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Site-Specific Growth of Pt shell on Au nanoplates:
tailoring their surface plasmonic behavior

Hee-Jeong Jang,” Soonchang Hong,” Songyi Ham," Kevin L. Shuford,** and
Sungho Park**®

In this report, we tune the surface plasmonic behavior of Au nanoplates depending on the
morphology of Pt shell in which Pt is considered as less optically inactive element. We
describe the synthesis of flat Au nanoplates coated with Pt via rim-preferential or uniform
growth methods. Depending on the site-selective growth of Pt on core Au nanoplates, the
aspect ratio of the resulting Au@Pt nanoplates was tunable and their corresponding surface
plasmon resonance (SPR) bands were controlled accordingly. Although Pt is regarded as an
optically weak component in visible and near infrared spectral windows, a Pt coating affects
the SPR behavior of core Au nanoplates due to effective surface plasmon (SP) coupling
between the core Au and deposited Pt shell. We systematically investigated the optical
properties of uniformly grown (Au@Pt(uni)) and rim-preferentially grown (Au@Pt(rim))
Au@Pt nanoplates by observing their SPR band shifts compared to SPR of Au nanoplates.
Due to the structural rigidity conferred by the Pt coating, the Au@Pt nanoplates can be

easily transferred to the investigated solvents

1 Introduction

Shape control of nanocrystals has gained continuous attention
due to their interesting shape-dependent catalytic'® and
optical®!® properties. Site-selective growth'®! is an important
issue in preparing appropriate nanostructures for a variety of
targeted purposes. Au nanostructures are a representative
candidate for optical sensor applications due to their strong
surface plasmon resonance (SPR) in visible and near infrared
spectral windows?'* and excellent optical tunability that is
achievable by controlling the shape and size. A variety of
synthetic methods for Au nanostructures®2* allow tuning of the
absorption band in the range from visible to near infrared
wavelengths by changing the shape and size of nanocrystals.
Au nanoplates® are well known to have strong SPR properties.
However, they have weak structural stability in that the Au
aggregates are easily formed due to their ductility. In contrast to
spherical NPs, NPs with a plate-like shape are
thermodynamically unstable because the exposed surface area
is much larger than that of spherical NPs. The large flat facets
can readily form large areas of interfacial contact among
nanoplates, and therefore nanoplates are likely to transform into
aggregated conglomerates to reduce the exposed outer surface
area.

We chose Pt as a shell component in order to complement the
structural instability of the Au core. In the Au@Pt plate-like
nanostructure, Au nanoplates show strong SPR properties and
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the plate-like morphology provides much stronger interaction
with surrounding medium than their spherical counterpart due
to their larger exposed surface area with respect to the total
mass. Although the Pt component has weak optical properties,
the strong SPR properties of Au could complement the
optically less active Pt shell via surface plasmon (SP)
coupling.*® 3! In the case of metal nanostructures, SPR occurs
on the whole parts of nanostructure and at the interface or
junction between two metals under electromagnetic radiation
via SP coupling. Recently, SP coupling has been intensely
investigated for multi-component or multi-block nanostructures
consisting of optically active Au or Ag,?” and even for nanorods
composed of Ni,*> which is much less optically active than Au
or Ag. For Au and Pt systems, we investigated the SP coupling
within multiblock Au-Pt nanorods.>' The larger portion of Au
helps the SP coupling between Au and Pt blocks, leading to the
similar appearance of SPR modes observable from pure Au
nanorods. This previous work motivated us to scrutinize the SP
coupling on other more complex nanostructures consisting of
Au and Pt.

