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Abstract Triangular gold (Au) nanoprisms of various
sizes were synthesized in a controlled way using a
modified three-step seed-mediated method with different
volumes of starting seed solution and subsequent first
step’s growth solution. The structures and optical
properties of the triangular Au nanoprisms were inves-
tigated using transmission electron microscopy (TEM),
atomic force microscopy, and UV—Vis—-NIR spectropho-
tometry. The Au nanoprisms synthesized also varied in
optical response frequency of localized surface plasmon
resonance (LSPR) owing to electric dipole polarizations
of the Au nanoprisms. This variation depended nonlin-
early on the volume of the seed solution. From optical
extinction spectra and careful TEM observations, the
dipole LSPR peak frequency was found to be linearly
proportional to the edge length of the Au nanoprisms.
Consequently, it was experimentally shown that the
LSPR optical response frequency of their colloidal
solutions could be controlled in the near-infrared region
(700-1200 nm), corresponding to an edge length of
40-180 nm of the Au nanoprisms. It was also demon-
strated that the tip sharpness of triangular Au nanoprisms
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was improved by using fine Au seeds instead of coarse
Au seeds, and the resulting Au nanoprisms were smaller
and thinner. A formation mechanism of triangular Au
nanoprisms shall also be discussed with a prospect of
synthesizing very tiny Au nanoprisms.
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Introduction

Metal nanoparticles have great potential to be used in
optical, optoelectrical, and biological fields, owing to
effects such as optical electric field enhancement (Xu
et al. 2011; Schaadt et al. 2005), nonlinear ultrafast
optics (Hayakawa et al. 2004; Tsutsui et al. 2011), and
surface enhanced Raman scattering (SERS) (Haynes
et al. 2005; Haes et al. 2005; Wang and Schlucker
2013), which can improve the efficiency of solar cell
optical response, medical diagnosis, illuminations
from light emitting diodes (LEDs), lasers, etc. This
is in turn contributes to the growth of the active
scientific field of plasmonics (Brongersma and Kik
2007; Maier and Atwater 2005). The effects men-
tioned above are produced by electric polarization of
collective oscillations of free electrons localized in
metal nanoparticles (Kreibig and Vollmer 1995)
known as localized surface plasmon resonance
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(LSPR). Recently, many researchers have focused on
these interesting properties, and many papers on
fundamental discoveries and device applications
related to the optical properties of these nanoparticles
(Eustis and El-Sayed 2006) have been published in
rapid succession.

Electric polarization in metal nanoparticles varies
depending on the shape and size of the nanoparticles,
allowing researchers to realize a variety of LSPR
properties. (Jain et al. 2006; Kelly et al. 2003; Lee and
El-Sayed 2005). In addition, strong local fields are
produced at the sharp portions of the tips and edges of
rod-like particles and triangular nanoprisms (Liao and
Wokaun 1982; Mohamed et al. 2000; Mahmoud and
El-Sayed 2013; Shuford et al. 2005; Yang et al. 2009;
Hao and Schatz 2004; Mohammadi et al. 2011; Lee
et al. 2013). In particular, a unique nanoprism shape is
expected to make it easy to be arrayed two dimen-
sionally (Lee et al. 2013), which could further enhance
the optical responses of the nanoprisms and be useful
for practical applications.

To make progressive use of the LSPR properties of
metal nanoprisms, optimal synthesis parameters must
be determined in accordance with the shape, size, and,
eventually, optical responses of the nanoprisms. Here,
we focused ourselves on triangular gold (Au) nanopr-
isms and investigated a more controlled way to
synthesize these nanoprisms with different edge
lengths and thicknesses. Triangular metal nanoprisms
are often accidentally produced in the presence of
organic surfactants (Métraux and Mirkin 2005;
Aherne et al. 2008; Goy-Lopez et al. 2008; Guo
et al. 2006; Shankar et al. 2004). In this study, we
applied a very practical methodology for preferential
synthesis of triangular Au nanoprisms, where a
selective adsorption of iodide ions (I7) on (111)
planes of a cubic Au metal lattice occurred during a
seed-mediated growth of Au nanometals (Millstone
et al. 2008). We modified the method to alter the LSPR
response in optical frequencies in an optimized way.

