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In this research, we further developed the one-step seed mediated method to synthesize gold nanoparticles

(GNPs) and control their resulting shapes to obtain hexagonal, triangular, rod-shaped, and spherical gold

nanostructures. Our method reveals that the reaction kinetics of formation of GNPs with different shapes can

be controlled by the rate of addition of ascorbic acid, because this is the critical factor that dictates the energy

barrier that needs to be overcome. This in turn affects the growth mechanism process, which involves the

adsorption of growth species to gold nanoseeds. There were also observable trends in the dimensions of the

GNPs according to different rates of addition of ascorbic acid. We performed further analyses to investigate

and confirm the characteristics of the synthesized GNPs.
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Introduction

Metallic nanomaterials, either in pure form1,2 or mixed

with other compounds3-5 and having different geometrical

structure6 possess unique optical, electronic, and catalytic

properties. Among the various metallic nanomaterials, gold

nanoparticles (GNPs) are widely applied in catalysis,7 elec-

tronics,8 and diagnostics.9 Researchers have investigated

variously shaped GNPs, especially anisotropic plate-shaped10

and rod-shaped11,12 GNPs. However, the mechanism of growth

of these anisotropic GNPs is still not yet fully understood, so

it remains challenging to synthesize complex GNPs of similar

sizes that are homogenous in shape. Seed-mediated,13,14

photochemical,15 and biological16 procedures are commonly

used to synthesize GNPs.

Seed-mediated growth, which was pioneered by Natan et

al.,17 Murphy et al.,18-20 and among others,21 is the funda-

mental method used to control the dimensions of GNPs.

This method has been used to synthesize gold nanoplates

and nanorods. It involves using surfactants to form a

template on which growth species assemble, resulting in

variously shaped GNPs.13,14 Usually, production of growth

species are controlled by a mild reducing agent, such as

ascorbic acid.12,22,23 

Three-step seed-mediated synthesis is a method used to

synthesize anisotropic GNPs in aqueous solution; it involves

sequentially adding of aliquots one after another from three

flasks containing different solutions. Murphy et al.12 em-

ployed this procedure to obtain gold nanorods with an aspect

ratio (length/width) greater than 10, while Mirkin et al.10

extended this method to gold nanoplates and reported pro-

duction of gold triangular nanoplates with an average width

of 125 nm. Correct and careful use of hand techniques is

critical when using the three-step seed-mediated method to

successfully produce anisotropic GNPs. 

An improved seed-mediated method in wet chemistry to

synthesize anisotropic GNPs was then reported. This method

uses silver ions to reduce the number of required synthesis

steps from 3 to 1, and greatly increases the yield of gold

nanorods (up to 90%) and has been widely adopted which is

referred to as the one-step seed mediated method. However,

this method produces GNPs with small dimensions. Gold

nanorods with aspect ratios between 1 to 5 were reported by

the Oddershede24 and Murphy25 research groups. In addition,

Chung et al.
26 managed to produce gold nanoprisms with an

edge length of 98 ± 17 nm, while Huang et al.
27 reported a

one-step seed-mediated method (without silver ions) to

synthesize hexagonal and triangular gold nanoplates, where

the smaller nanoplates were mainly triangular in shape while

the larger nanoplates exhibited hexagonal and truncated tri-

angular nanostructures. Although the one-step seed-mediated

method can be used to obtain high quality and homogenous

gold nanorods and nanoplates, it is still a challenge to pro-

duce GNPs with higher dimensions that are of good quality

using this method.

