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We report the synthesis of uniform triangular gold
nanoplates by a modified seeded growth method. The
concentration of cetyltrimethylammonium bromide (CTAB)
in the growth solution and the time interval between multiple
steps of growth were important factors which determine the
formation of uniform triangular Au nanoplates. In addition,
by further isotropic overgrowth, the thickness of triangular
Au nanoplates can be finely tuned within a wide range of 10-
80 nm, which at present remains a challenge using
conventional seeded growth.
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It has been well established that the size, shape and
composition®'® of noble metal nanoparticles (NPs) can
significantly affect their physical and chemical properties. Noble
metal NPs have vast potential for numerous practical applications
such as selective catalysis,'” '> information storage,'
nanomedicine,'* '* biosensors, '*?° photothermal heating®' and
enhanced imaging.”? Among various noble metal nanomaterials,
anisotropic gold NPs are particularly interesting because of their
decreased geometrical symmetry which induces new and
distinctive properties.”> Anisotropic gold nanorods (AuNRs)
exhibiting transverse and longitudinal resonances represent a fine
example, whereby the tunability of their longitudinal surface
plasmon wavelengths (LSPWs) makes them favorable for many
practical applications such as photonic devices,"” orientation
sensors,”* medical diagnostics and therapeutics.” >

In contrast to the mature synthetic technique and extensive
applications of AuNRs,' ** there is surprisingly not much
attention on another very important member of the anisotropic
family of AuNPs- i.e. Au nanoplates. Similar to AuNRs,
triangular Au nanoplates have also two surface plasmon
absorption bands including a strong absorption band in the near-
infrared (NIR) region, making them highly suitable for biological
applications. Because the energy from NIR is much lower than
those from visible and ultraviolet regions, operating in NIR will
avoid or significantly reduce potential damages to biological
tissues and cells. Furthermore, light in this region can maximally
penetrate biological tissues due to the minimal optical absorption
by hemoglobin and water.>> ** More importantly, unlike AuNPs
of other shapes, triangular Au nanoplates can easily provide
plasmonic responses in the wavelength region of 1000 to 1400
nm, which is the second in vivo bioimaging window.>” Apart
from biological significance, it was also reported that triangular
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Au nanoplates could show anisotropic electrical conductivity,*®
strong enhancement of electric field* and enhanced catalytic
properties*” compared with isotropic AuNPs.

While the potential applications are numerous, it is often
difficult to prepare uniform triangular Au nanoplates in high
yield. The synthesis of triangular Au nanoplates have been
achieved via various routes, such as thermal methods,*! seeding,42
photocatalytic® and biological approaches.”* However the
resulting solution contains relatively high percentage of AuNPs
of other shapes, such as spheres and rods. For example, Sastry
and co-workers®® prepared triangular Au plates in an edge size
range from 0.05 to 1.8 pm using biological synthesis, and
approximately 50% of Au nanospheres were found in the final
product. Mirkin and co-workers*? prepared triangular Au plates
with the average edge length of 144 nm by seed-mediated
growth, which also resulted in approximately 50% of spherical
AuNPs, hence requiring a purification process. Another very
important issue in the synthesis of triangular Au nanoplates is
related to the tuning of their thickness, which significantly alter
the degree of anisotropy to tune their plasmonic properties.?’
However, while there are many studies which investigated the
edge length tunability, there are rare reports on tuning the
thickness of triangular Au nanoplates.

