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ABSTRACT

In this study, copper (Cu) is introduced as a foreign metal ion replacing platinum by modifying the recipe of GNBPs and the final
structure obtained is gold bone nanorods (GBNRs). The aspect ratio and surface density of GBNRs were investigated by varying the
growth time during the growth process from 30 minutes to 5 hours. It was found that the growth solution has been changed from
colourless to light blue and violet colour with increasing growth time, indicating the formation of GBNRs. The UV-Vis analysis shows
two resonance plasmon peaks for t-SPR and I-SPR at 583 nm and 766 nm with the intensity of 1.433 a.u and 2.236 a.u at the optimum
5 hours growth time. For morphological analysis, it was found that the sample with lower growth time produced gold nanosphere
shapes and with increasing time, more GBNRs with large aspect ratios were produced. HR-TEM characterization reveals that bone
nanorods are formed due to the influence of Cu foreign metal ions, which cause selective deposition of Au atoms onto {111} facet of
gold nanorods, while simultaneously reducing the overgrowth rate of the {110} facet for the edge regions and the {100} facet for the
tip regions of the nanorods. In addition, the influence of Cu foreign metal ions on the growth mechanism of Au nanoseeds into nanorods
and the shape transformation of nanorods into bone nanorods are also discussed in this work. In conclusion, the GBNRs have been

successfully synthesized using SMGM by induced Cu as foreign metal ions.
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1. INTRODUCTION

There are various types of metal nanoparticles such as gold
(Au) [1], [2], silver (Ag) [3], [4], and copper (Cu) [5] used in
sensing applications. These metals have unique
characteristics namely Localized Surface Plasmon
Resonance (LPSR) resulting from the collective oscillation
of electrons on the metal nanoparticles by the interaction of
the incident light and electrons at the resonant frequency. It
will produce strong peaks in extinction spectra, as well as
strong enhancements of the local electromagnetic fields
surrounding the nanoparticles [6], [7]. The commonly used
metal nanoparticle is gold due to its inert and chemical
stability [8], [9].

Currently, gold with non-spherical structures has been
chosen to be implemented in LSPR sensors [10]-[13]. These
elongated structures have two LPSR plasmonic peak
responses associated with transverse surface plasmon
resonance (t-SPR) and longitudinal surface plasmonic
resonance (I-SPR). The I-SPR response gives additional
sensing parameters compared to spherical-based LSPR
sensors [14], [15].
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Gold nanorods (GNRs) and gold nanobipyramids (GNBPs)
are fabricated elongated nanostructures that exhibit two
LSPR plasmonic bands and have been used in LSPR sensing
applications [16], [17]. These elongated nanoparticles are
usually fabricated using the most popular gold nanoparticle
synthesis method, namely the seed-mediated growth
method (SMGM). By varying the growth parameters, such as
materials and concentrations, rods and bipyramids can be
produced. One of the most crucial ingredients for
synthesizing elongated nanoparticles using SMGM is foreign
metal ions, which play a role as a shaping agent to tune the
morphology of nanoparticles. For example, GNRs can be
obtained by modifying foreign metal ions using silver [18],
[19]. In contrast, GNBPs are modified using platinum [20] as
the foreign metal ion to form its shape during synthesis.

Thus, in this study, copper (Cu) is introduced as a foreign
metal ion by modifying the recipe of GNBPs. As known, Cu
is cheaper than platinum and silver. Even though Cu is more
easily oxidized and corroded, the introduction of Cu as a
foreign metal ion will not affect the properties of the gold
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nanoparticles since the number of Cu atoms is very small
compared to the number of gold atoms. The final structure
obtained is GNRs with a bone shape called gold bone
nanorods (GBNRs). The properties of GBNRs have been
studied by varying their growth time. The bone shape
nanorods produce two peaks of plasmonic response and are
good to be used as sensing materials as an alternative to
elongated nanoparticles, i.e., nanorods.

