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Aspect ratios of gold nanorods have been finely modified in reduction-limited conditions via two electrochemical ways: by
changing the amount of a growth solution containing small gold clusters in the presence of already prepared gold nanorods as
seeds or by changing electrolysis time in the presence or absence of a silver plate. While the atomic molar ratio of gold in the
growth solution to gold in the seed solution is critical in the former method, the relative molar ratio of gold ions to silver ions in
the electrolytic solution is important in the latter way for the control of the aspect ratios of gold nanorods. The aspect ratios of
gold nanorods decrease with an increase of electrolysis time in the absence of a silver plate, but they increase with an increase of

electrolysis time in the presence of a silver plate.

1. Introduction

The design and controlled fabrication of nanostructured
materials with functional properties have been extensively
investigated to attract a great deal of attention [1-7]. A great
number of inventive techniques involving chemical, elec-
trical, and optical processes have been employed to synthe-
size monodispersive and anisotropic materials of nanorods
(NRs), nanowires, and nanobelts [8-12]. In particular,
one-dimensional gold nanostructures have been extensively
studied due to their potential in a variety of applications
such as biosensing, molecular imaging, and photothermal
therapy [13-17]. Gold NRs with diverse aspect ratios
have drawn considerable attention because of their optical
properties, exhibiting intense longitudinal and transverse
plasmon bands in the visible region [18-23].

The synthesis of aspect ratio-controlled gold NRs is
important because it leads us to explore their properties
and to find their applications in sensing and imaging
nanoscience. Several approaches such as seeding [22-24],
ultrasonic [25], photochemical [20, 26, 27], and electro-
chemical methods [28-36] have been carried out to control
the aspect ratios of gold NRs. We also note that bioreduction
techniques [37, 38] have been applied to study faceting

and surface reconstruction on gold. The electrochemical
synthesis of gold NRs has been proven to have some
additional advantages over chemical methods although the
growth mechanism of gold NRs during the electrochemical
synthesis remains elusive [20]. The aspect ratios of gold
NRs have been controlled generally by changing the gold
atomic concentration ratio of the growth solution to the
seed solution or by varying the amount of silver ions [18—
23, 32-35]. The use of silver ions to assist the growth of gold
NRs is common in a seed-mediated approach. It has been
noted that the addition of a small amount of silver ions is
critical for the formation of gold NRs instead of spherical
gold nanoparticles [20, 23, 32-35]. However, the roles of
silver ions in the determination of the aspect ratios of gold
NRs have not been fully understood yet regardless of many
reports [18, 23].

In this paper, we report that the aspect ratio modification
of gold NRs can be approached in two electrochemical ways:
by changing the amounts of growth solutions or by changing
electrolysis time in the presence or absence of a silver plate.
While the gold atomic molar ratio of the growth solution to
the seed solution is critical in the former method, the relative
atomic molar ratio of gold to silver is found to be important
in the latter way to control the aspect ratios of gold NRs.



2. Materials and Methods

The synthesis of a seed solution was conducted using a simple
electrochemical cell [28]. A gold plate (3 x 1 X 0.05cm?)
and a platinum plate (3 X 1 X 0.05cm?®) were used as the
anode and the cathode, respectively. Spacing between the
anode plate and the cathode plate was kept at 0.25 cm. Both
electrodes were immersed in 6 mL of an electrolytic solution
containing 80 mM hexadecyltrimethylammonium bromide
(CTAB) as a hydrophilic cationic surfactant and 8.0 mM
tetraoctylammonium bromide as a hydrophobic cationic
cosurfactant [18, 28]. Immediately prior to electrolysis,
0.13mL of acetone and 0.09 mL of cyclohexane were added
into the electrolytic solution. While current was typically
set at 5mA, temperature was maintained roughly at 38°C
throughout electrolysis. A silver metal plate (3 X 1 X
0.05cm?®) was immersed into the electrolytic solution. 6 mL
of an aqueous solution containing gold clusters (<1 nm in
diameter) was prepared for a growth solution using the
above-mentioned electrochemical method. The color of the
solution was pale blue when the electrolysis was over. Gold
clusters of the growth solution were too small for their
sizes to be measured using transmission electron microscopy
(TEM). Growth solutions were used within 5 min after being
prepared to prevent spontaneous nucleation into gold NRs.
Aspect ratios of gold NRs were controlled by adding various
amounts of gold cluster solutions as growth solutions to fixed
amounts (0.1 mL) of gold NR solutions as seed solutions to
make the gold atomic molar ratios (wy) of growth solutions
to seed solutions be 0, 1.5, 1.75, 2, and 3. To modify the
aspect ratios of gold NRs by changing electrolysis time, a
silver plate was inserted in the electrolytic solution of the
above mentioned simple electrochemical cell having a gold
plate as the anode and a platinum plate as the cathode. Firstly,
we applied electric current for 10 min to the electrolytic
solutions having a silver plate. Secondly, in one experiment,
the silver plate was removed from the electrolytic solution,
and then electric current was additionally applied for 5, 10,
or 15 min with a typical current setting of 5 mA. In the other
experiment, electrolysis was continuously operated with the
silver plate for up to 25 min. A comparative study with and
without a silver plate was carried out to understand the effect
of silver ions on the surface-plasmon resonances and the
aspect ratios of gold NRs.

