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Stable colloidal gold nanoparticles (Au NPs) are synthesized successfully using a seeding growth technique. The size of the
nanoparticles is determined using transmission electron microscopy (TEM), and it is observed that the size of the nanoparticles
ranges from 7 to 30 nm.The TEM images and optical absorption spectra of the Au NPs reveal that the suspension is well dispersed
and consistent with the particle size.The feasibility of the seeding growth technique is investigated using TurbiscanClassicMA2000
screening stability tester. Based on the peak thickness kinetics andmean value kinetics, the backscattered light profiles indicate that
the suspension is highly stable without particle sedimentation as well as negligible agglomeration. In addition, the Au NPs are
proven to remain stable over a period of 2 months. Particle sedimentation eventually occurs due to the weight of nanoparticles. It
is concluded that the seeding growth technique is feasible in synthesizing stable Au NPs. Controlling the stability, size and shape of
Au NPs are technologically important because of the strong correlation between these parameters and the optical, electrical, and
catalytic properties of the nanoparticles.

1. Introduction

Noble metal nanoparticles (NPs) are important candidates
for photonics, plasmonics, and metamaterials (MMs) appli-
cations [1]. They have attracted considerable interest among
researchers over the years because of their unique properties,
that is, localized surface plasmon resonance (LSPR). LSPR
refers to the resonant oscillation of the free electrons of
the NPs in the presence of light. The LSPR enhances the
optical and photothermal properties of NPs and thus results
in strong scattering and absorption of light. These plasmonic
properties enable metal NPs to be used in biodiagnostics,
biophysical studies, and medical therapies when they are
integrated into biological systems. The strong LSPR scat-
tering displayed by Au NPs when conjugated with specific
targeting molecules enables molecule-specific imaging and
diagnosis of diseases such as cancer [2–4]. For instance,

the cosputtering property of gold-silica nanocomposites
opens up the possibility to use these nanocomposites as
biosensors in the detection of human ovarian cancer cells [5].

The plasmon resonance properties of metal NPs can
be tailored by varying the size, shape, composition, and
medium of the NPs, and therefore nanostructures can be
designed and geared for specific bioapplications [6] as well
as plasmonic-integrated circuits for future electronics and
solar cells [7]. The presence of LSPR offers the potential for
metal NPs for use in antennas [8]. The synthesis of patterned
nanostructures with precise size and spacing present at the
surface plays an important role in integrated circuits and
surface enhanced Raman scattering (SERS) [9, 10]. Recent
developments inmetal NPs include the synthesis of gold-zinc
oxide nanocomposite films which are capable of displaying
tunable LSPR and Raman signal enhancement for SERS
and biosensing [11, 12]. The construction of optically thick
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but physically thin photovoltaic absorbers with thicknesses
within the range of tenths to hundredths of nanometres
capable of absorbing full solar spectrum has enabled the
production of new solar-cell designs with higher efficiency
[13]. In addition, large arrays of highly ordered gold nanocups
are formed from periodic photoresist templates and used to
support surface plasmonic resonance [1].

Various chemical techniques have been implemented to
synthesize Au NPs such as citrate reduction of gold salt
[14, 15], borohydride reduction of gold salt in the presence
of a capping agent [16, 17], glycerol reduction of gold salt
[18], and other techniques [19, 20]. Nowadays, noble metals
can be processed into monodispersed NPs with controllable
compositions and structures using these solution-phase tech-
niques. Despite the advancements of synthesis techniques,
the ability of such techniques to synthetically achieve well-
dispersed metal NPs has been met with limited success. Most
metals are present as face-centered cubic structures in the
nanometre scale and they tend to nucleate and grow into
twinned and multiply twinned particles (MTPs) [21]. Since
the intrinsic properties of metal NPs are primarily influenced
by their stability, size, and shape, it can be deduced that
controlling one of these parameters is the key to fine-tuning
the properties ofNPs.The seeding growth technique has been
shown to be exceptional when it comes to controlling the
size of NPs [22, 23]. In this technique, small metal NPs are
first prepared and served as seeds (nucleation sites) which are
mixed with a growth solution to synthesize larger particles.
The preformed seeds and growth solution are capable of
inhibiting secondary or further nucleation, which leads to
nonhomogeneous particle size in the stable colloidal system
with the help of a stabilizing agent [24].