Experiments
Materials
Tetrachloroauric(Ill) acid trihydrate (HAuCl,-3H,0),

sodium borohydride (NaBH,), cetyltrimethylammo-
nium bromide (CTAB), L(+)-ascorbic acid, sodium
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hydroxide (NaOH), and sodium chloride (NaCl) were
purchased from Kishida Chem. Co. Trisodium citrate
[Na3(C3HsO(COO);3)] was provided by Kanto Chem.
Co. Sodium iodide (Nal) was obtained from Nacalai
Tesque.

Preparation of Au seed solution

1 ml of 10 mM HAuCl, and 1 ml of 10 mM trisodium
citrate were added to 36 ml of Milli-Q water. 1 ml of
100 mM NaBH, stored in ice was added to the mixed
solution with vigorous stirring. As a result, Au was
reduced and the color of the solution changed from
light yellow to wine red (see Scheme 1). We used
different volumes of 10 mM trisodium citrate (be-
tween 1.0 and 1.4 ml) to vary the size of the Au seeds
(Sau et al. 2001; Haiss et al. 2007).

Synthesis of Au nanoprisms

Millstone et al. (Millstone et al. 2005, 2008) reported
that triangular Au nanoprisms could be synthesized
using a three-step seed-mediated method. To do this,
first, 150 ml of a 50 mM CTAB solution was
prepared, and then a very small amount of Nal
(50 pM I™ solution) was added to the CTAB solution.
The presence of a small amount of I” ions aided in the
formation of the triangular Au nanoprisms. Growth
solutions denoted as No. 1 and 2 (see Scheme 1) were
prepared by adding 0.25 ml of 10 mM HAuCl, to 9 ml

"B

Seed solution

all s?ution
IV ml 3~5s"

3~55‘
DNO. 1 UNO. 2 No. 3 j

Growth solution

Scheme 1 Three-step seed-mediated method with various
volumes of the starting seed (x) and first step’s growth solution
(). Resultant solutions are required to be filtered to collect Au
nanoprisms after they have been rested for 30 min (see
“Synthesis of Au nanoprisms” section for details)
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of 50 mM CTAB solution, and then adding 0.05 ml of
10 mM ascorbic acid and 0.05 ml of 10 mM NaOH to
the mixed solutions. The color of the solution changed
from orange to colorless. The growth solution denoted
as No. 3 was colorless and consisted of 250 ml of
10 mM HAuCl; and 90 ml of a 50 mM CTAB
solution to which 0.5 ml of 10 mM ascorbic acid
and 0.5 ml of 10 mM NaOH were added.

In the first step of the synthesis, x ml of the Au seed
solution was gently stirred into growth solution No. 1
(Fan et al. 2010). Second, y ml of the first step’s
growth solution was added to solution No. 2 very
quickly (within 3-5 s). Finally, all of the second step’s
growth solution was added to solution No. 3 quickly
(within 3-5 s) and the resulting solution was trans-
ferred to a refrigerator as soon as possible to rest for
30 min. After the third growth step, the resultant
solution changed from colorless to deep magenta
purple.

The colloidal solution contained not only Au
nanoprisms but also a small amount of spherical Au
nanoparticles. To separate the two types of particles,
the solution was centrifuged at 2100xg for 1 min,
after adding NaCl and keeping the solution for at least
1 h (Young et al. 2012). As NaCl was added, the ionic
strength of the solution increased, and Au nanoprisms
aggregated owing to their inter-planar interactions.
After the liquid at the top of the container was
removed, the aggregates were re-immersed in a
50 mM CTAB solution to separate aggregated Au
nanoprisms, because the re-immersed solution con-
tained less NaCl, and the inter-planar interactions of
the Au nanoprisms were consequently weaker. Thus,
the Au nanoprisms were no longer aggregated and
exhibited a green color (See a picture in Scheme 1,
which shows an example of the Au nanoprisms
solution synthesized when x = 1.0 and y = 1.0 ml).