The absorption spectra of the aqueous colloidal solutions
of gold NRs contained in quartz cells having a path length of
2 mm were taken using a UV/vis spectrophotometer (Scinco,
UVS2040). A drop of a gold colloidal solution was placed
on a carbon-coated copper grid for the TEM measurement
using a microscope (JEOL, JEM2000).

3. Results and Discussion

Figure 1 shows the absorption spectra of gold NRs prepared
at different wy values. The absorption spectrum of gold
NRs prepared in the absence of the growth solution has the
longitudinal plasmon maximum at 748 nm (Figure 1(a)). As
the wy value increased gradually from 0 to 3, the wavelength
at the absorption maximum of the longitudinal plasmon
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FIGURE 1: Absorption spectra for gold NR solutions prepared by
being set aside for 2 days at various wy values of 0 (a), 1.5 (b), 1.75
(¢), 2 (d), and 3 (e).

mode (Ar) shifts to the blue continuously and largely. Table 1
indicates that A, at wy = 3 is shorter by 95 nm than A, at wy =
0. However, the wavelength at the absorption maximum of
the transverse plasmon mode (A7) shifts gradually and very
slightly to the red with an increase of the wy value. The
extreme shift of A; to the blue and the slight shift of A to
the red indicate that the aspect ratios of gold NRs decrease
extensively and continuously with an increase of wy value.
Thus, this suggests that we can control the aspect ratios of
gold NRs by adjusting the wy value.

The TEM images of Figure2 clearly show that the
mean diameter of gold NRs increased continuously with an
increase of the wy value. However, the mean length of gold
NRs remained almost invariant regardless of the variation
of the wy value. These imply that the aspect ratios of gold
NRs decreased as the wgy value increased (Table 1). From
these observations it can be inferred that the gold seeds were
grown more easily on the side of gold NRs than on the ends
of gold NRs. It is known that the rarely observed {110}
facets of gold NRs has higher energy than the {111} and
{100} facets of gold NRs do [30, 33, 39-42]. In previous
other seeding methods, which employed small nanoparticles
as seeds, the aspect ratios of gold NRs were reported to
increase with an increase of the wy value because the growth
of gold NRs was assisted by the aqueous micellar template
of CTAB [18, 22, 24]. However, if gold NRs were used as
seeds, the diameters grew faster than the lengths did. As the
wo value increased from 0 to 2, the average length of gold
NRs increased only 3.3% whereas the average diameter of
gold NRs increased by 27% (Table 1). So the use of already
prepared gold NRs as seeds is considered to be important for
the fine modification of the aspect ratios of gold NRs.

On one hand, Figure 3(a) shows that the wavelength at
the longitudinal absorption maximum of gold NRs dispersed
in water decreased linearly with an increase of the wy value.
This implies that the optical properties of gold NRs can be
tuned finely to cover a wide spectral range of 748—653 nm
by adjusting the wy value, as described with Figure 1. On
the other hand, Figure 3(b) reveals that the average aspect
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TaBLE 1: Wavelengths at longitudinal absorption peaks (1), average lengths (I), average diameters (d), and average aspect ratios (AR) for

the gold NRs of the samples described in Figures 1 and 2.

