectra were recorded using a Hitachi
3310 UV-Vis spectrophotometer at room temperature using quartz cells of 10-mm path length in the
450−950 nm spectral region. A continuously repetitive
measurement has been carried out to record the spectral
variation over time, and one spectrum was recorded per
minute with a scan speed of 1200 nm/min. The gold element concentration in reaction solution was determined
using an inductively coupled plasma mass spectrometry
(ICP-MS, Angilent 7700cx). Transmission electron microscopy (TEM) was performed with a JEOL JEM-1011
TEM. The samples for TEM were prepared by centrifugation and washed three times, to remove the excess
surfactant. The supernatant after the first centrifuge,
104 r/min×30 min, was collected for ICP-MS measurement.
DOI:10.1088/1674-0068/25/02/135-141
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III. RESULTS AND DISCUSSION

In the case of the seed-mediated approach for Au
nanorods preparation, the addition of cationic surfactant CTAB and silver nitrate is the key factor for
rod-shaped particle formation. The asymmetric double CTAB bilayer on the particle surface is thought as
the origin of anisotropic growth, and silver nitrate leads
to an increase in the gold nanorod yield and greatly improves control over the aspect ratio [29]. However, as
mentioned above, there is a redox reaction between gold
ion and AA accompanying the crystallization. The understanding of the kinetics of this reaction is helpful to
gain further insight into the growth mechanism of gold
nanorods. In this work, we explore growth dynamic
process of gold nanorods by adjusting the reaction rate
through changing the amount of reducing agent AA.
As known, each ascorbic acid molecule loses two electrons upon oxidation. In the growth solution AA firstly
reduces Au(III) to Au(I) with stoichiometric ratio 1:1,
and subsequently reduces Au(I) to Au(0) after seed addition with stoichiometric ratio of 1:2. Thus, the initial
ratios of [AA]:[AuCl4 ]=1, 1.25, 1.5, and 2.0 result in ratios of [AA]:[Au(I)]=0, 0.25, 0.5, and 1.0, respectively.
The spectral response behaves strong dependence on
AA concentration, implying that a chemical reaction
following the law of mass action takes place during the
particle formation. Note that the AuBr2 − cannot be
further reduced by AA in the media before seeds addition [26, 30], because the gold atoms prefer to aggregate
even under protection of CTAB, for instance the formation of seeds, but all solutions above can keep colorless
over one month.
To record the growth kinetics of gold nanorods, repetitive reading of absorption spectra was performed during the particle growing period, as the absorption spectrum contains information on the aspect ratio and extinction coefficiency, i.e. shape and the rod volume,
respectively. Figure 1 shows the variation of the first
30 absorption spectra (of ratio 1.25, 1.5, and 2.0) with
an interval of one minute, the measurement started at
the moment of seed addition with ∼10 s delay. Due to
the absence of AA in the case of ratio 1, no significant
spectral evolution was observed in the solution. Here,
common observations can be derived for three samples:
first, the intensity increases as time goes on; secondly,
the longitudinal plasmon resonance band shows a red
shift quickly after seed addition and subsequent slow
blue shift. In Fig.2, a clear evolution of the longitudinal plasmon band position and their corresponding
maxima absorbance are shown by extracting data from
Fig.1.
The resonance wavelength of longitudinal plasmon
band, shown in Fig.2(a), exhibits a fast increase firstly
and then decreases slowly, reaching the maxima at 10, 7,
and 5 min for the case of ratio 1.25, 1.5, and 2.0, respectively. This is consistent with previous observations [16,
24]. It is well known that the optical properties of the
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FIG. 1 Variation of the absorption spectra of growth solution after seeds were added. The first 30 spectra at 1-min
interval were taken for [AA]:[HAuCl4 ] ratio (a) 1.25, (b)
1.5, and (c) 2.0. The line with arrow shows the evolution of the absorption peak position. [CTAB]=0.1 mol/L,
[HAuCl4 ]=0.4 mmol/L, [AgNO3 ]=72 µmol/L and T =27 ◦ C.