To fully control the purity, shape, and size of GNPs,

formation kinetics should be understood. Nanosphere homo-

geneity and size can be controlled kinetically through cont-

rolling the rate of addition of precursor.28 However, this is

only true at some point, because as the nanoparticle’s size

increases, so does the deviation value. Most literature reports

have focused on temperature variation to kinetically control

the morphology of GNP during synthesis. Tsai and colleagues29

showed that the synthesis of GNPs at elevated room temper-

atures was kinetically favored due to instability of the surfactant

that served as a template, resulting in the production of

icosahedral and plate-like gold nanostructures. Gao et al.
30

also applied the same approach; they were able to restrain
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the self-nucleation of silver quasi-nanospheres by controll-

ing the reaction kinetics through controlling the reaction

temperature and the amount of seed; they obtained good

homogeneity under these reaction conditions. However, reac-

tions carried out at high temperature produced significant

amounts of pseudo-spherical nanostructures, because temper-

ature is directly proportional to surface diffusion, which

affects the Oswald ripening process.

In this paper, we use the one-step seed mediated method,

without silver ions at room temperature, to produce high

aspect ratio (> 5) gold nanorods. We show that it is possible

to specifically tune the size and shape of the gold nanoplates

by controlling the reaction kinetics where concentrations,

volumes, and temperature are held constant throughout this

experiment while the rate of production of monomer was

changed by controlling the rate of addition of ascorbic acid.

The formation of thermodynamically favorable spheres ap-

pears to be unavoidable when synthesizing plate and rod-

like gold nanostructures; preventing the production of gold

nanospheres therefore still remains a challenge. We eluci-

date, for the first time, the kinetic principles underlying the

formation of isotropic (spheres) and anisotropic GNPs

(plates and rods). We also present the deduced reaction

pathway to which the reaction would proceed depending

upon the production rate of the monomers that illustrate the

energy barrier and final energy differences between isotropic

and anisotropic GNPs.

Experimental

Chemicals. Sodium iodide (NaI), ascorbic acid, and cetyl-

trimethylammonium bromide (CTAB) (Fluka) were purchased

from Sigma-Aldrich. Gold chloride hydrate (HAuCl4·3H2O)

was purchased from KOJIMA. Sodium borohydride (NaBH4)

was purchased from JUNSEI. Ultra-pure water (18.2 MΩcm−1)

was used for all experiments.

Seed Preparation. GNP seeds with an average diameter

of 5.2 ± 0.6 nm were prepared using the method reported by

Millstone et al.
10 A solution containing 18 mL of ultra-pure

water and 0.5 mL of 10 mM sodium citrate was used to

reduce 0.5 mL of 10 mM HAuCl4 with 0.5 mL of 100 mM

NaBH4 under vigorous stirring. Upon addition of NaBH4,

the solution turned a reddish orange color and was stirred for

an additional minute. The resulting mixture was aged for 2-6

h to allow the hydrolysis of unreacted NaBH4. To confirm

the average diameter of GNPs, GNP seeds must exhibit a

plasmon resonance peak at 500 nm.

Synthesis of Gold Nanoplates and Nanorods. Gold nano-

plates were synthesized from 5.2 ± 0.6 nm gold nanoseeds

by a one-step seed-mediated method with iodide ions. A 75

mL aliquot of 0.05 M aqueous CTAB solution, 37.5 µL of

0.01 M NaI, 1 mL of 20 mM aqueous HAuCl4·3H2O solu-

tion, and 40 mL of gold nanoseeds were mixed in a flask. A

30 mL of 0.01 M ascorbic acid was then added at different

rates of addition: 0.5 mL/min, 1 mL/min, 2 mL/min, 3 mL/

min, or all at once (abruptly added). Sodium iodide was

added for the synthesis of plate-like gold nanostructures,

while rod-like nanorods were synthesized in the absence of

sodium iodide. Spherical gold nanostructures were obtained

regardless of whether sodium iodide was present or not.

Synthesized GNPs were obtained by precipitation for 4

hours after synthesis, while the mixture to which ascorbic

acid was abruptly added was centrifuged at 9000 rpm for 10

minutes because no precipitate was observed (data not shown).