For the observation of SP coupling between Au and Pt, colloidal
nanorods structures, especially core-shell Au@Pt nanorods, have
been frequently chosen by other researchers. Liz-Marzan group
studied synthesis methods™ and optical properties®® of Pt-
coated Au nanorods. They systematically characterized the
optical shifting tendency depending on homogeneous coating
and tip coating of platinum on Au nanorods. Homogeneous

J. Name., 2013, 00, 1-3 | 1



Nanoscale

coating of Pt on Au nanorods induced slight blueshifting of the
longitudinal band in the optical spectra, while tip coating of Pt
made the Au@Pt nanorods undergo a redshift.*® ** 3 In the
research studied by Xie group,’® Au@Pt nanorods have higher
dielectric sensitivity than pure Au nanorods with the same
dimension.

In this study, we applied two methodologies for the site-
selective growth of Pt on Au nanoplates, dubbed rim-
preferential growth and uniform growth. The plate-like Au@Pt
core-shell nanostructures have not been thoroughly examined
yet when it comes to SP coupling between Au and Pt. We
systematically investigated the optical properties of uniformly
grown  (Au@Pt(uni)) and  rim-preferentially = grown
(Au@Pt(rim)) Au@Pt nanoplates by observing their SPR band
shifts. In addition, the stability of Au@Pt nanoplates was
confirmed in ambient condition and in several solvents.

2 Results and discussion

Characterization of Rim-preferential Growth and Uniform
Growth of Pt

AuCly == AuCl,
4 j28‘ 2
2Au 2Au*

Etching tips Depositing Ag

Au@Ag

nanodisk
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@

Uniform growth

Au nanoprism
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Scheme 1. Schematic illustration of the experimental precedures regarding
rim-preferential growth and uniform growth of Pt on Au nanoplates

We synthesized flat Au@Pt core-shell nanoplates with different
morphologies via rim-preferential and uniform growth
techniques (Scheme 1). Uniform growth means that Pt is coated
uniformly on the core Au nanoplates, while rim-preferential
growth refers to the complex shape where Pt is selectively
reduced only at the rim part of the Au nanoplate. In this
experiment, Au nanodisks used as a seed for depositing Pt are
prepared by etching tips of Au nanoprisms. As mentioned in the
literature*, we added aqueous solution containing Au** ions in
nanoprism solution, and observed UV-vis spectra to confirm
the transformation from nanoprism to nanodisk. The existence
of thin Ag layer on Au nanoplates determines the growth mode
of Pt shell. The mechanism of rim-preferential growth was
suggested in our previous report.*® The thin Ag layer on the Au
nanoplates plays an important role in the deposition of platinum
atoms selectively at the rim, which is facilitated by electron
shuttling through Ag layer. Once Pt atoms are reduced at the
rim, the site having high surface energy, the more electrons
from the Ag layer flow to initial nucleation site of Pt through
the remained Ag layer and Au plate. This process ends up after
exhaustion of Pt precursor, since excess amount of ascorbic
acid allows the Ag layer to recycle. In the absence of a thin Ag
layer, the uniform growth of Pt occurred over the entire Au
nanoplates. We synthesized two different Au@Pt nanoplate
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structures in a straightforward manner, Au@Pt(uni) and
Au@Pt(rim) nanoplates, in the absence and presence of a thin
Ag layer, respectively.
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Fig. 1. FESEM images of Au nanodlsks (A), rim-preferentially Pt-coated Au
nanodisks (Au@Pt(rim) nanodisks) (B-D) as increasing the concentration of
Pt precursors. Atomic percent of Au and Pt is indicated at the upper right side
of each image, which is obtained from EDS analysis. The insets are their side
view (A and D, inset) (E) UV-vis-NIR spectra of Au nanodisks (line a),
Au@Pt(rim) nanodisks (line b, ¢, and d). The line a, b, ¢, and d correspond to
the SEM images in (A-D), respectively. The wavelength of SPR peaks is
shown on the top of each peak.