nanorods, in particular the longitudinal plasmon resonance wavelength, are mainly dependent on their aspect
ratio [16, 31]. Therefore, we believe that the gold particle first performs a growth mainly along its long axis
at a lager growth rate (one dimensional growth) until a
AR maximum is reached; then the new “1D” nanorods
begin to grow parallelly by keeping a constant growth
rate ratio of longitudinal axis to transversal axis (3D
growth) (as elucidated in Scheme 1). This scenario is
supported by the fact that the intensity of both the
longitudinal and the transverse plasmon bands increase
over time (Fig.2). This result is in good agreement with
Sonnichsen’s report [32]. The blue shift during the second stage should be attributed to the small shape adjustments due to the depletion of reactant accounting
for reaction speed or surface to volume ratio for surface
potential [26].
Figure 2(b) shows the maximum absorbance variation
over time. It is known that under fixed aspect ratio,
the maximum extinction coefficiency of the longitudinal plasmon band increases as the rod volume increases
[31]. Thus the magnitude of absorbance in Fig.2(b) can
be used to quantitatively calculate the amount of Au deposited on nanorods. In comparison to the fast AR evolution mentioned above, the volume growth is relatively
slower, and lasts for longer time, 20 min or more, resulting in growth curves characterized by S-shape. At the
beginning stage, the slow intensity increase rate should
be attributed to the rod-shape formation (1D growth).
From the differential curves (Fig.2(c)), which reveals a
DOI:10.1088/1674-0068/25/02/135-141
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FIG. 2 (a) the longitudinal surface plasmon band position
and (b) their corresponding absorbance maxima as a function of time. (c) the differential curves of (b) data.

Scheme 1 Two-step growth mechanism of seed-mediated
gold nanorod formation.

growth rate, we found that this stage lasts for about 5,
7, and 10 min for three ratio cases, respectively, which
corresponds to the time after which the maximum aspect ratio is reached (Fig.2(a)). SAXS measurement
shows that the initial growth rate in the direction of
long axis is about 5 times higher than that in the perpendicular direction [32]. With maximum AR, the gold
nanorods begin to perform the 3D growth as mentioned
above at the highest growth speed, which starts to slow
down with the reactants (AA and Au(I)) depletion, similar to other results [32]. This provides more evidence to
the existence of two-staged process in the seed-mediated
gold nanorods growth.
An autocatalytic mechanism has been applied here to
explain the rod growth process [27, 28]. The properties
of gold nanoparticle as catalyst have been investigated
in earlier literature. For example, Tan and coworkers
have demonstrated that carbon nanotube-supported Au
nanoparticles can efficiently catalyze the selective oxic
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dation of glucose to gluconic acid by oxygen [33]; Kracke
and coworkers found that gold nanoparticles in solution
can catalyze the oxidation of CO at ambient conditions
[34]. In addition, we found the addition of the seeds
used for nanorods synthesis did result in a slow color
changing in water containing HAuCl4 and citrate at
room temperature, suggesting gold particle formation.
While without seed this reduction reaction cannot take
place unless the solution was heated, such as spherical
gold nanoparticle synthesis in boiling solution. Therefore, the fact that the seeds or growing rods in solution
seems to function as initializer and mediator of the electron transfer for the redox reaction between Au salt and
AA or citrate is promising. In the case of ratio 1, although there is no AA available for Au(I) reduction, we
still observed some spectral response connected with the
occurrence of gold nanoparticles in solution, in agreement with previous report [22]. This means that gold
metal ion was more favorable depositing on surface of
existing particle with identical material, particularly in
a surfactant environment [30, 35].
According to thermodynamics this process could be
driven by the known strong aurophilic Au-Au interaction (Au cohesive energy ∼370 kJ/mol) [36, 37]. In
comparison, the Gibbs free energy for AuBr2 − dissociation is estimated to be 70 kJ/mol. Thus, this gold ion
deposition onto existing particle is feasible thermodynamically and initializes the catalysis reaction. The underpotential deposition effect makes the adatoms form
a monolayer rather than islands or cluster on the surface [29]. Of course, the more Au(I) gets deposited,
the stronger electrostatic repulsion occurs. The binding process then becomes suppressed. That’s why we
only observed weak spectral response in the case of
ratio 1 with no gold particle available. It has been
demonstrated that the supported gold nanoparticles
can attract electrons from the organic molecules on the
nanoparticles [38]. In the growth system, gold particle
can get electron from AA, the only reductant available,
whose oxidation potential is greatly decreased on the
rod surface [30]. With the neutralization of the positive
charged nanoparticles by ascorbic acid in solution, the
gold ion binding will continue and catalytic cycle takes
place.
Thus the growth process includes two steps, as illustrated in Scheme 2. Firstly AuBr2 − approaches to the
seed or growing gold particle and binds to the crystal
surface. The reverse process is negligible due to the
strong Au−Au bond. Subsequently, AA molecule approaches to the seed or growing gold particle, which is
positive charged owing to binding gold ion previously,
meanwhile the electron transfers from AA to gold particle resulting in gold particle charge neutralization and
AA oxidation. In short, the existing particle in solution
builds a bridge for electron transfer between gold ion
and AA, and simultaneously performs growth by itself,
namely autocatalysis. Note that electrical charging of
gold particle leads to limited influence on the spectra
DOI:10.1088/1674-0068/25/02/135-141
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Scheme 2 Autocatalytic cycle of gold nanorod growth and
charge transfer process between the reactants. Note that
gold salt is probably in the form of AuBr4 − and AuBr2 −
because of the excess Br- from CTAB [39].