Figures wp? A, (nm) [ (nm) d (nm) AR
Figures 1(a) and 2(a) 0.00 748 36.6 10.4 3.6
Figures 1(b) and 2(b) 1.50 714 36.4 11.7 3.2
Figures 1(c) and 2(c) 1.75 699 37.9 12.9 3.0
Figures 1(d) and 2(d) 2.00 687 37.8 13.2 2.9
Figures 1(e) and 2(e) 3.00 653 36.9 14.8 2.5

*Gold atomic molar ratio of the growth solution to the seed solution.

(®)

FiGurg 2: TEM images of gold NRs prepared by being set aside for 2 days at various w, values of 0 (a), 1.5 (b), 1.75 (¢), 2 (d), and 3 (e). Each

scale bar indicates 25 nm.

ratio of gold NRs decreased linearly from 3.6 to 2.5 as the wy
value increased from 0 to 3. As discussed with Figure 2, this
suggests that the aspect ratios of gold NRs can be modified
finely by adjusting the wy value.

To modify the aspect ratios of gold NRs by changing elec-
trolysis time, a silver plate was inserted to a simple electro-
chemical cell having a gold plate as the anode and a platinum

plate as the cathode. Figure 4(a) shows the absorption
spectrum of gold NRs prepared by applying the electric
current to the electrolytic solution for 10 min in the presence
of a silver plate. Then, the silver plate was removed from
the electrolytic solution, and the electric current was applied
additionally to the electrolytic solution for 5 (Figure 4(b)),
10 (Figure 4(c)), or 15min (Figure 4(d)). Table 2 indicates



TaBLE 2: Wavelengths at longitudinal absorption peaks (1), average le
the gold NRs of the samples described in Figures 4 and 5.
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ngths ([), average diameters (d), and average aspect ratios (AR) for

Figures Time (min)? AL (nm) [ (nm) d (nm) AR
Figures 4(a) and 5(a) 0 674 36.7 13.7 2.7
Figures 4(b) and 5(b) 5 740 61.7 18.9 3.3
Figures 4(c) and 5(c) 10 655 58.9 24.5 2.4
Figures 4(d) and 5(d) 15 630 50.1 23.9 2.1
* Additional electrolysis period after removing the silver plate.
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FIGURE 4: Absorption spectra of aqueous gold NR solutions,
@ electrolyzed at 5mA for 10 min with a silver plate and then for
0 min (a), 5min (b), 10 min (c), and 15 min (d) additionally after
® removing the silver plate.
~
< 31
the silver plate, the aspect ratios of gold NRs decreased
although both of the lengths and the diameters increased
, L . . . apparently compared with the respective ones at 0 min. These
0 1 2 3 suggest that the aspect ratios of gold NRs can be regulated by
wo adjusting the amount of silver ions present in the reaction

(®)

FIGURE 3: A;, (a) and AR (b) of gold NRs versus wy for the samples
described in Figures 1 and 2.

that Ay at 5min was shifted largely (by 66 nm) to the long
wavelength compared with A; at Omin. However, A; at
10min and A; at 15 min were shifted gradually to the short
wavelength compared with A; at 0 min. Table 2 indicates that
AL at 10 min and A at 15 min were shifted to the blue by
19nm and 44 nm, respectively, compared with A; at 0 min.
Thus, this suggests that we can control the aspect ratios of
gold NRs by adjusting electrolysis time after removing the
silver plate. In contrary to the obvious shift of Az, At was
relatively unchanged to be present at 520 nm.

The TEM images of gold NRs in Figure5 support
the phenomena observed with the absorption spectra of
Figure 4. When the electric current was applied additionally
for 5 min after removing the silver plate, aspect ratios as well
as diameters and lengths increased, indicating that gold NRs
were still growing. However, when the electric current was
applied additionally for 10 min and 15 min after removing

system. This indicates that the average aspect ratio of gold
NRs increased in the beginning and then decreased when
the electric current was applied in the absence of a silver
plate. It is known that the aspect ratios of gold NRs increase
with the concentration increase of silver ions [20, 23, 32, 33].
The aspect ratios of gold NRs increased for 5 min and then
decreased for further electrolysis time in the absence of a
silver plate (Table 2). The mean aspect ratio of gold NRs
increased for 5 min because silver deposition on the {110}
facets took place to inhibit growth on the sides of gold NRs.
Thus, gold grew on the low-energy {100} facets to elongate
gold NRs for the early time after removing the silver plate.
However, the average aspect ratio of gold NRs decreased
for further electrolysis time in the absence of a silver plate
because silver deposition occurred no longer to inhibit gold
deposition on the high-energy {110} facets.