We characterized the structure and optical properties of
Au@Pt(rim) and Au@Pt(uni) nanodisks using FESEM, UV-
vis-NIR spectroscopy, and TEM. In a typical experiment, the
preferential deposition of Pt at the rim of the Au nanodisks was
systematically monitored by FESEM images, as shown in Fig.
1. The Au@Pt(rim) nanodisks (Fig. 1B-D) were synthesized
using Au nanodisks (Fig. 1A) as a seed. Pt-coated Au
nanocrystals usually have a bumpy surface due to lattice
mismatch.’® As the concentration of Pt precursors in the growth
solution increased, the thickness of the Pt layer formed at the
rim of the Au nanodisks increased. The diameter of each

nanodisk was 88 + 5 nm (Fig. 1A), 94 + 8 nm (Fig. 1B), 97 +
7 nm (Fig. 1C), and 101 *

+ 1nm,21 £3nm,29 £ 2nm, and 35 + 3

nm, respectively. The atomic percent of Au to Pt was obtained
from energy dispersive X-ray spectrometry (EDS) analysis and
is shown on the upper right side of each SEM image. The
concentration of Pt precursors in the growth solution is
proportional to the total number of deposited Pt atoms. Thicker
Pt rims could be obtained as the amount of Pt precursor present
in the growth solution increased.

The corresponding SPR bands are displayed in Fig. 1E. The
pure Au nanodisks showed their representative in-plane dipole
mode at 737 nm. As the thickness of the Pt rims increased, the
SPR bands shifted toward a longer wavelength. The
Au@Pt(rim) nanodisks (corresponding to the images shown in
Fig. 1B-D) showed their peak maximum at 792, 863, and 910
nm, respectively. The observed SPR shifting trend is similar to
previous results obtained from dumbbell-shaped or arrow-
headed Au nanorods®” *® and tip-coated Au@Pt nanorods®* *.
In the case of nanorods, the longitudinal mode of SPR bands is
dictated by the aspect ratio (AR,,q = length / diameter). When
reduction of Au or Pt ions occurs on the tips of the Au
nanorods, the increase in the AR,,q leads to a redshift of the
SPR bands. In the case of nanoplates, the increase in the aspect
ratio (AR4sm = edge length / thickness, ARgyy = diameter /
thickness) also leads to a redshift of the SPR bands.*' In the
case of dogbone-like Au nanorods, the position of the

8 nm (Fig. 1D), while their rim

thicknesses were 11
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longitudinal plasmon is more strongly influenced by the aspect
ratioyig (AR oq.mia = length / diameter of the mid-section) rather
than the aspect ratio,, (AR;oq.max = length / maximum diameter
of the ends).”” Careful attention is needed in the comparison of
aspect ratios between rods and plates in that the diameter of
nanorods is the shorter axis, while the diameter of nanodisks is
the longer axis. In the case of our Au@Pt(rim) nanodisk, the
preferential deposition of Pt at the rim led to an increase in the
total diameter of the nanodisk. The central part retained its
original thickness and therefore the preferential deposition of Pt
at the rim eventually led to an increase in the ARy miq
(diameter / thickness of the mid-section). Given that SP
coupling occurs between the core Au nanodisk and the Pt rim, it
is expected that the increase in aspect ratio would result in a
peak shift to a longer wavelength. Pt is usually regarded as a
less optically active component in the visible-NIR spectral
window. Unless there is SP coupling between Au and Pt, the
resulting SPR bands will not show any peak-shifting, but stay at
the same wavelength as that of pure Au nanoplates only with
slight damping. However, the observed SPR bands showed
redshifting as well as a well-defined bands in spite of Pt
component, which resulted from their effective SP coupling.
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Fig. 2. (A) A TEM image of Au@Pt(rim) nanodisks (the inset, showing the
side view of Au@Pt(rim) nanodisks). (B, D) EDS elemental mapping images
of (B) Au element distribution and (D) Pt element distribution corresponding
to the image (A). (C) EDS line mapping of Au@Pt(rim) nanodisks in which
the red line represents the amount of Pt atoms, and the black line is the
amount of Au atoms. The mapping was conducted along the red line in (A).
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Fig. 3. (A) A FESEM image of Au@Pt(uni) nanodisks. Atomic percent
obtained from EDS analysis_is shown at the upper right side of the image.
The inset FESEM image is the side view of Au@Pt(uni) nanodisks. (B) UV-
vis-NIR spectra of Au nanodisks (line a) and Au@Pt(uni) nanodisks (line b).
The wavelength of SPR peaks is indicated on the top of each peak. (C)
Calculated spectra corresponding to Au@Pt(uni) nanodisks with the same
dimension used in experimental data.
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Fig. 4. (A) A TEM image of Au@Pt(uni) nanodisks. The insets show the side
view of Au@Pt(uni) nanodisks. (B, D) EDS elemental mapping images of
Au@Pt(uni) nanodisks of (B) Au element distribution and (D) Pt element
distribution. (C) EDS line mapping of Au@Pt(uni) nanodisks (black line : Au
element, red line : Pt element). The mapping was conducted along the red
line in (A).