2. EXPERIMENTAL

The recipe of GBNRs used in this process was modified from
the GNBPs recipe as previously reported [21], [22]. The
synthesis of GBNRs was carried out utilizing the SMGM,
which comprises two primary phases: seeding and growth.
In the seeding phase, nanoseeds are implanted, while in the
growth phase, the nanoseeds are nurtured to reach the
desired shape and size over a specified growth period. The
chemicals employed in this synthesis procedure included
Gold (I Chloride Trihydrate (HAuCla),
Cyltrimethylammonium  Bromide (CTAB), Sodium
Borohydride (NaBH4), and L-Ascorbic Acid (AA), all
procured from from Sigma-Aldrich. Whereas Copper (II)
Sulfate Pentahydrate (Cu) was purchased from Kanto
Chemical Co. Inc,, Silver nitrate (AgNO3) was sourced from
Honeywell, while Hydrochloric Acid (HCI) was acquired
from ACI Labscan.

For the seeding process, four types of chemical materials
are involved which are HAuCls, CTAB, NaBH4, and Cu as the
foreign metal ion. The process started by diluting the CTAB
with deionized water for 9.75 ml. CTAB solution was
immersed in the hot water to make it dilute and well mixed.
The final CTAB solution is colourless. After that, 0.15 ml of
HAuCls was dropped into the CTAB solution. The colour
turned from colourless to light gold. Then, 0.1 ml Cu was
dropped into the seed solution. The colour remains the
same. Lastly, icy cold NaBH4 dropped into the solution and
turned the light gold colour to a brownish colour. NaBH4
needs to be stored in a cool place before being used to
ensure this chemical is not affected by the constant changes
in temperature and humidity. The seed solution was
observed within 2 hours to see the colour changes. After 2
hours, the seed solution colour was changed from brownish
to violet. Figures 1(a) and (b) show the seeding process for
GBNRs.

After that, the growth process solution involved 7 types of
chemical materials and a solution from the seeding process

was prepared. The growth process started by diluting the
CTAB with deionized water for 20 ml. After that, 0.875 ml of
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Figure 1. (a) Colour changes during the seeding process; (b) Final

seed solution after 2 hours seeding period; (c) colour changes
during the growth process
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HAuCls was dropped into the CTAB solution. The colour
turned from colourless to gold colour. Then, 0.025 ml Cu
was dropped into the growth solutions. The colour still
remains the same. Then, 0.2 ml of AgNO3 was dropped
followed by 0.4 ml of HCL The colour of the solution
remained the same for both processes. After that, 0.16 ml of
AA was dropped and the colour changed from gold to
colourless. This shows the reduction of gold chloride in the
solution. Lastly, 0.05 ml of the seed solution was added and
the solution was still colourless as shown in Figure 1(c). The
duration of the growth process ranged from 30 minutes to
5 hours, with intervals of 1 hour, to investigate how the
aspect ratio and surface density of the resulting GBNRs
were affected by the growth time.

After that, the growth solution was undergoing the
centrifugation process using Eppendorf Centrifuge 5804
(Germany). Centrifugation is a method that utilizes
centrifugal force to segregate particles within a solution
based on their size, shape, density, viscosity of the medium,
and the speed of the rotor. Each sample needs to undergo 3
centrifugation processes in sequence which are 1 hour for
15 ml, 30 minutes for 3 ml and another 30 minutes for 3 ml.
The growth solution has been centrifuged to separate the
precipitate and supernatant. The precipitates can be seen at
the bottom of the centrifuge tubes while the supernatant
was removed using a pipette.