[18], and the positive charges should localize on particle surface because of electrostatic repulsion. On this
conception, a stepwise reaction modeling can be used
here to quantitatively estimate the amount of Au atoms
deposited on nanorods.
k1
1
k2
Au(I) + rod → Au-rod+ + AA → Au(0)
2

(1)

where k1 and k2 are the reaction rate constants, and Aurod+ denotes the Au ion binding on particle, or the total
number of positive charges carried by gold particles in
solution. Rate equations can be written as follows,
d[Au-rod+ ] = k1 [Au(I)][rod]dt −
k2 [Au-rod+ ][AA]1/2 dt
+

1/2

d[Au(0)] = k2 [Au-rod ][AA]

dt

(2)
(3)

where, [rod] is treated as a constant equal to the initial
seed concentration. Eq.(2) now reads as
d[Au-rod+ ] = K1 [Au(I)]dt − k2 [Au-rod+ ][AA]1/2 dt (4)
with K1 =[rod]k1 .
A numerical simulation has been performed by
solving the differential equations using initial values
[Au(I)]0 =0.4 mmol/L, [AA]0 =0.1, 0.2, 0.4 mmol/L,
consistent with the experimental conditions, and
∆t=0.01 s. The simulation was carried out by using a custom-written program in Matlab. The result
gives a sigmoidal trend curve of [Au(0)] as a function of time when K1 and k2 are set correctly. Using K1 =4.5×10−2 s−1 and k2 =0.2 L1/2 /(mol1/2 s), we
obtain three curves corresponding to the ratio of 1.25,
1.5, and 2.0 as shown in Fig.3, which exhibit very closed
trend to the respective curves in Fig.2(b). The well
overlap of experimental data and numerical simulation
confirms the reasonableness of the employed theoretical
model here. In Table I, the gold nanorods concentration, i.e. the seed concentration in growth solution, can
be estimated as ∼1.5 nmol/L. Then k1 , binding rate of
gold ion, can be calculated as 3.0×107 L/(mol s), significantly larger than k2 , which is collision dependent.
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TABLE I Parameters of the gold nanorods and corresponding gold element concentration in supernatant as measured by
ICP-MS.
[AA]:[HAuCl4 ]
Diameter/nm
Length/nm
Aspect ratio
Volume/nm3
Au in supernatant/(mmol/L)
1.0
0.42
1.25
8.4±1.5
39.5±3.4
4.7
2187
0.24
1.5
11.7±1.7
39.7±2.6
3.4
4266
0.03
2.0
11.5±2.2
39.8±4.1
3.5
4131
0.02

4.0
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FIG. 3 The numerical simulation of the deposited amount of
Au(0) as a function of time. The simulation result is based
on the model in Scheme 1 at different ratio of [AA]:[HAuCl4 ].
K1 =4.5×10−2 s−1 and k2 =0.2 L1/2 /(mol1/2 s), ∆t=0.01 s.