Characterizations

The optical extinction spectra of the resultant colloidal
solutions were analyzed with a UV-Vis—-NIR spec-
trophotometer (JASCO, V-670). The morphologies
and thicknesses of the Au nanoprisms were analyzed
using transmission electron microscopy (TEM)
(JEOL, JEM-2010) and atomic force microscopy
(AFM) (DFM mode, SPA-300HV/SPI4000, Seiko
Instruments Inc.), respectively. For the statistical
analysis of the edge length and tip sharpness, we took

about ten TEM images so that each of them included
several tens of prisms. Then, we randomly picked up
80 prisms for the statics. As for AFM data, we took a
couple of AFM images, each of which included more
than ten prisms and we picked up 10 of them for the
estimation of the averaged thickness and error bars.

Results and discussion
Influence of the Au seed solution volume

Figure 1 shows optical extinction spectra and the
LSPR peak positions of Au nanoprism colloidal
solutions synthesized with various volumes of the
starting Au seed solution (x) with fixed y (=1.0 ml).
The spectra are composed of a strong broadband at
long wavelengths, owing to the electric dipole polar-
ization (D) of the LSPR of Au nanoprisms, and a small
peak on the hump of the dipole LSPR band, which is
due to the quadrupole polarization (Q) of the Au
nanoprisms. (Millstone et al. 2005) A peak located at
~530 nm is attributed to residual spherical Au
nanoparticles. It was found that the dipole LSPR peak
positions of the Au nanoprisms shifted to shorter
wavelengths (from 1100 to 800) with increasing
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Fig. 1 Optical extinction spectra of triangular Au nanoprisms
synthesized with various volumes of the starting Au seed
solution (x) with 1.0 ml trisodium citrate solution (referred to as
“coarse” Au seeds), where the first step’s growth solution
volume is fixed as y = 1.0 ml. The dipole LSPR peak position
(D) is shifted to shorter wavelengths with increasing x. The
hump of the dipole LSPR band is assigned to quadrupole
polarization (Q) of the Au nanoprisms. The inset shows the
dipole LSPR peak position as a function of the volume of the
starting seed solution (x). The degree of the shift reduces at
higher seed solution volumes (x > 3)
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volume of the Au seed solution x. As shown in the
inset of Fig. 1, the higher volume of the seed solution
resulted in a smaller shift of the LSPR peak position,
indicating a nonlinear dependence of the LSPR peak
wavelength on x.

The spherical Au nanoparticles were formed as by-
product in this synthesis method, but they could easily
be removed by centrifugation because Au nanoprisms
were agglomerated into cluster after NaCl addition
[the spectra shown in Fig. 1 were obtained as those of
redistributed Au nanoprisms after centrifugation (See
also the section “Synthesis of Au nanoprisms” in
“Experiments”)]. Nevertheless, a certain amount of
Au nanospheres indeed remained even after centrifu-
gation. One of the possible reasons is that Au
nanospheres might be trapped in the cluster of Au
nanoprisms. It is supposed that larger Au nanoprisms,
which were synthesized with lower Au seed volume,
were easy to trap Au nanospheres in the cluster of Au
nanoprisms, resulting in higher residual Au nano-
spheres, as indicated with the peak at 530 nm for
0.5 ml Au seed solution in Fig. 1.