Finally, the optical characteristics of GBNRs were analyzed
utilizing a UV-1800 Spectrophotometer manufactured by
Shimadzu (Japan), operating within a range from 400 nm to
1000 nm. Morphological structures were examined through
field-emission scanning electron microscopy (FESEM) using
the JSM-7600F machine from Jeol (USA), under high vacuum
conditions with a 5 kV accelerating voltage and high-
resolution transmission electron microscopy (HR-TEM)
using JEM-ARM200F machine from Jeol (USA). Structural
analysis via X-ray diffraction (XRD) spectrum was
conducted using the X'Pert Powder X-Ray Diffractometer
produced by PANalytical (Netherlands), employing CuKa
radiation with a wavelength of 1.5406 A.

3. RESULTS AND ANALYSIS

The growth of GBNRs in the solution was accomplished.
This was verified through four types of characterization:
physical, optical, morphological, and structural analyses.
The specific findings are elaborated as discussed below.

3.1. Physical Observation

The physical characterization can be observed by
monitoring the colour changes in the seeding process and
growth process. As previously mentioned, during the seed
solution preparation, a mixture of CTAB solution and
HAuCl4 resulted in a light-yellow solution. Subsequently, Cu
was introduced. Upon adding freshly prepared icy cold
NaBHs to the seed solution, the solution's colour
transitioned from light yellow to brownish, signifying the
formation of nanoseeds within the solution as shown in
Figure 1(a). After 2 hours, the seed solution turned from a
brownish colour to a violet colour, as shown in Figure 1(b).
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Then, the growth solution preparation started by mixing
CTAB solution with HAuCls. The solution turned from
colourless into gold colour. After that, Cu, AgNO3 and HCl
were added to the growth solution. For this process, the
colour remains the same. The gold colour solution turned
colourless as ascorbic acid was added to it. The colour
changes are shown in Figure 1(c). Lastly, seed solution was
added to the growth solution. The changes in the growth
solution can be seen after 30 minutes from pale violet to
light violet.

Figure 2(a) shows the result of the growth process with
increasing growth time. After that, the solution was
undergoing the centrifugation process. Figure 2(b) shows
the variations of the growth solution after the
centrifugation process. The solution after centrifuging
shows a darker colour indicating a high density of particle
formation.

3.2. Optical, Morphological, and Structural Properties
of GBNR

The optical characterization was used to obtain the LSPR
response of GBNRs from a UV-Vis spectrophotometer. For
the growth process, the result was taken right after the
growth process was completed within the set time. The
absorption spectra of GBNRs were recorded with deionized
water as references. Figure 3 shows the UV-Vis result of
GBNRs before and after the centrifugation process with the
variation of growth time.

From Figure 3, it can be seen that for 30 minutes to 1 hour,
there is only a single t-SPR response with no I-SPR response.
Then, the 1-SPR peaks occurred after the growth time
extended to 2 hours. After the growth time was extended to

Figure 2. Growth solution with a variation of growth time from
0.5 to 5 hours (a) before centrifugation; (b) after the
centrifugation process

3-4 hours, clear and sharp peaks for both t-SPR and 1-SPR
response were obtained. For 5 hours of growth time, it has
a stronger I-SPR response than t-SPR. The t-SPR refers to an
oscillation of free electrons in a horizontal direction while 1-
SPR is obtained from the free charge in a vertical direction
[23]. The detailed intensity and wavelength of the samples
are listed in Table 1.
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Figure 3. UV-Vis spectrum of GBNRs before (solid line) and after
(dashed line) centrifuged with a variation of growth time from
0.5 to 5 hours
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Table 1. The detailed intensity and wavelength of the GBNRs

Growth Wavelength (nm) Intensity (a.u.)
Time t-SPR 1-SPR t-SPR t-SPR
(h)

0.5 566 - 0.634 -

1 574 - 0.936 -

2 612 730 0.834 0.571

3 616 752 0.963 0.704

4 564 704 2.504 1.884

5 583 766 1.433 2.236

The LSPR response is related to the aspect ratio (width and
length) of GBNRSs. Single t-SPR response indicated very low
formation of rods or only spherical particles formed within
the growth period. GNRs usually exhibit two plasmon peaks
at t-SPR and 1-SPR [10], [12], whereas gold nanospheres
exhibit only one plasmon peak [24]. Thus, the I-SPR gives an
additional parameter that is potentially used in the LPSR
sensor as a detection parameter.