o

A detailed structural analysis of the Au@Pt(rim) nanodisks was
carried out by TEM as exhibited in Fig. 2. The darker region
indicates the thicker deposition of Pt at the rim (Fig. 2A), and
the side view provides the thickness profile (Fig. 2A, inset).
TEM elemental mapping (Fig. 2B and D) showed that the Au
atoms were homogeneously distributed around the central
region, while the Pt atoms were mainly located at the rim of the
nanodisks. Fig. 2C shows the TEM line mapping along the red
line in Fig. 2A. The resultant profile shows a higher
concentration of Pt at the rim than in the central region. As a
comparison, Au@Pt(uni) nanodisks were investigated using
SEM, UV-vis-NIR spectroscopy, and TEM. Panel A of Fig. 3
shows the uniform coating of Pt on the core Au nanodisk. The
resulting Au@Pt(uni) nanodisks had a bumpy Pt granular
deposition over the entire Au nanodisk due to lattice mismatch
between the Pt and Au. When there was no Ag coating on the
Au nanodisk, Pt ion reduction occurred on the Au surface
without facet preference. In the typical experiment, the
diameter of the Au nanoplate changed from 88 + 5 nm (before
Pt deposition) to 92 + 7 nm (after Pt deposition), and the
thickness increased from 11 + 1 nm to 22 + 3 nm.

In contrast to the case of Au@Pt(rim) nanodisks, the
corresponding SPR band shifted to a shorter wavelength from
737 nm to 687 nm (Fig. 3B). The resulting blueshift originates
from the decrease in aspect ratio from 8.0 to 4.2. In Fig. 3C, we
carried out theoretical calculation by using discrete dipole
approximation (DDA).* *° The DDA calculation shows similar
tendency of peak shifting with the experimental results (Fig.
30).