Instrumentation. A KD Scientific syringe pump was

used to control the rate of addition of ascorbic acid. Syn-

thesized GNPs were characterized using a JEM-2100F to

obtain high-resolution transmission electron microscopy

(HRTEM) images. A JEOL 7000F and JEOL 7600F were

used to obtain Field emission scanning electron microscopy

(FESEM) images and an Ultima IV Rigaku was used to

obtain X-ray diffraction (XRD) patterns. UV-vis extinction

spectra were acquired using S-3100 Scinco and UV-3600

Shimadzu spectrophotometers.

Results and Discussion

FESEM images of GNPs synthesized in the presence of

iodide ions at various rates of addition of ascorbic acid (0.5

mL/min, 1 mL/min, 2 mL/min, 3 mL/min, and abrupt addi-

tion) are shown in Figures 1(a)-(e), respectively. The percent

yield of gold nanoplates and spherical gold nanostructures

was determined by counting nanostructures in the FESEM

images; results are presented in Table 1. As the rate of addi-

tion of ascorbic acid increased from 0.5 to 2 mL/min to

abrupt, the shapes of the resulting gold nanostructures chang-

ed from hexagonal plates to triangular plates to spherical

GNPs, respectively, while addition rates of 1 and 3 mL/min

showed the transition to produce the majority of synthesized

GNPs. We used UV-vis extinction spectroscopy (Fig. 1(f)) to

further confirm the homogeneity, shape, and size of the

GNPs. We have previously reported the spectra behavior of

gold hexagonal nanoplates and our results in Figures 1(a)

and (b) are comparable to our previous findings; however,

the nanoplates generated in the current study were larger,

Figure 1. FESEM images of the synthesized gold nanostructures
of plates and spheres with the presence of iodide ions at (A) 0.5
mL/min, (B) 1 mL/min, (C) 2 mL/min, (D) 3 mL/min, and (E)
abrupt addition of ascorbic acid. (F) UV-vis extinction spectra a, b,
c, d, and e for samples synthesized under conditions A, B, C, D,
and E, respectively.
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which may have resulted in unclear peaks. Among the

spectra of all the samples, the samples obtained after adding

ascorbic acid at 2 mL/min (spectra c) showed the most ideal

spectra for gold triangular nanoplates based on the two

observable peaks, which were assigned as dipole localized

surface plasmon resonance (LSPR) mode located at the

near-IR region (1234 nm) and inplane quadrupole LSPR

mode at the visible region (784 nm), respectively, in accor-

dance with our previous publications.32-34 We assigned the

two peaks observed in spectra d, from the acquired GNPs

shown in Figure 1(d), to the LSPR mode mixture of nano-

spheres (538 nm) and nanoplates (923 nm), while the syn-

thesized GNPs shown in Figure 1(e) (spectra e) only exhibit-

ed one peak (530 nm) corresponding to dipolar plasmon

resonance of gold nanospheres.

Because precipitation was the only purification method

that we used, we were able to compare the weights of the

acquired GNPs. Images A, B, and D in Figure 1 show that

the acquired GNPs (plates and spheres) had comparable

weights. Given that larger GNPs contain more gold atoms

than smaller GNPs, our results indicate that the acquired

weight is inversely related to the rate of addition of ascorbic

acid, as measured from the FESEM images. Image C clearly

shows that there was a large difference in weight between

the synthesized anisotropic GNPs (plates) and the by-pro-

duct isotropic GNPs (spheres), resulting in good homogeneity

of the desired product after precipitation. 

Gold nanoplates are produced primarily due to the prefer-

ential adsorption of iodide ions on the (111) facet of gold

nanoseeds, because the CTAB bilayer stabilizes the growth

of gold nanoseeds, leading to a higher growth rate on the

(110) facet than on the (111) facet.26 We found that it was

also possible to produce hexagonal gold nanoplates using

the one-step seed-mediated method in contrast to our previ-

ous work,31 where we employed shape transformation of

GNPs from triangular to hexagonal gold nanoplates. Shape

transformation occurred by selectively etching out the high

surface area (vertex) of the triangular nanoplate followed by

a ripening process, which yielded hexagonal gold nanoplates.