Further analysis was done to confirm this finding using
FESEM morphological images. For the morphological
analysis, the magnification used for this analysis is 100k.
Figure 4 shows the FESEM images of the GBNRs with
variations in growth time.

As can be seen in the FESEM analysis, the sample for 30
minutes and 1 hour growth time has more spherical
particles rather than rod particles. For 2 hours, more GBNRs
were produced. 3 hours and 4 hours growth contain a high
density of GBNRs. Whereas for sample 5 hours, the GBNRs
produced have much bigger dimensions than other
samples. The aspectratio and surface density for all samples
are listed in Table 2.

The aspect ratio was measured by the width and length of
each GBNRs particle. According to this analysis, it can be
seen that with the increasing of time, the aspect ratio of
GBNRs also increases with the highest aspect ratio obtained
for 5 hours of growth time which is 2.46 + 0.06. Then, the
surface density of GBNRs was measured using Image]
software to calculate the number of particles per unit area
of the surface. The higher the growth time produced a
higher percentage of extracted GBNRs deposited on the
surface of the substrate. Longer growth time with the same
amount of gold source may cause stacking and overlapping
of GBNRs which is not very good for LSPR sensors.

The HR-TEM images of GBNRs are shown in Figure 5. The
low magnification, Figure 5(a), shows the perfect formation
of bone nanorods. The observation of HR-TEM images

Table 2. Aspect ratio and density of the GBNRs

Growth time Aspect ratio Surface density
(h) (%)
0.5 2.32+0.05 14.58
1 2.33+0.05 37.14
2 2.43+0.06 38.58
3 2.44 +0.08 46.24
4 2.45+0.05 54.06
5 246 +0.06 64.92
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Figure 4. FESEM images of the GBNRs with variations of growth
time (a) 0.5; (b) 1; (c) 2; (d) 3; (e) 4; (f) 5 hours

Figure 5. TEM images of GBNRs obtained at a growth time of 5
hours show (a) the perfect formation of bone nanorods; the area
delineated by the square in (a) denotes the positions from which

HR-TEM images in (b) and (c) were captured. Insets within (b)

and (c) represent the fast Fourier transform (FFT) patterns
corresponding to their respective images
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indicates that bone nanorods emerge from nanorods with a
diminished rate of overgrowth, particularly in the [100]
direction for the tip regions and in the [110] direction for
the edge regions as shown in Figure 5(b) and 5(c),
respectively. The reduced overgrowth rate observed in the
[100] direction at the tips and in the [110] direction at the
edges implies a regulated growth process influenced by the
presence of Cu ions. It is presumed that Cu ions play a
significant role in modulating the growth dynamics,
resulting in the formation of bone nanorods with distinct
structural characteristics. Conversely, when Pt foreign
metal ions are employed in the growth process, this effect is
not observed [25]. This comparison highlights the specific
influence of Cu ions in dictating the growth behaviour of Au
nanoseed leading to the formation of nanorods and bone
nanorods.

To study the structural properties, the GBNRs sample that
was prepared using 5 hours of growth time was chosen and
evaluated using XRD characterization as shown in Figure 6.
It can be seen from the figure that all diffraction peaks
attributed to GBNRs corresponded to the face-centered
cubic (FCC) structure of gold according to the standard data
for gold (ICSD file No. 98-061-1623). Lattice spacing
computed from the strongest diffraction peak, plane (111),
is 0.235 nm, which matches well with the HR-TEM result.
Moreover, the EDS spectrum as shown in Figure 7 reveals
that the elemental composition of the bone nanorods is Au
atoms. As previously mentioned, Cu is not formed in the end
product and this is confirmed by the Cu peak that does not
appear in the XRD spectrum.