The TEM image (Fig. 4A) revealed that Pt was uniformly
coated on the Au nanoplates, and the side view (Fig. 4A, inset)
indicated that the Au@Pt(uni) nanoplates had a relatively flat,
but still bumpy surface, without any preferential deposition.
Both TEM elemental mapping (Fig. 4B and D) and EDS line
mapping (Fig. 4C) confirmed the homogeneous coating of Pt
over the entire Au nanodisk without facet selectivity. The EDS
line mapping analysis was conducted along the red line shown
in Fig. 4A.
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Confirmation of Reaction Tendency on Triangular Nanoplates
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Fig. 5. (A-D) FESEM images of (A) Au nanoprisms, (B) Au@Pt(uni)
nanoprisms, (C-D) Au@Pt(rim) nanoprisms. Atomic percent from EDS
analysis is shown at the lower left side of each image. (E) UV-vis-NIR
spectra of Au nanoprisms (line a), Au@Pt(uni) nanoprisms (line b), and
Au@Pt(rim) nanoprisms (line ¢ and d) corresponding to the FESEM images
(A-D).
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In order to test the generality of the aforementioned synthetic
strategy toward different shapes of Au nanoplates other than
nanodisks, we synthesized triangular Au@Pt nanoprisms. As
demonstrated in Fig. 5SA-D, uniform or rim-preferential coating
of Pt was possible on the Au nanoprisms. Therefore, the
suggested synthetic strategy was applicable to flat Au
nanoplates without shape discrimination. The FESEM images
showed that the edge length of the Au nanoprisms was initially
155 + 8 nm (panel A) and decreased slightly to 147 + 11 nm
(panel B) when Pt was homogeneously coated over the entire
Au nanoprisms. The edge length increased to 162 = 7 nm and
181 + 13 nm as Pt reduction occurred selectively on the edge of
the Au nanoprisms (panels C and D). The measured thickness
also increased from 9 = 1 nm (Au nanoprism) to 11 £ 1 nm
(Au@Pt(uni) nanoprisms, in panel B), 13 + 1 nm (Au@Pt(rim)
nanoprisms, in panel C), and 27 + 3 nm (Au@Pt(rim)
nanoprisms, in panel D). As in the case of the Au@Pt
nanodisks, the optical behavior of the Au@Pt nanoprisms
showed a dependence on the variation in aspect ratios. AR igm
decreased from 17 (Au nanoprism)to 13 (Au@Pt(uni)
nanoprism), and accordingly the in-plane dipole mode of the
Au nanoprisms at 1270 nm blueshifted to 1047 nm. In contrast,
the ARy sm increased from 17 (Au nanoprism) to 18 and 20
(ARpism-mia = edge length / thickness of the mid-section), and
the SPR peak position redshifted from 1270 nm to 1396 nm and
1546 nm, respectively. The SPR bands of the Au@Pt plate-like
nanostructure are tunable in the range from 700 to 1800 nm.

4| J. Name., 2012, 00, 1-3
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Stability and Dielectric Sensitivity of Au@Pt Nanoplates

Fig. 6. FESEM images of (A) Au nanodisks and (B) Au nanoprisms left at
ambient condition for 2 hours after sampling, and (C) Au@Pt(uni) nanodisks
and (D) Au@Pt(rim) nanodisks left at ambient condition for 2 months after
sampling.

Additionally, the unique advantage of the Au@Pt plate-like
nanostructure compared to bare Au nanoplates is its high
structural stability under drastic changes in the surrounding
medium. In order to test their stability, we compared the
FESEM images of bare Au nanodisks, Au nanoprisms, and
Au@Pt nanoplates that were left under ambient conditions after
solvent drying (Fig. 6). Bare Au nanodisks and nanoprisms
aggregated with each other and their original shape was
destroyed within two hours (Fig. 6A and B). However, the
Au@Pt nanoplates retained their original shape without
aggregation even after two months (Fig. 6C and D). In this
observation, the difference between disks and prisms toward
aggregation is negligible, so the aggregation of Au nanoplates
easily occurs under non-aqueous condition regardless of the
shape. Therefore, the increased stability of Au@Pt nanoplates
is caused by Pt coating.
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Fig. 7. UV-vis-NIR spectra of (A) Au@Pt(uni) nanodisks, and (B)
Au@Pt(rim) nanodisks. Each spectrum was measured with changing the

solvent having different refractive index, such as methanol, tetrahydrofuran,
and CHzClz.