It has been proposed that surfactants (e.g.,
cetyltrimethylammonium bromide (CTAB) and
polyvinylpyrrolidone (PVP)), play a key role in the asymmetric
growth of NPs leading to nanotriangles.”” Small changes in
surfactant concentration could lead to large changes in the
morphology of the resulting NPs.* Recently, Xia and co-workers
found that precise control over the kinetic reactions,**’
especially, reaction rate controlled by the time and sequence of
added reagents, also significantly affect the morphology and
uniformity of the final metal NPs. Herein we describe a modified,
seed-mediated growth method for the high yield synthesis of
uniform triangular Au nanoplates using an optimized CTAB
growth solution and appropriate time interval between multiple
growth steps. The obtained triangular Au nanoplates can be three
dimensionally enlarged by further isotropic overgrowth. As a
result, different edge length and thickness of triangular Au
nanoplates are obtained, which ultimately results in a broadly
tunable surface plasmon resonance from 800 to 1346 nm in the
NIR region.
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Fig. 1 UV-vis—NIR absorption spectrum (a), digital photograph (insert
image), and representative SEM images of triangular Au nanoplates
obtained at optimized conditions (3 s time interval and 0.025 M of
CTAB); 3D tapping mode AFM image (c) of single triangular Au
nanoplate and its corresponding height profile (d). The scan size for 3D Fig. 2 Representative SEM images of triangular Au nanoplates obtained
AFM image (c) is 500 nm?. The scale bar in b represents 100 nm. so at different concentrations of CTAB in growth solution (a: 0.01 M; b:
0.025 M; c: 0.05 M; d: 0.1 M). The scale bars represent 100 nm.

[

Digital photograph and UV—vis—NIR absorption spectrum of
the sample obtained at optimized conditions are shown in Fig. la.

10 Two absorption peaks at 709 nm and 1300 nm in the spectrum
corresponding to the in-plate dipole and quadrupole plasmon
resonances of our triangle Au nanoplates.*® It is worth noting that
the peak at 1300 nm is relatively stronger than those in the
previous report,*> *° and no peak is observed at 500-600 nm,

15 indicating an exceptionally high purity of triangle Au nanoplates
with very few spherical AuNPs in the suspension. The SEM
image Fig. 1b confirmed the high uniformity of the obtained
triangle nanoplates, with few byproducts. The average edge
length of synthesized triangle Au nanoplates is 140 nm, and the

20 monodispersity in edge length is significantly improved (relative
standard deviation (RSD) of ~5.1%) compared with those in
previous reports.** ** Atomic force microscope (AFM) image of
the triangle Au nanoplates confirms that their lateral surfaces are
atomically flat with a uniform thickness of 8.0+0.5 nm.

25 The effects of the CTAB concentration and time interval
between continuous growth steps on the uniformity and purity
were systematically studied. Fig. 2 shows SEM images of Au a 3 b
plates obtained using different concentrations of CTAB in growth
solution and a constant time interval between continuous growth

30 steps (i.e., 5 s). At low concentration of CTAB (0.01 M), the Au
seeds grow into both plate and non-plate shaped NPs. The
amount of Au plates obtained using a low CTAB concentration o
was estimated to be ca. 40 %. As a result, the corresponding UV— . A0, 0 n&ﬂ?o(n r:f)oo 140¢ do0 800200 en1g°t?$ (n}%o)o 1400
vis—NIR spectra (Fig. 3A-4) shows a strong peak at

35 approximately 540 nm corresponding to spherical shapes, in

This indicates that a fine balance of a CTAB concentration is
required to attain a high yield of uniform triangle Au nanoplates.

ss It is widely accepted that a high concentration of CTAB can
block some facets of seeds and lead to a two dimensional
deposition of Au atoms,” ** further favouring the formation of
triangle Au nanoplates. This can be confirmed by the thickness of
triangle Au nanoplates (8 nm, Fig. 1d), which is close to the

0 average diameter of the seed when the two layers of CTAB on the
two sides of triangle Au nanoplates were included. However,
excess free CTAB in solution have the detrimental influences on
the deposition of Au atoms on the seed surface. Firstly, the
exchange balance between the surface CTAB on seeds and gold

s atoms becomes out of balance by the excess free CTAB in
solution. Secondly, the excess CTAB molecules interacting with
gold ions in solution may form small nanoparticles by self-
nucleation process. Both of which often results in compromised
uniformity of resultant nanoparticles.
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Fig. 3 UV-vis—NIR absorption spectrum of triangular Au nanoplates
obtained at different concentrations of CTAB in growth solution (a) and

addition to the absorption peaks at 650 nm and 1200 nm ascribed different time intervals (b) between multiple growth steps.

to Au plates. At a CTAB concentration of 0.025 M, the seeds

favor the growth into triangular Au plates in high yield (Fig. Compared to single step growth, a big advantage of multiple