To thoroughly understand the growth mechanism of
GBNRs, we conducted a detailed analysis of the
nanoparticles' morphology that form during the seed and
growth processes. Initially, the nucleation and growth of
these nanoparticles commence from Au nanoseeds, which
exhibit {110}, {111}, and {100} crystal facets [26]. It is
noteworthy that the under potential deposition (UPD) of the
{110} facet is higher than the {100} and {111} facets, leading
to the preferential adsorption of a CTAB bilayer on the {110}
facet [27].

During the growth process, Ag ions derived from AgNOs3
which are added in growth solution, react with bromide
ions originating from the CTAB surfactant, resulting in the
formation of AgBr. Remarkably, AgBr selectively adsorbs
onto the {110} facets [28], thereby influencing the
subsequent deposition of Au atoms. Due to the higher
surface energy of the {110} facet, Au atoms predominantly
deposit onto {100} and {111} facets rather than {110}
facets, as greater surface energy implies less stability [29].

As the reaction time increases, the quantity of Cu ions as
foreign metal which deposited onto the {100} facets
increase. Since Cu has the higher reactivity compared to Au,
Cu atoms accumulate on the {100} facet facilitating the
adsorption of Br to form CuBr on this facet. Consequently,
the growth rate on the {100} facet is suppressed.
Meanwhile, the deposition of Au atoms persists on the {111}
facets. Ultimately, this intricate process leads to the
formation of GBNRs.
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Figure 6. XRD pattern of GBNRs obtained at growth time 5 hours
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Figure 7. EDS spectrum of GBNRs obtained at growth time
5 hours

It is important to note that this mechanism does not occur if
the foreign metal ion in the growth solution is substituted
with an atom other than Cu (e.g., Pt atom), as previously
reported in our work [30]. For further clarity, the
illustration of the GBNRs growth mechanism is shown in
Figure 8.

4. CONCLUSION

In conclusion, the introduction of copper replacing
platinum as the foreign metal ion successfully produced
GBNRs. The synthesis of GBNRs was accomplished through
the SMGM, employing two distinct stages: the seeding and
growth processes. In this research, GBNRs were synthesized
for two hours for the seeding process and variation of the
growth process time. It was found that the optimum growth
time is 5 hours. The GBNRs have two resonance peaks for t-
SPR and I-SPR at 583 nm and 766 nm for the 5 hours of
growth time with an aspect ratio of 2.46 + 0.06 and surface
density of 64.92 %. HR-TEM images reveal that bone
nanorods are formed from rods with reduced overgrowth
rate in the [100] direction for the tips regions and in the
[110] direction for the edges regions. The reduced
overgrowth is presumably from the effect of Cu ions as the
effect is not observed when Pt foreign metal ions are
employed for the growth process.
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Figure 8. Schematic illustration of the growth mechanism of
GBNRs

Based on the morphology of the nanoparticles formed, the
possible growth mechanism of GBNRs is as follows: the
initial nucleation and growth of nanoparticles come from Au
nanoseeds which have {110}, {111}, and {100} crystal
facets. Since the surface energy of the {110} facet is higher
than {100} and {111} facets, the CTAB bilayer is adsorbed
on the {110} facet. The Ag ions from AgNOs in the growth
solution react with bromide ions from CTAB surfactant and
form AgBr, which selectively adsorb onto {110} facets.
Consequently, the Au atoms will predominantly deposit
onto {100} and {111} facets instead of {110} facets because
greater surface energy means less stability. As the reaction
time increases, more Cu ions, which are foreign metal ions
in the growth solution, will be deposited on the {100} facets.
Since Cu is more reactive than Au, more Cu ions have been
deposited on the {100} facets, facilitating the adsorption of
Br to form CuBr on these facets, thus slowing the growth
rate on {100} facets. On the other hand, the deposition of Au
atoms on the {111} facets still occur. Ultimately, this process
culminates in the formation of GBNRs.
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