MMs are composites or artificial electromagnetic mate-
rials which consist of resonant unit cells (meta-atoms).
The research field of MMs opens a whole new world of
fundamental studies. The ability of MMs to display extraor-
dinary electromagnetic properties such as negative refraction
index [25, 26], subwavelength imaging [27], and optical
cloaking [28] offers benefits in various applications including
optical sensing, subdiffraction-limited imaging, nanoscale
photolithography, photonic nanocircuits, and a vast range
of electronic devices [29]. However, in order for MMs to
exhibit unusual electromagnetic responses (negative effective
permittivity and permeability values), the meta-atoms must
be tailored such that they are substantially smaller than the
operating wavelength and the average distance between the
neighbouring meta-atoms must be subwavelength in scale
[30]. Metal NPs are suitable candidates due to the fact
that they possess favourable electronic, optical, and thermal
properties. In this study, gold (Au) NPs are chosen due to
their established quantum-confinement property and very
large specific surface area. However, the main drawback of
Au NPs is that they have a high tendency to aggregate and
form agglomerates. It is highly crucial to attain Au NPs with
a uniform and smaller size range in order to facilitate and
expedite the development of MMs.

In this study, the seeding growth technique is used to syn-
thesize Au NPs and the size, morphology, and stability of the
particles are examined using UV-Vis spectrophotometer and

zeta potential analyser. These characteristics are then corre-
lated with particle size analysis obtained from transmission
electron microscopy. It is generally known that a colloidal
system may undergo destabilization such as sedimentation,
flocculation, and creaming due to various factors such as
particle size, attractive force, and viscosity and it is therefore
imperative to examine the destabilization phenomenon of
the Au NP colloidal system. Hence, the Turbiscan screening
stability tester is used to investigate the stability of the
particles for the first time by correlating the destabilization
phenomenon with particle migration and particle size vari-
ations in the Au NP colloidal system. This is achieved by
measuring the light scattering intensities in the Au NPs. A
highly stable Au NP colloidal system is efficiently produced
in this study, which can be potentially used as a precursor to
produceMMs since the size and shape of the particles are well
controlled using the seeding growth technique.

2. Materials and Methods

2.1. Sample Preparation. Gold (III) chloride hydrate (HAuCl
4
⋅

𝑥H
2
O), trisodiumcitrate (Na

3
C
6
H
5
O
7
), sodiumborohydride

(NaBH
4
), ascorbic acid (C

6
H
8
O
6
), and cetyltrimethylam-

monium bromide (CTAB) were used as received. Ultrapure
deionised water (PURELAB Ultra ELGA) was used as the
medium during the preparation of all suspensions. The gold
seeds and growth solutionwere prepared independently prior
to the seeding growth technique.

A solution consisting of HAuCl
4
(2.5 × 10−4M) and

Na
3
C
6
H
5
O
7
(2.5 × 10−4M) with a volume of 40mL was

prepared in a conical flask. Following this, 1.2mL of freshly
prepared 0.1M NaBH

4
was added to the solution while

stirring and it was observed that the solution immediately
turned pink due to the role of the NaBH

4
, which is a strong

reducing agent. The colour transformation of the solution
indicates the formation of Au seeds in the solution (seed
solution) with a life span of 2–5 hours. Citrate serves only as
a capping agent since it is incapable of reducing gold salt at
room temperature.

The following step involves preparation of the stock
growth solution, in which 200mL of HAuCl

4
(2.5 × 10−4M)

solution was prepared and mixed with 6 g of CTAB. The
mixture was stirred and heated to obtain a clear orange
solution. The solution was then cooled to room temperature
and used as the stock growth solution. CTAB was chosen
as the surfactant in order to stabilize the particles in the
suspension.

A total of four samples were prepared and labelled as I,
J, K, and L. Sample I was prepared by mixing 30mL of as-
prepared growth solution with 0.2mL of freshly prepared
0.1M C

6
H
8
O
6
, followed by the addition of 10mL of seed

solution. The solution turned wine red with continuous
stirring for 10 minutes. Sample J was prepared according
to the previous steps using 36mL of as-prepared growth
solution, 0.2mL of freshly prepared 0.1M C

6
H
8
O
6
(AA), and

4mL of seed solution.The solution was stirred for 10 minutes
and its colour turned deep red. Sample K was prepared
using the step-by-step particle enlargementmethod, inwhich
4mL of Sample J (used as the seed solution) was added into
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Figure 1: TEM image of Au NPs (magnification 63000x) for Samples (a) I, (b) J, (c) K, and (d) L.

a mixture containing 36mL of as-prepared growth solution
and 0.2mL of freshly prepared 0.1M C

6
H
8
O
6
. The final

solution was stirred vigorously for 10 minutes until its colour
turned reddish brown. It shall be noted that the life span of
this sample is only 30 minutes after preparation. Sample L
was prepared in a similar manner, whereby 4mL of solution
extracted from Sample K (used as the seed solution) was
added into amixture containing 36mLof as-prepared growth
solution and 0.2mL of freshly prepared 0.1M C

6
H
8
O
6
.

2.2. Characterization. As-synthesised Au suspension was
dropped onto a carbon coated copper grid, dried at room
temperature, and subsequently examined using a transmis-
sion electron microscope (LIBRA 120, Germany) operated
at 120 kV in order to examine the morphology and physical
structure of the particles.