Figure 2 shows TEM images and the size distribu-
tions of Au nanoprisms synthesized in different
volumes of the seed solution (x), as well as a typical
electron diffraction (ED) pattern. The red square
marker in the ED pattern (Fig. 2b) highlights one of
the bright spots indicative of the {111} plane of the Au
nanoprisms, and the yellow circle marker highlights
one of the weak spots considered to indicate the
1{422} plane derived from the local hexagonal-like
structure observable only for noble metal nanoplates,
that are atomically flat and have the presence of
stacking faults/twins on (111) planes (Jin et al. 2001;
Tsuji et al. 2006; Kirkland et al. 1990). This ED
pattern provides evidence that the triangular-shaped
Au nanoprisms synthesized were single crystals and
the top flat surface was normal to {111} planes. The
TEM images show that triangular Au nanoprisms and
hexagonal Au nanoplates coexisted. The edge lengths
of the Au nanoprisms were analyzed from the TEM
images and found to decrease with increasing seed
solution volume x. And, also many nanoprism tips
were observed to be rounded. Figure 2i shows the
change in mean edge length of Au nanoprisms as a
function of the volume of the seed solution x. The edge
lengths of Au nanoprisms varied from 180 to 80 nm
with a narrow size distribution (see inset histograms in
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Fig. 2). Using the results shown in the inset of Figs. |
and 21i, a relationship between the LSPR peak position
and the mean edge length of the Au nanoprisms is
derived, as shown in Fig. 3, which shows that the
LSPR peak positions are linearly proportional to the
edge length of the Au nanoprisms in the size range of
75-120 nm. However, for Au nanoprisms with an
edge length greater than 150 nm, the LSPR peak
position tends to be saturated. From later AFM data,
we believe the saturation is because the triangular Au
nanoprism thickness was increased to ~ 15 nm while
it was kept almost constant (~ 11 nm) for the region of
75-120 nm. Another possibility is related to the tip
sharpness of the Au nanoprisms. As shown in the next
section, the radius of the tip curvature becomes larger
as the Au nanoprism edge length increases [the
“snipping effect” (Shuford et al. 2005)].

Control of Au seed size and resultant triangular Au
nanoprisms

To investigate the effect of Au seed size, we prepared
fine Au seeds by adding excess trisodium citrate,
which is a protective agent of Au seeds (Sau et al.
2001; Haiss et al. 2007) (see “Experiments” section).
Figure 4 shows optical extinction spectra of Au
“seed” colloidal solutions synthesized with three
different volumes of trisodium citrate solution (1.0,
1.2, and 1.4 ml). The inset of Fig. 4 shows the LSPR
peak position of Au spherical seeds in the seed
solution. By adding more trisodium citrate, the LSPR
peak position around 510 nm was shifted to shorter
wavelengths. Figure 5 shows TEM images and size
distributions of the seed solutions. The mean seed
diameter was determined to be about 10 nm with a
standard deviation of 1.56 nm when 1.0 ml of
trisodium citrate was added, while the addition of
1.4 ml of trisodium citrate resulted in a mean diameter
of 3.8 nm with a standard deviation of 0.7 nm. Very
fine Au seeds with a smaller standard deviation (SD)
can be obtained by adding excess trisodium citrate.
Figure 6 shows TEM images of the resultant Au
nanoprisms synthesized with X' = 1.0 ml of very fine
Au seed solution (Fig. 6a) (1.4 ml of sodium citrate
solution) and those of Au nanoprisms synthesized with
the corresponding volume of coarse Au seed solution
(Fig. 6b) (1.0 ml of sodium citrate solution). The use
of fine Au seeds improves the sharpness of the
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Fig. 2 TEM images and electron diffraction pattern of Au
nanoprisms synthesized with various volumes of seed solution
(x). Insets show the size distribution of the Au nanoprisms. In b,
¢, the red square highlights one of the strong spots in the
diffraction pattern showing the {111} plane of Au nanoprisms

resultant Au nanoprism tips, as shown in Table 1.
Hence, it is expected that the Au nanoprisms exhibit
stronger local fields near the tips of the triangles
(Yamaguchi et al. 2007). Regardless of the Au seed
solution volume, finer Au seeds resulted in sharper Au
nanoprisms tips (compare (c) and (d) in Fig. 6, and see