In this study, we were able to directly produce hexagonal

gold nanoplates through seed-mediated method by adding

ascorbic acid at a low rate. 

These findings can also be applied to the synthesis of other

GNPs, despite differences in growth mechanism. For example,

gold nanorods are synthesized in the absence of iodide ions,

and growth involves a “zipping” formation mechanism.6 We

used our developed method to synthesize gold nanorods

where we varied the rate of addition of ascorbic acid. We

observed similar trends to those we observed for the gold

nanoplates, as shown in Figure 2 and Table 2. In particular,

the dimensions of the synthesized gold nanorods decreased

as the rate of addition of ascorbic acid increased (measured

dimensions displayed in Table 3); addition of ascorbic acid

at 3 mL/min yielded gold nanorods with an aspect ratio of 6,

which was the highest aspect ratio measured among our

synthesized gold nanorods. Furthermore, the spectra of gold

nanostructures that formed when ascorbic acid was added at

3 mL/min (spectra c in Fig. 2(f)) showed the typical tran-

sverse and longitudinal modes of gold nanorod structures at

522 nm and beyond 1200 nm, respectively, while we assign-

ed the peak at 793 nm to longitudinal quadruple surface

plasmon resonance.35 These results indicate that kinetic

control during synthesis facilitates the growth of GNPs with

various shapes. 

The crystallinity of the synthesized plates and rods GNPs

was confirmed by HRTEM images and XRD patterns (shown

in Fig. 3). Both exhibited an ordered crystal lattice. Single

crystalline structure of the synthesized gold nanoplates and

nanorods was confirmed based on the well-resolved lattice

fringe (Fig. 3(A)-(B)) with a spacing of 0.236 nm, which is

close to the value we reported previously31 that reflects the

forbidden 1/3{422} reflection. Typical FFT patterns of the

gold nanostructures of plates and rods were obtained by

directing the incident electron beam perpendicular to the

{111} facet of the synthesized GNPs. The XRD pattern (Fig.

3(C)) of the synthesized gold nanoplate showed {111} and

Table 1. Percent yield at varying addition rate of ascorbic acid in
the presence of iodide ion

Gold 

nanostructures

Addition rate (mL/min)

0.5 1 2 3 Abrupt

Plates 54% 83% 94% 16% 0%

Spheres 46% 17% 6% 84% 100%

Figure 2. FESEM images of the synthesized rods and spheres gold
nanostructures in the absence of iodide ion at (A) 1 mL/min, (B) 2
mL/min, (C) 3 mL/min, (D) 4 mL/min, and (E) abrupt addition of
ascorbic acid. (F) UV-vis extinction spectra a, b, c, d, and e for
samples synthesized under conditions A, B, C, D, and E,
respectively.

Table 2. Percent yield at varying addition rate of ascorbic acid in
the absence of iodide ion

Gold 

nanostructures

Addition rate (mL/min)

1 2 3 4 Abrupt

Rods 30% 61% 92% 8% 0%

Spheres 70% 39% 8% 92% 100%
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{222} diffraction peaks, corresponding to angles of 38.06°

and 81.46°, respectively, implying reflections of face-center-

ed cubic (fcc) gold, while for gold nanorods, diffraction peaks

were present at {111}, {200}, {220}, {311}, and {222},

consistent with previous studies.36,37

The rate of formation of monomer can be used to control

the synthesis of nanoparticles.38 Because size can influence

optical properties,39 we assigned different reaction rate con-

stants based on the addition rate of ascorbic acid, as shown

in Figure 4(A). The slowest addition of ascorbic acid, 0.5

mL/min (k1) for gold nanoplates and 1 mL/min (k1) for gold

nanorods, resulted in the formation of anisotropic GNPs with

the highest dimensions, while abrupt addition of ascorbic

acid, denoted as k6, yielded gold nanospheres. Proposed

reaction pathway will be discussed later. As commonly

observed in other research studies, synthesis of anisotropic

GNPs was accompanied by the formation of the by-product

of gold nanospheres.11,37,40 Therefore, these gold nanospheres

are competitor GNPs and by plotting the diameter of the by-

product as a function of the flow rate of ascorbic acid (Fig.