2b),exhibiting strong and sharp absorption peaks at around 800 75 Step growth lies in its ability to efficiently avoid secondary
40 nm and 1300 nm resulting from Au plates (Fig. 3a-3). Non-plate nucleation.*” *' Shortening the time interval between multiple

shaped byproducts were hardly found, leading to the step growths is expected to maximally decrease the probability of

disappearance of the 540 nm peak corresponding to spherical secondary homogenous nucleation. In our present study, we

shapes.! However, at much higher concentrations of CTAB (0.05 found that a short time interval can not only dramatically improve

M and 0.1), hexagonal, circular and truncated triangular Au plates ~ ® the uniformity, but also can finely tune the size of resultant
45 appeared, resulting in the broader and weaker plasmonic peaks triangle Au nanoplates. Figure 4a-d shows SEM images of

2 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Representative SEM images of triangular Au nanoplates obtained
at different time intervals between multiple growth steps (a: 5 s; b: 2 min;
¢: 10 min; d: 30 min). The scale bars represent 100 nm.

triangle Au nanoplates obtained at the time interval of 5 s, 2, 10,
and 30 min, respectively. It can be clearly observed that the edge
length of triangle Au nanoplates (Fig. 4a) at short time interval (5
s) is in high monodispersity. As the time interval increases,
smaller triangle Au nanoplates (edge length around 80 nm) begin
to appear (Fig. 4b), leading to a blue-shift and peak broadening of
the quadrupole plasmon resonance (Fig. 3b). Longer time
intervals (10 min and 30 min) resulted in a majority of smaller
triangle Au nanoplates, accompanied by spherical NPs (Fig. 4c
and d). The appearance of relatively small NPs significantly
affected their corresponding plasmon resonances; the quadrupole
plasmon resonances of triangle Au nanoplates at time intervals of

s > T,
Fig. 5 Representative SEM images of triangular Au nanoplates by further
isotropic overgrowth (the volume amount ratio between isotropic growth
solution and triangular Au nanoplates (sample in Fig. 1b) in a-f are 2, 6,
10, 20, 40 and 100, respectively). The scale bars represent 100 nm.

10 min and 30 min shifted to 1082 and 1010 nm, respectively,
and a peak shoulder at around 550 nm appeared due to the
presence of spherical NPs.

An effective and powerful way to tailor the size of NPs, while
keeping their initial shape, is to control the isotropic growth of
initial seeds. In our previous work,"” 2 we have used optimized
CTAB growth solution to isotropically grow Au spherical and
rod-shaped seeds into bigger and size-tuneable spheres and rods,

respectively. The isotropic growth solution contains a lower
concentration of CTAB (0.01 M) than that of the standard growth
solution (0.1 M).?” This approach would offer the same growth
rate in all directions from the seed and significantly decrease the
possibility of secondary homogeneous nucleation, enabling
controlled enlargement of Au seeds, while avoiding the formation
of other shaped NPs. Fig. 5 shows the evolution of triangle Au
nanoplate (the sample from Fig. 1b) seeds with gradual increase
40 in the amount of growth solution. It is obvious that the edge
length of triangle Au nanoplates increases with increasing volume
amount ratio between isotropic growth solution and triangular Au
nanoplates. The original triangular Au nanoplates (Fig. 1b) have
an average edge length of 140 nm. During the isotropic growth,
45 the edge length increases to 147, 158, 186, 204, 216 and 257 nm
corresponding to the amount ratio of 2, 6, 10, 20, 40 and 100,
respectively. The edge length change is not exactly proportional
to amount of growth solution. Triangular Au nanoplates tend to
lose their angular corners (Fig. 5c-f) when the amount ratio is
larger than 10. It is also clear to see bumps and cavities (Fig. Se
and f) on the surfaces of the truncated triangle Au nanoplates,
which implies the increase of the nanoplate thickness.
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Fig. 6 Representative 3D tapping mode AFM images (a-f) and their
ss corresponding height profile (the thicknesses in a-f are 10, 13, 20, 40, 60

and 83 nm, respectively) of triangular Au nanoplates by further isotropic

overgrowth (the volume amount ratio between isotropic growth solution

and triangular Au nanoplates (sample in Fig. 1b) in a-f are 2, 6, 10, 20, 40

and2 100, respectively). The scan size for 3D AFM images (a-f) is 500
60 nm-*.