and the inner yellow circle highlights one of the weak spots that
is considered to be indicating the % {422} plane. Most nanoprism
edges are rounded. In i, the edge length of Au nanoprisms
synthesized with various volumes of the starting seed solution
(x) is shown to vary from 180 to 80 nm

also Table 1; 26.9 — 18.7 nm for 0.5, 16.8 —
7.9 nm for 1.0 ml). However, their distribution (per-
centage error) was still large as to be 30.1 %
(26.9 &+ 8.1 nm), 374 % (18.7 &= 7.0 nm), 23.8 %
(16.8 &= 4.0 nm) and 25.3 % (7.9 £ 2.0 nm), respec-
tively, for 0.5 ml coarse, 0.5 ml fine, 1.0 ml coarse
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Fig. 3 Relationship between LSPR peak positions and edge
length of the Au nanoprisms synthesized with coarse Au seeds
(trisodium citrate solution: 1.0 ml), where the starting seed
solution x was varied from 0.5 to 4.0 ml and the volume of the
first step’s growth solution y was fixed at 1.0 ml
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Fig. 4 Extinction spectra of Au seed solution synthesized with
various volume of trisodium citrate. The inser on the left
displays an enlarged image of the peaks. The inset on the right
shows the relationship between the LSPR peak positions of Au
seed solutions and the volume of trisodium citrate

and 1.0 ml fine seeds. Nevertheless, the higher volume
of seed solution regardless of fine/coarse seeds
improved the statistical distribution of tip curvature
radius, which can be correlated with being the
narrower distribution of edge length [8.8 %
(177.4 £ 157 nm) - 4.0 % (113.3 &= 4.5 nm) for
coarse seeds, 10.2 % (179.1 & 18.2 nm) — 8.6 %
(106.1 & 9.1 nm) for fine seeds]. On the other hand,
the smaller volume of fine Au seed solution (0.5 ml)
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resulted in larger Au nanoprisms, as also seen in
Table 1, together with less irregular-shaped Au
nanoparticles, including hexagonal and spherical
nanoparticles (see Fig. S1 in Supporting Information).

Influence of the volume of the first step’s growth
solution

To synthesize smaller Au nanoprisms having dipole
LSPR in the shorter wavelength region, we attempted
to change the volume (0.5 < y < 3.0 ml) of solution
No. 1 with Au seeds (see Scheme 1), called the first
step’s growth solution, when starting with very fine Au
seeds (¥ = 5.0 ml). Figure 7a, b shows optical
extinction spectra of Au nanoprisms synthesized with
various volumes of the starting seed solution x’ (with
the y value fixed as 1.0 ml) and the subsequent first
step’s growth solution y (with the x’ value fixed to be
5.0 ml) with very fine Au seeds, respectively. Fig-
ure 7c shows the dipole LSPR peak positions of the Au
nanoprisms synthesized as a function of the volumes
of the respective solutions. The LSPR peak positions
of the colloidal solutions were shifted to shorter
wavelengths (from 1200 to 700 nm), and nonlinear
behaviors were observed for the respective synthesis
routes. Furthermore, as seen in Fig. 7a, the Au
nanoprisms synthesized with 0.5 ml fine Au seed
solution exhibited a broader bandwidth with a peak
near 1000 nm, which is due to the presence of different
morphologies (hexagonal/spherical, snipped) of Au
nanoprisms (see Fig. 6¢). Figure S1 (Supporting
information) shows the corresponding TEM images
and size distributions of Au nanoprisms synthesized
with various volumes of the starting fine Au seed
solution (x') and the subsequent first step’s growth
solution (y). The complied data are shown in Fig. §,
which shows a dependence of the volumes of the
respective solutions (from 0.5 to 5.0 ml) on the edge
length of the synthesized Au nanoprisms. The edge
length of Au nanoprisms varied from 180 to 40 nm
depending on the volume of the seed solution
(0.5 <x <5.0, y=1.0ml) or first step’s growth
solution (0.5 < y < 2.5, x' = 5.0 ml). However, after
excessive addition of the first step’s growth solution
(y = 3.0 ml), it was difficult to separate Au nanopr-
isms and spherical particles. In the corresponding
LSPR spectrum (Supporting information Fig. S2 for
y = 3.0 ml), Au nanoprisms were not clearly con-
firmed and only a very small amount of Au nanoprisms
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Fig. 5 TEM images of Au
seeds synthesized with
(upper) 1 and (lower) 1.4 ml
trisodium citrate. By adding
excess trisodium citrate, the
average seed size changes
from 10 to 3.8 nm, with a
very small standard
deviation (SD)