4(b)), we found that the size of the gold nanospheres was

inversely proportional to the flow rate, and this relationship

also applies to anisotropic GNPs (Table 3). However, as

particle dimensions increase, so does the coefficient of varia-

tion, because a low rate of addition of ascorbic acid leads to

a smaller concentration of monomer than the minimum con-

centration required for nucleation, resulting in suppression

of the nucleation process and maximization of the growth

process, which in turn leads to unequal nucleation distribution

to every seed while further growth of randomly-produced

gold nuclei is also occurring.

In contrast, abrupt addition of ascorbic acid resulted in the

synthesis of gold nanospheres regardless of the presence or

absence of iodide ions. According to Cao,44 this can be ex-

plained by the rate of nucleation per unit volume and per

unit time denoted as RN, as follows: 

RN = {CokT/(3πλ3η)}exp(−ΔG*/kT) (1)

where λ is the diameter of the growth species, η is the

Figure 3. HRTEM images of (A) gold nanoplate, and (B) gold
nanorod with TEM image and fast Fourier transform (FFT) pattern
located at right upper and lower insets, respectively. (C) The X-ray
diffraction (XRD) pattern of (a) plate, and (b) rod gold nano-
structures. 

Figure 4. (a) Schematic diagram of the one-step method to synthesize GNPs showing the obtained result from different reaction rate, and
(b) Plot of measured dimension versus flow rate of ascorbic acid with standard deviation.

Table 3. Summarized measured dimensions of the synthesized
GNPs at varying addition rate of ascorbic acid

Addition rate 

of ascorbic 

acid 

(mL/min)

Dimension of synthesized anisotropic GNPs (nm)

Plate Rod

Hexagonal Triangular Length Width

0.5 651 ± 141 594 ± 241 − −

1.0 258 ± 56 356 ± 158 666 ± 208 224 ± 31

2.0 161 ± 18 187 ± 22 289 ± 64 79 ± 8

3.0 73 ± 1 63 ± 19 272 ± 54 44 ± 5

4.0 − − 132 ± 56 30 ± 13
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viscosity of the solution, ΔG* is the minimum energy to

form a nuclei, k is the Boltzmann constant, and T is the

temperature.

This indicates that a high initial concentration or super-

saturation of ascorbic acid (large number of nucleation sites

present), low viscosity, and a low critical energy barrier

favor the formation of large numbers of nuclei. For a given

concentration of solute, a larger number of nuclei means

smaller-sized nuclei. The fastest addition rate (k5) resulted in

a high initial concentration of ascorbic acid, which in turn

led to the production of small homogenous gold nanospheres

from a large number of small nuclei during the nucleation

process.

Formation of anisotropic (plate- and rod-like) or isotropic

(spheres) GNPs can be explained by the Gibbs free energy

of the system (y-axis in Scheme 1). The solution is at

equilibrium state (stable Gibbs free energy) with all species

in aqueous ionic state before the addition of ascorbic acid

(point x0 in Scheme 1). In this state, the nitrogen of CTAB

releases bromide to replace the proton of HAuCl4.
41 For

illustration purposes, we denote negative coordinates (left

side) as anisotropic GNPs and positive coordinates (right

side) as isotropic GNPs. 

The CTA-AuCl4 formed then serves as a precursor for

GNP formation by reduction of Au(III) to Au(I) and finally

to Au(0) by deprotonation of ascorbic acid.