The thickness of nanoplates was systematically investigated by
AFM. Fig. 6 shows 3D tapping mode AFM images of enlarged
triangular Au nanoplates (Fig. 6a-f) and their corresponding

os height profiles (Fig. 6a’-f"). The 3D tapping mode images further
confirm the surface changes from a flat to a bumpy morphology.
The height profiles clearly display the thickness of triangular Au
nanoplates. The thickness can be finely tuned within a wide range
from 10 to 83 nm by simply varying the amount of growth

70 solution. To the best of our knowledge, this is the first report
which demonstrates the tailoring of triangular Au nanoplates
thickness within such a wide range.

This journal is © The Royal Society of Chemistry [year]
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Fig. 7. UV—vis—NIR absorption spectrum of triangular Au nanoplates by
further isotropic overgrowth (the volume amount ratio between isotropic
growth solution and triangular Au nanoplates (sample in Fig. 1b) in a-f
are 2, 6, 10, 20, 40 and 100, respectively).
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The ability to tailor the thickness and edge length of triangular
Au nanoplates within a broad dimensional window leads to the
tunability of surface plasmon resonance wavelength in a wide
range. Fig. 7 shows UV-vis—NIR absorption spectrum of
triangular Au nanoplates with edge lengths and thickness. The
first plasmonic peak (in shorter wavelength range), attributed to
the in-plate dipole plasmon resonance, was initially observed at
709 nm (Fig. la). This peak gradually blue-shifted to 561 nm
with an increasing amount of growth solution. The second peak
(in longer wavelength range), attributed to the quadrupole
plasmon resonance was initially positioned at 1300 nm (Fig. 1a).
This peak first blue-shifted and then red-shifted to a final position
at around 1080 nm. The turning point occurs at an amount ratio
of 20 between isotropic growth solution and triangular Au
nanoplate seeds, where the peak wavelength is 893 nm.
Theoretical studies*® have shown that the in-plate dipole plasmon
resonance is dominated by charge accumulation at corners. As the
amount of the isotropic growth solution increases, the tips of the
nanoplates change from being sharp to truncated, which possibly
resulted in the blue-shift of the in-plate dipole plasmonic peak.
On the other hand, the quadrupolar plamonic peak is directly
related to charge accumulation along the sides and the corners of
triangular Au nanoplate, which can be thought as the resonance in
the longitudinal direction. It is dependent on the aspect ratio
between the edge length and thickness. As the isotropic growth
solution is increased, both the edge length and thickness of
triangular Au nanoplates would increase. This would lead to the
decrease of aspect ratio, inducing a blue-shift of plasmonic peak
wavelength. However, as the thickness is increased, the surface
morphology of triangular Au nanoplates also changed. The
appearance of bumps and cavities would lead to a discontinuous
surface and significantly affects the plasmon resonance. Similar
to plasmonic percolation behaviours,* the plasmonic peak would
red-shift.

We have demonstrated that by fine control over experimental
parameters such as the concentration of CTAB in growth solution
and the time interval between multiple steps of growth, triangle
Au nanoplates with simultaneously improved purity and edge
length uniformity compared to conventional seeded growth
methods can be synthesized by reducing the concentration of
CTAB (as low as 0.025 M). Not only thin triangle Au nanoplates
(thickness around 8 nm) with broadly tunable surface plasmon
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resonances in NIR can be made, but more importantly, thick
triangle Au nanoplates with thickness tunable up to 80 nm can be
synthesized wusing further isotropic overgrowth. Tailored
synthesis of triangular Au nanoplates with simultaneous
improvements in uniformity and yield will not only help to better
understand the mechanism of seed-mediated growth of triangular
Au nanoplates but also advance the research on anisotropic
plasmonic nanomaterials.
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We demonstrate that by fine control over experimental parameters triangle Au
nanoplates with simultaneously improved purity and edge length can be synthesized
by reducing the concentration of CTAB.