Fig. 6 TEM images of
triangular Au nanoprisms
synthesized with a 1.0 ml
fine seed solution, b 1.0 ml
coarse seed solution,

¢ 0.5 ml fine seed solution,
and d 0.5 ml coarse seed
solution. The use of very
fine Au seeds improved the
sharpness of edges and tips.
The data for averaged edge
length and tip curvature R of
Au nanoprisms obtained are
listed in Table 1

was observed using TEM (see also Fig. S1). It was
because Au nanoprisms synthesized with excessive
y volume had weak inter-planar interactions even with

Frequency / %

Frequency / %

[ S Y
NS S W

50
40
30
20
10

d=10.1 nm
SD=1.6 nm

35 7 9 11
Particle diameter / nm

13 15

d=3.8 nm
SD=0.7 nm

3 5 7 9 1
Particle diameter / nm

13 15

the aid of NaCl (see the purification process in
“Synthesis of Au nanoprisms” section). To see the
relationship between the edge length and LSPR peak
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Table 1 Mean edge length and tip curvature radius of Au nanoprisms synthesized with coarse (10 & 1.6 nm) and fine

(3.8 &+ 0.7 nm) Au seeds

Mean edge length (nm)

Mean tip curvature radius, R (nm)

0.5 ml coarse seed solution 177.4 £ 15.7
0.5 ml fine seed solution 179.1 + 18.2
1.0 ml coarse seed solution 113.3 £ 45
1.0 ml fine seed solution 106.1 £ 9.1

269 £ 8.1
187 £ 7.0
16.8 £ 4.0
79 £2.0

Systematic control of the edge length of Au nanoprisms and localized surface plasmon resonance frequency

position of the Au nanoprisms, the results of Figs. 7c
and 8 were combined and are shown in Fig. 9, which
reveals that the dipole LSPR peak positions are also
linearly proportional to the edge length of Au
nanoprisms when fine Au seeds are used.

In relation to a picture in Scheme 1, it can be
mentioned that a low volume of Au seeds (0.5 and
1.0 ml) resulted in green color of Au nanoprism
solution, which means the longer LSPR wavelength of
large Au nanoprisms. To shorten LSPR wavelength of
Au nanoprisms, a higher volume of Au seeds (¥') is
needed, as shown in Fig. 8. Further adjustment of the
first step’s growth solution in volume (y) can shorten
LSPR wavelength, resulting in blue coloration,
although LSPR wavelength (or edge length) has a
tendency to be saturated.

Thickness of Au nanoprisms

Figure S3 (Supporting information) depicts AFM
images and height profiles of typical Au nanoprisms
synthesized with coarse and fine Au seeds (Fig. 5).
When x' = 5.0 ml (fine Au seeds) and y < 3.0 ml,
the resultant Au nanoprisms have a thickness
t <5 nm. Figure 10 shows changes in the thickness
of Au nanoprisms synthesized with coarse or fine
Au seeds. When coarse Au seeds (~ 10 nm) were
used, Au nanoprisms with less than 10 nm thickness
no longer existed. However, when fine Au seeds
(~3.8 nm) were used, it was possible to obtain tiny
Au nanoprisms with thicknesses almost the same as
the diameter of the fine Au seeds (about 4 nm). The
use of very fine Au seeds allowed us to obtain
triangular Au nanoprisms with sharp tips, shorter
edge lengths, and lesser thicknesses of ~4 nm, and
their dipole LSPR could be controlled from 700 to
1200 nm.