The absorption spectrum of each sample was recorded
using UV-Vis spectrophotometer (Cary Win UV 50, Aus-
tralia). Plastic disposable cells with an optical path length
of 10mm and spectral resolution of 1 nm with a wavelength
range of 300–800 nm were used for spectrophotometric

measurements. The optical properties of Au NPs were exam-
ined and the variations of particle size were correlated with
the results of other characterization techniques.

The Turbiscan Classic MA 2000 screening stability tester
(Formulaction Co., France) was used to estimate the disper-
sion stability of the suspension by monitoring the kinetics
of destabilization of the system and correlating them with
particle migration and particle size variation. The measure-
ments of the Turbiscan screening stability tester are based
on the multiple light scattering method, in which a sample
in a standardized bottle is scanned throughout its entire
height, which is up to 60mm in the backscatter mode at
room temperature. This instrument detects the variations of
concentration of the dispersed particles in the sample.

Zeta potential measurements were conducted at 25∘C
using Zetasizer Nano ZS (Malvern Instruments Ltd., UK).
The zeta potentialmeasurementswere recorded by scanning a
polycarbonate folded capillary cell (DTS 1061) which contains
a sample. It shall be noted that the cell must be rinsed and
cleaned prior to themeasurements.The sample concentration
was fixed at 2.5 × 10−4M in all cases.
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Figure 2: Particle size distributions of Au NPs for all samples.

3. Results and Discussion

The TEM images of the synthesized Au NPs for all sam-
ples are shown in Figure 1. Sample I (Figure 1(a)) has the
smallest particle size (7.0 ± 1.7 nm), followed by Sample J
(14.3 ± 1.4 nm) (Figure 1(b)) and Sample K (18.4 ± 3.0 nm)
(Figure 1(c)). Sample L has the largest particle size (30.1 ±
7.7 nm) (Figure 1(d)). It can be seen that the particles are
nearly spherical with size ranging from 7 to 30 nm. However,
rod-shaped particles are present in Sample L, as shown in
Figure 1(d). In addition, there are visible spaces between the
particles and therefore it can be stated that the particles
are well dispersed. Particle agglomeration is not observed
in these images, which implies that the Au NPs are homo-
geneously dispersed when deionised water is used as the
medium in the synthesis. The samples also exhibit good
stability. In the seeding growth technique, the seeds (AuNPs)
are first produced and added to a growth solution which
contains more Au ions as well as CTAB surfactant which
will induce anisotropic growth of NPs. The seeds become
tremendously small (1–5 nm), as evidenced by the TEM as
well.The seeds have narrow size distribution when the strong
reducing agent (NaBH

4
) reduces the gold salt (Au3+) to

gold (Au) under high chemical supersaturation followed by
capping with citrate, which increases the nucleation rate.
Meanwhile, the growth solution contains a weaker reducing
agent (AA) which reduces the gold salt to an intermediate
state (Au ions). This enables only catalysed reduction at the
surface of the Au NPs. The suitability of growth solution is
essential in controlling the final particle size. However, the
presence of seeds often induces further nucleation rather than
growth, resulting in a broad particle size distribution. Hence,

a step-by-step particle enlargement method is performed
to inhibit further nucleation, resulting in the formation
of particles with homogeneous size. The CTAB medium
provides a growth environment which stabilises the Au NPs
formed at the final stage by inhibiting particle aggregation
during growth [20, 31, 32].