Because the amount of ascorbic acid is greater than the

amount of CTA-AuCl4, CTA-AuCl4 is the limiting reactant,

resulting in complete reduction of Au(III) to Au(I). An

excess amount of ascorbic acid will further reduce Au(I) to

Au(0), favoring the formation of GNPs. However, the major

factor that dictates the resulting shape of GNPs is the addi-

tion rate of ascorbic acid. As mentioned earlier, there are two

directions that the reaction can proceed after the addition of

ascorbic acid; to the right to produce gold nanospheres, or to

the left to produce anisotropic GNPs. The reaction will

proceed to the right at high reaction rates, while it will

proceed to the left at low reaction rates. When ascorbic acid

is added, the solution will exceed its equilibrium solubility;

in other words, the solution is supersaturated and has high

Gibbs free energy. The supersaturated solution will tend to

reduce the overall Gibbs free energy of the system to acquire

equilibrium (point –x2 or point x2) and to attain this, the

solution will form a solid phase (colloids) in the form of

GNPs. Ascorbic acid will be converted into dehydroascorbic

acid, reducing the gold ions (AuCl2
− and [Au(OH)2]

−) to

metallic gold.40,41 The formation of gold nanospheres is due

to the lower energy barrier (point x1) required to form iso-

tropic spheres than anisotropic GNPs (point –x1). Another

factor that causes the formation of isotropic spheres is the

nucleation process. Because synthesis of nanoparticles involves

two processes, namely nucleation and growth, one must con-

trol the nucleation process to obtain pure non-spherical GNPs.

Growth of GNPs then proceeds; however, the number of

final particles is limited by the abstruse balance between the

rates of nucleation and growth.42,43 That is why seed-mediated

growth is preferred. To decrease the probability of gold nano-

sphere formation, the concentration of the growth species

must be less than the minimum concentration of nucleation

so that nucleation process stops and growth process continues.

Since the concentration of the growth species is highly

dependent on ascorbic acid, decreasing the addition rate of

ascorbic acid will reduce the concentration of the growth

species compared to the minimum concentration for nuclea-

tion. In addition, we believe that the increase and decrease

yield of anisotropic GNPs as the addition rate of ascorbic

acid is increased are due to the atomic addition of gold on

the seed. That is, at low and high addition rate of ascorbic

acid, monomers are thermodynamically driven favoring the

formation of nanospheres.

As stated above, we controlled the reaction rate by

controlling the rate of addition of ascorbic acid. Hence, the

activation energy for anisotropic GNPs, Ea(a), was greater

than the activation energy for gold nanospheres, Ea(i), based

on the reaction rate given by the Arrhenius equation.

Scheme 1 shows that the change in Gibbs free energy of

anisotropic GNPs, ΔG(a), was lower than the change in Gibbs

free energy of isotropic GNPs. This is because isotropic

GNPs are thermodynamically favored, resulting in a low and

stable energy profile compared to that of anisotropic GNPs.

Conclusion

In summary, we were able to control the homogeneity,

shape, and size of gold nanoplates, nanorods, and nano-

spheres by controlling the rate of addition of ascorbic acid.

By controlling this rate, we were able to control the kinetics

of reaction for the formation of GNPs. We found that as the

addition rate of ascorbic acid decreased, large dimension of

GNPs were produced, regardless of the mechanism of

formation. Moreover, abrupt addition of ascorbic acid favor-

ed the formation of gold nanospheres with small diameters

regardless of whether iodide ions were present or absent.

Our method offers a direct process to produce GNPs with

large dimensions and to tune these dimensions for further

applications. Lastly, we described the synthesis of GNPs in

terms of energy as a function of the rate of addition of

Scheme 1. Proposed schematic diagram of the reaction pathway
during the synthesis of kinetically controlled GNPs.
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ascorbic acid. The activation energy for the formation of

anisotropic GNPs was higher than the activation energy for

isotropic GNPs. Other parameters and conditions of the

methodology presented here can be developed further to

gain a better understanding of the mechanisms of formation

of nanoparticles.
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