@ Springer

Discussion

Because the series of Au nanoprisms on line A in
Fig. 9 (LSPR wavelength vs. edge length), which was
synthesized with the different volumes of the first
step’s growth solution (y) with fine Au seeds
(3.8 & 0.7 nm), had a constant thickness of ~4 nm
(see Fig. 10), the LSPR variation was solely caused by
variation in the edge length of the Au nanoprisms. On
the contrary, the LSPR frequency of Au nanoprisms
synthesized with a varied volume (x’) of the fine Au
seeds was monotonically dependent on both thickness
(see Fig. 10) and edge length (see line B in Fig. 9). For
coarse Au seeds (10.1 &= 1.6 nm), we observed a
linear dependence of dipole LSPR wavelength on the
edge length of the resultant Au nanoprisms: a slope of
5 nm/nm (see Fig. 3), which increased to 15 nm/nm
(line A in Fig. 9) when fine Au seeds were used.
Because the thicknesses of the Au nanoprisms were a
constant of ~12 and ~4 nm for coarse and fine Au
seeds, respectively (see Fig. 10), the difference in the
slopes is attributed to the sharpness of Au triangular
nanoprism tips, or “snipping” effects (Shuford et al.
2005). Moreover, the slope of line B in Fig. 9
decreased to 3.1 nm/nm, where the thickness was
linearly varied with the edge length at the same time
(see Fig. 10). Thus, thicker Au nanoprisms with a
constant edge length were considered to exhibit
shorter LSPR wavelength, as in the computational
results (Shuford et al. 2005).

From a practical point of view, the results obtained
in the present work are convincing because they are
supported by the statistical data of many TEM and
AFM images. Our synthesis methodology revealed
that the thickness of the synthesized Au nanoprisms
was highly influenced by the starting size of the Au
seeds and the initial growth of Au seeds in solution No.
1 added with the starting seed solution. The edge
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length of the Au nanoprisms could independently be
controlled with the volume of the first step’s growth
solution.

Moreover, our results demonstrated that the Au
seeds used in the early stage of the synthesis are key to
controlling synthesis of Au nanoprisms. Practically,
the final size of synthesized Au nanoprisms nonlin-
early depended on the concentration of the starting and

& Xx': starting seed solution

@ y: first-step's growth solution

T T T T T T T T T T T T

1 2 3 4 5 6

Volume of seed solution / ml

<

Fig. 8 Size distribution of Au nanoprisms synthesized with
various volumes of the fine starting seed solution
(0.5 < ¥’ <5.0;y = 1.0 ml) and the first step’s growth solution
(0.5 <y < 3.0; ¥ = 5.0 ml). Edge lengths of Au nanoprisms
varied from 40 to 180 nm

1200 |
£ | Slope
= 15 nm/nm
5 1000 | / sI
e A ope
& 3.1 nm/nm
(=7
< 800}
D
=W
600 A L A L A L A L
20 60 100 140 180

Edge length / nm

Fig. 9 Relationship between dipole LSPR peak positions and
edge length of Au nanoprisms synthesized with fine Au seeds.
The data on line A were with obtained with X' = 5.0 and
0.5 <y < 3.0 ml, while the data on /ine B were obtained with
05<x <50andy =1.0ml

grown seeds in the initial and first growth step,
respectively, and the former influenced not only the
edge length but also the thickness of the synthesized
Au nanoprisms. Coarse Au seeds exhibited a large
volume with a broad size dispersion (see Fig. 5),
indicating that they were not suitable for the well-
balanced growth of Au nanoprisms. Fine Au seeds
(~3.8nm in this study) were indispensable in
obtaining sharper Au nanoprisms tips, and the edge
length and thickness of the Au nanoprisms were
determined to be sensitive to the volume of the starting
seed solution. Thin Au nanoprisms, whose edge length
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Fig. 10 Change in thickness of Au nanoprisms synthesized
with coarse (10 £ 1.6 nm) and fine (3.8 & 0.7 nm) Au seeds
analyzed with AFM. Dotted lines show coarse (upper) and fine
seed (lower) diameters. Using coarse seeds, nanoprisms less
than 10 nm thick no longer existed. However, using fine Au
seeds, the Au nanoprisms had thicknesses almost the same as the
fine seed diameter