The particle size distributions for Samples I, J, K, and
L are presented in Figure 2. It can be observed that the
particles in Sample J have the highest sphericity compared to
the other samples. Sample J has a size distribution with the
smallest standard deviation (1.4 nm), as shown in Figure 2(b).
In contrast, Sample L has a size distribution with the largest
standard deviation (7.7 nm), as shown in Figure 2(d). The
particles in Sample L are spherical and rod-shaped, which
is attributed to the larger particles in Sample K used as the
seeds in the preparation of Sample L. The morphology and
dimension of Au NPs are solely dependent on the nature
of the seed particles [19, 23] since the concentrations of the
reducing agents (NaBH

4
and AA), capping agent (citrate),

surfactant (CTAB), and reactant (Au ions) are constant. In
addition, it is believed that the growth process is due to
kinetic conditions. It has been shown in previous studies that
counter ions and additives play a vital role in directing the
growth and final shape of the NPs. Therefore, the particle
shape is likely influenced by the interplay between the growth
kinetics of the particles and the faceting tendency of the
stabilizing agents (citrate and CTAB), which facilitate the
spherical shape of Au NPs. Meanwhile, the rod-like particles
are found in relatively less numbers in the overall Sample L.
TheCTAB transforms into cationic surfactantmicelles, which
serve as a “soft template” in directing the nanoparticle growth
and provide colloidal stability for the synthesized Au NPs
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Figure 3: Sedimentation behaviour of Au suspension for all samples: (a) as-synthesized and (b) after 2 months.

[23, 31, 32]. This results in size polydispersity, which in turn
gives a broader size distribution.

The stability of Samples I, J, K, and L was inspected
visually by monitoring the sedimentation behaviour of the
Au suspension, and the results are shown in Figure 3. It can
be seen that all samples remain the same after 2 months with
the exception of Sample L. The surface charge modification
of Au NPs caused by the CTAB surfactant creates a repulsive
force between the particles, which stabilizes the NPs [23].
However, the large particles in Sample L eventually settle
down at the bottom of the jar due to their weight. The
weight of the particles in Sample L overcomes the repulsive
force between the particles and promotes sedimentation.The
invariant changes in colour for all samples also indicate that
there are no changes in particle size over an extended period,
which results in a homogeneous particle size.

The optical absorption spectra of all samples within a
wavelength range of 300–800 nm are shown in Figure 4. It
can be seen that all samples exhibit a single intense peak
within a range of 520–535 nm, which is assigned to the
surface plasmon resonance (SPR) of Au NPs [18, 33, 34]. The
appearance of SPR peaks indicates that the AuNPs have been
synthesized successfully using the seeding growth technique.
The SPR peak shifts gradually towards a longer wavelength
(redshift), which agrees well with the increase in particle size
shown in Figures 1 and 2. Sample L exhibits themost apparent
redshift in the SPR peak along the parallel direction relative
to Sample K, with a value of ≈8 nm.This pronounced redshift
indicates the largest Au NPs found in Sample L [34].

The backscattered light profiles of Au NPs over the total
height of the sample dispersed in deionised water are shown
in Figure 5, in which measurements are taken over a period
of 5 days. The backscattered light flux measured in percent
(%) varies as a function of the density of suspension within
themedium. In general, different concentrations of dispersed
particles at the top and bottom segments of each sample will
result in different backscattered light signals. Each sample
was scanned in a standardised tube with a sample height
of 50mm, in which the incident light has a wavelength of
850 nm. The samples exhibit similar patterns with regard to
their backscatter profiles, whereby the backscattered light sig-
nals at the top segment of the profiles (40–45mm) decrease
with time. However, the backscattered light signals at the
bottom segment of the profiles (1–5mm) increase with time,
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Figure 4: Optical absorption spectra of Au NPs for all samples.

though the signals are rather indistinct. This observation is
attributed to a decrease in the concentration of the dispersed
particles within the top region of the samples, which is due to
particle sedimentation [35, 36]. It is observed that the AuNPs
begin to sediment slightly after about 5 days.

The peak thickness kinetics (absolute or phase thickness)
versus time was computed based on the top segment of
the profiles (40–45mm) in order to investigate the particle
migration phenomenon, and the plots are shown in Figure 6.
In general, a higher gradient indicates an increase in the
sedimentation rate of the particles in the suspension [37].
It can be deduced from the plots that the sedimentation of
particles occurs over a longer period since the gradients are
not steep, in which the change in peak thickness kinetics
(readings in the 𝑦-axis) with respect to time is negligibly
small. The sedimentation phenomenon is rather minor,
which indicates that the Au NPs are highly stable. The NPs
are stabilized effectively and sedimentation is prevented due
to the CTAB surfactant [23]. However, the sample with
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Figure 5: Backscattered light profiles of Au NPs for all samples with different particle size.
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Figure 6: Peak thickness kinetics of Au NPs at the top segment for
all samples.

the largest mean particle size (Sample L) has the highest
gradient after 60 hours, which indicates that it has the highest
sedimentation rate among all samples. The large particles
settle down eventually at the bottom of the jar for Sample L
due to their weight, as evidenced from Figure 3.