The visible absorption spectra of aqueous gold NR
solutions in Figure 6 reveal that the aspect ratios of gold NRs
can be controlled finely by adjusting electrolysis time in the
presence of a silver plate. When the molar ratio of gold ions to
silver ions remained invariant during the electrolysis, both A,
and AR increased largely and monotonically with electrolysis
time (Figure 6 and Table 3). Ay, at 25 min is larger by 149 nm
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FiGUre 5: TEM images of modified gold NRs, electrolyzed at 5 mA for 10 min with a silver plate and then for 0 min (a), 5min (b), 10 min
(¢), and 15 min (d) additionally after removing the silver plate. Each scale bar indicates 25 nm.
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FIGURE 6: Absorption spectra of aqueous gold NR colloidal
solutions electrolyzed at 5mA with a silver plate for 10 min (a),
15 min (b), 20 min (c), and 25 min (d).

than Ay at 10 min while AR at 25 min is greater by 1.8 than AR
at 10 min. Together with Figure 4, Figure 6 indicates that the
presence of silver ions in the electrolytic solution is critically
vital for the elongation of gold NRs. It has been reported
[32] that the aspect ratios of gold NRs increase with the total
area of an immersed silver plate. Thus, the amount and the
release speed of silver ions can be adjusted to control the
aspect ratios of gold NRs finely. It would be fundamentally
important to explore how the presence or absence of a

TABLE 3: Wavelengths at longitudinal absorption peaks (A;) and
average aspect ratios (AR) for the gold NRs of the samples described
in Figure 6.

Figure Time (min)? AL (nm) AR
Figure 6(a) 10 674 2.7
Figure 6(b) 15 745 34
Figure 6(c) 20 783 4.0
Figure 6(d) 25 823 4.5

“Electrolysis time in the presence of a silver plate.

silver plate could control the aspect ratios of gold NRs in
our process. The report on silver underpotential deposition
(UPD) on growing gold nanoparticles by Guyot-Sionnest has
provided some useful insight into the role of silver ions and
a possible rationale for excess silver ions in a solution [40—
42]. Gold NRs grown using CTAB-protected gold seeds in
the presence of Ag* ions were reported [32-35] to bear {110}
facets on the sides of gold NRs and {100} facets on the ends
of gold NRs. Silver UPD is the reduction of Ag™ to Ag’ at a
metal substrate with a surface potential less than the standard
reduction potential of Ag*. A great positive shift in potential
for silver UPD on gold surfaces was observed on {110}
surfaces compared to the {100} or {111} facets [40-42]. The
deposition of silver on the sides of gold NRs becomes faster
than that on the ends of gold NRs [33, 40—42]. Fast silver
deposition followed by strong CTAB binding inhibits growth
on the sides of gold NRs and leads to preferential growth



at the ends of gold NRs. Presenting the crystalline structure
of gold NRs, two recent papers [43, 44] have provided new
insights in the growth mechanisms of gold NRs having a wide
range of morphologies on the nanoscale.

4. Conclusion

The aspect ratios of gold NRs have been controlled in two
electrochemical ways. Firstly, they have been finely modified
by changing the amount of a growth solution containing
small gold clusters in the presence of already prepared gold
NRs as seeds. Secondly, they could be controlled well by
adjusting electrolysis time in the presence or absence of
a silver plate. While the gold concentration ratio of the
growth solution to the seed solution was critical in the
former method for the control of the aspect ratios of gold
NRs, the relative molar ratio of gold ions to silver ions
was important in the latter way. The aspect ratios of gold
nanorods decreased with an increase of electrolysis time
in the absence of a silver plate, but they increased with
an increase of electrolysis time in the presence of a silver
plate. This indicates that the presence of silver ions in the
electrolytic solution is critically vital for the elongation of
gold NRes.
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