The large k1 proves the kinetic feasibility of the binding of gold ion on existing particle surface. It is worth
pointing out that as seen from the simulation result,
the charge-transfer model can well describe the volume
growth process, however it can hardly explain the phenomenon of the fast AR increase. The initial AR increase may be ascribed to the facet potential of the Au
crystal. Here, the simulation does not result in a full
overlap on the experimental data, which may be ascribed to other reasons, for example particle size, shape
distribution.
Figure 4 shows the resulted solutions of the gold
nanorods with initial [AA]:[HAuCl4 ] ratio of 1.0, 1.25,
1.5, 2.0 and corresponding absorption spectra. The
color changing and pronounced absorption spectal characteristics of Au nanorods in the case of ratio of 1.25,
1.5, and 2.0 imply the formation of Au nanoparticles in
the solutions. In comparison, no precipitate has been
collected from colorless solution of ratio 1.0 under centrifuge, because the added AA in solution is only enough
for reducing Au(III) to Au(I), and no remaining AA
available for reducing Au(I) to Au(0). On this conception, for solution with ratio of 1.25, the ratio of Au(I)
to AA should be 1:0.25 after the reduction of AuCl4 − .
Since each ascorbic acid molecule loses two electrons
upon oxidation in the following seed-mediated reaction,
theoretically only half of Au(I) in solution will be reduced to Au(0) by the remaining amount of AA, and
DOI:10.1088/1674-0068/25/02/135-141

FIG. 4 Spectra of gold nanorods formed by changing concentration ratio of [AA]:[HAuCl4 ]=1.0, 1.25, 1.5, and 2.0.
The insert shows the finial growth solutions with color
changing.

gold salt should be present in the solution even at the
end of growth. For comparison, in the case of ratio 1.5
and 2.0 with enough stoichiometric AA, all gold salt
will be reduced and deposited onto Au nanorods.
Figure 5 shows the TEM images of gold nanorods corresponding to the ratio 1.25, 1.5, and 2.0, respectively.
Diameters and lengths were obtained by measuring
more than 100 particles from enlarged images to obtain
the average size and their size distribution. The results
are shown in Table I. The average cylindrical volumes
are 2187 nm3 (1.25), 4266 nm3 (1.5), 4131 nm3 (2.0). The
rod volume for ratio 1.5 and 2.0 is close to double
value of that for ratio 1.25, consistent with the initial
gold salt/AA stoichiometry. This demonstrates that
the amount of gold element on the rods is positive proportional to the amount to AA available in solution.
Moreover, the concentration of gold element remaining
in the colorless supernatant after centrifuge has been
measured by ICP-MS. The results are listed in Table I.
As expected, all gold element added originally is left
over in the solution for the case of ratio 1.0; the residual gold element in ratio 1.25 is close to half level of
the total amount added. In comparison, they are much
lower in 1.5 and 2.0 ratio. Here, the residue of gold
nanoparticles in solution after centrifuge could account
for the small amount of gold element in solutions of ratio
1.5 and 2.0. The self-consistency of the data (TEM and
c
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FIG. 5 TEM micrographs of gold nanorods in the solutions with ratio [AA]:[HAuCl4 ] of (a) 1.25, (b) 1.5, and (c) 2.0.

ICP-MA) indicates that the reduction of AA and Au(I)
follows the theoretical stoichiometric ratio 1:2. Besides
the dependence of the yield on AA amount in solution,
both the size and shape are different from each other
among the three samples with the different AA amount,
especially for the production of dogbone-shaped particle in the case of ratio 2 (see Fig.5(c)). This means
that AA (concentration) not only plays a role in reducing agent, but is also an important parameter for gold
nanorod shape controlling [19]. This remains a subject
of our future investigations.

IV. CONCLUSION

Time evolution of nanorod formation extracted from
optical spectroscopy suggests that the rods growth consists of two stages: seeds develop into rods with fast
aspect ratio increase, and then the rods slowly acquire
their final volume by keeping the constant AR. The
growth mechanism can be explained reasonably by a
charge transfer process among Au salt, seeds, and ascorbic acid. In addition, the simultaneous measurement
of optical absorption spectrum, as a simple method,
has been proved to be a powerful tool for studying the
growth of metal nanoparticles in solution.
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