was controllable by the volume of the first step’s
growth solution to some extent, could be synthesized
in a large volume of the starting solution (x' > 5 ml).

Although there were included many Na™ ions in the
growth and resultant solutions, they had no remarkable
effects on the growth of the Au nanoprisms except for
the change in the ionic strength after the growth step.
Millstone et al. (2008) tried to use Lil, KI and Nal as
iodide ion sources and reported that Au nanoprisms
could be synthesized using any iodide source.

It proved difficult to synthesize further tiny
nanoprisms with shorter dipole LSPR wavelength by
controlling the starting seed solution, because a larger
volume of the seed solution (x' > 5 ml) was required.
In contrast, by changing the volume of the first step’s
growth solution, tinier Au nanoprisms were more
easily obtained (see Fig. 8). Therefore, by appropriate
combination of the volumes of the starting seed and
first step’s growth solutions, it is possible to control the
size (edge length) of Au nanoprisms and resultantly
dipole LSPR frequency. It should be also noted that
the thickness of Au nanoprisms was dependent on the
volume and size of the starting seed solution.

The formation mechanism of Au nanoprisms can be
explained as follows: In the presence of a very small
amount of iodide ions, iodide ions were attached to the

@ Springer

(111)g planes of Au, and CTAB combined with
iodide ions and arrayed on the (111)¢. planes selec-
tively. As a result, the growth of Au in the [111]
direction was prevented (see Scheme 2) (Ha et al.
2007). The edge length of triangular Au nanoprisms
could be varied by the seed concentrations in the
growth solutions (Fan et al. 2010). Recently, Ah et al.
(2005) reported synthesis of Au nanoprisms (nano-
plates) where polyvinylpyrrolidone (PVP) was used as
a protective agent and LSPR wavelength was varied
from 700 to 2000 nm. Our approach, in which CTAB
was used as a protective agent for Au (111) planes, can
also be applied to synthesize larger Au nanoprisms
with ~2000 nm LSPR, but this work has here been
focused on the effects of the seed conditions on the
fined corner sharpness and of the volumes of seed/-
growth solutions on the edge length and LSPR
wavelength of Au nanoprisms. As the seed concen-
tration in the growth solutions was reduced, the
amount of Au~ ions used for the growth of each Au
nanoprism was increased and growth step of the Au
prisms became dominant (see Scheme 3). At present,
despite the aforementioned better understanding and
well-controlled methodology, synthesis of tiny Au
nanoprisms smaller than 40 nm with good sharpness
in liquid phase is still challenging, because the growth
step of Au nanoprisms has to be more restricted and
finer starting Au seeds are required.

Conclusions
In this paper, we demonstrated control of the mor-
phology (edge length, thickness, and tip sharpness)

and LSPR frequency of triangular Au nanoprisms by
using various volumes of the starting and first step’s

(111)  wwwO CTA*

"2 "

Scheme 2 Mechanism of Au nanoprism formation with a small
amount of iodide ions (Ha et al. 2007)
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Scheme 3 Mechanism of

size control of Au

nanoprisms by changing the Au*
volume of the starting seed

solution (Fan et al. 2010) '

Au*

Au*

growth seed solutions with an easy and low-cost
synthesis method. The nanoprism’s edge length could
be controlled from 180 to 40 nm, and LSPR wave-
length could be tuned from 1200 to 700 nm. We were
able to improve the sharpness of the tips and obtain
thinner nanoprisms (f & 4 nm) by using fine Au
seeds.
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