The middle segment of each profile (5–40mm) is nearly
flat, indicating that the particle size for each sample remains
constant, as shown in Figure 5. However, the backscatter
intensity over the total height for Sample L (sample with the
largest particle size) slightly decreases with time which is
barely noticeable but should not be ignored, as this implies
that the size of the Au NPs increases over time. The increase
in particle size is obvious when the mean value kinetics
of Sample L is computed and plotted based on the middle
segment of the profile (5–40mm), in which the change is
homogeneous, as shown in Figure 7.Themean value kinetics
is used to explain the variation of particle size [36]. In this
case, the mean kinetic value of Sample L slightly decreases
with time, whereas the other samples exhibit an almost

0 10 20 30 40 50 60 70 80 90 100 110

Time (h)

55

50

45

40

35

30

25

20

D
elt

a b
ac

ks
ca

tte
rin

g 
(%

)

L

J
I

K

Figure 7: Mean value kinetics of Au NPs at the middle segment for
all samples.

Table 1: Mean particle size, surface plasmon resonance, and zeta
potential value of Au nanoparticles for all samples.

Sample Mean particle Surface plasmon Zeta potential (mV)
Size (nm) Resonance (nm) As-synthesized 2 months

I 7.0 ± 1.7 520 80.3 58.7
J 14.3 ± 1.4 523 78.6 40.9
K 18.4 ± 3.0 527 73.2 42.4
L 30.1 ± 7.7 534 60.3 38.9

constant trend. The small decrement in the mean value
kinetics implies an increase in particle size, which is probably
due to a slight agglomeration of the particles. However, the
particles in Sample L are still well dispersed in the deionised
water.

The results of the TEM, optical absorption spectra, and
zeta potential measurements are summarized in Table 1. It is
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apparent that an increase in particle size corresponds to an
increase in SPR wavelength for all samples, indicating that
the samples are red-shifted.These data are in good agreement
with the zeta potential values. It is widely accepted that a
higher zeta potential value indicates an improvement in the
stability of the suspension [35] due to the greater repulsive
force formed between the Au NPs which keeps the particles
apart from one another. In general, the larger the mean
particle size of Au NPs, the lower the stability of the NPs.
The repulsive force decreases with an increase in particle size
due to a decrease in surface contact area which reduces the
zeta potential value [20]. The results of the particle size agree
well with the zeta potential values, whereby Sample L has
the largest mean particle size but the lowest zeta potential
value. It is for this reason that Sample L exhibits the highest
sedimentation rate among all samples, as evidenced from
Figures 3 and 6.

Obviously, a larger mean particle size indicates an
increase in weight of the Au NPs, which promotes particle
sedimentation. In addition, the number of atoms certainly
will increase the weight of the particles which is reflected by
the growth rate as well. The weight of the Au NPs overcomes
the repulsive force between the individual particles which
is associated with the zeta potential values and thus the
stability of Au NPs in the suspension decreases with time
gradually. However, it is found that all samples still exhibit
a considerable zeta potential value after 2 months, which
indicates that the suspensions are highly stable.

4. Conclusions

In this study, a stable gold nanoparticle (Au NP) colloidal
systemhas been prepared successfully using a seeding growth
technique coupled with a step-by-step particle enlargement
route. It is found that the size of the spherical Au NPs is
within a range of 7–30 nm and the particles are well dispersed
in deionised water. However, it is found that rod-shaped
particles are present in the sample with the largest mean
particle size (30 nm), that is, Sample L.The stability of the Au
NPshas been investigated experimentally using theTurbiscan
screening stability tester and zeta potential analyser. The
backscattered light profiles imply that the AuNP suspensions
are stable while the peak thickness kinetics reveals that the
particle sedimentation is ratherminor.Themean value kinet-
ics indicates that there is negligible particle agglomeration in
the suspensions over a period of 5 days. The zeta potential
values reflect the repulsive force between particles and hence
the stability of the suspensions. It is found that the mean
particle size of the Au NPs is strongly correlated with the
zeta potential value, in which larger particles decrease the
surface contact area and stability of the suspension governed
by the zeta potential. The increase in particle size increases
the weight of the Au NPs which eventually overcomes the
repulsive force between the individual particles. Thus, the
sample with the largest mean particle size (Sample L) has the
highest sedimentation rate compared to other samples. The
samples are found to remain stable over a period of 2 months
and are therefore suitable for the production of MMs, with
the exception of Sample L.
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