In order to confirm re-dispersion of Au@Pt nanoplates in
several solvents, we obtained optical spectra. The solvents we

This journal is © The Royal Society of Chemistry 2012
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chose are methanol, tetrahydrofuran (THF), and CH,Cl,. The
SPR bands of Au@Pt nanoplate in each solvent are shown in
Fig. 7. Before re-dispersion in each solvent, all the samples are
fully dried. The refractive index of methanol, THF, and CH,Cl,
is 1.329, 1.407, and 1.424, respectively. For all investigated
samples, the SPR band redshifted as the refractive index of the
solvent increased, which is consistent with other results
reported in the literature.!®'* In order to confirm the
reliability of UV-vis spectra, we conducted several
measurements on the same sample in organic solvent
(Electronic supplementary Information, Fig. S1). Within three-
time measurements, the wavelength of peak is changed by only
2 nm. Even after sonication, the peak position is just shifted by
4 nm. Since the aggregation occurs randomly, if nanoplates
aggregated, the peak position would be fluctuated. The
consistence of peak position means that serious aggregation
does not occur. SEM images taken after transferring to toluene
also show exact same structure maintaining the original shape
(Fig. S2). Therefore, it was possible to directly transfer and re-
disperse the Au@Pt nanoplates in any solvent.

3 Conclusions

We were able to tune the SPR bands of Au@Pt nanoplates by
controlling the selective deposition of Pt on Au nanoplates via
uniform or rim-preferential growth. The suggested synthetic
strategy was applicable to Au nanodisks and nanoprisms. The
SPR band shifts were dictated by aspect ratio variation
depending on uniform or rim-preferential Pt growth onto core
Au nanoplates. This result indicates that there is effective SP
coupling between Au and Pt, although Pt is regarded as an
optically weak metal in the visible-NIR spectral window. Due
to the strong SPR properties of Au and the structural rigidity
conferred by the addition of Pt, Au@Pt nanoplates can be easily
transferred to the investigated solvents. We expect the site-
selective control of Pt coating can be applied to the fine-tuning
of surface plasmon bands, and eventually to the field of energy
harvesting and biomedical application.

4 Experimental details
4.1 Materials

All chemicals were used without further purification. Hydrogen
tetrachloroaurate (III) hydrate (HAuClysnH,O, 99 %) was
purchased from Kojima. Tri-sodium citrate dihydrate
(Na3;C¢Hs07°2H,0, 99 %) was purchased from Yakuri. Sodium
tetrahydroborate (NaBH,, 98 %) and silver nitrate (AgNOs;,
99.8 %) were purchased from Junsei. Sodium iodide (Nal,
99.5 %) and L-ascorbic acid (C¢HgOg, 99.5 %) were purchased
from Sigma Aldrich. Sodium hydroxide (NaOH, 98 %) was
purchased from Samchun, and cetyl trimethyl ammonium
bromide (CTAB, C;oH4,BrN, 95 %) was supplied by Fluka. All
reagents were dissolved in distilled water (18.2 MQ) that was
prepared with a Milli-Q water purification system.

4.2 Synthetic procedures

Au nanoprisms*' were prepared from 5 nm spherical seeds by a
three-step, seed-mediated method with iodide ions, as reported
previously. Au nanodisks*? were synthesized by conducting

This journal is © The Royal Society of Chemistry 2012
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further procedures with Au triangular nanoplates (experimental
details are written in ESI). All of the gold nanoplate solutions
were optically normalized to the same concentration. In the
presence of iodide ions (50 uM), 20 mL of 50 mM CTAB, 5
mL of re-dispersed gold nanoplates, 340 pL of 0.1 M NaOH,
and 54 pL of 2 mM aqueous AgNO; solution were added to a
vial. To ensure uniform growth of Pt, we omitted the addition
of AgNOj; solution. Next, 426 pL of 10 mM ascorbic acid was
added to the mixture. After gentle shaking, the solution was
heated to 70 °C and kept in an oven to facilitate the deposition
of Ag layers onto the Au nanoplates. After one hour, 135 uL,
270 pL, and 540 pL of 2 mM aqueous H,PtClg solution was
added to the heated mixture for the galvanic replacement
reaction, and the mixture was kept at 70 °C for approximately 3
hours. After the end of the reaction, we used a centrifuge and
removed the supernatant to redisperse in DI water. This
washing process repeated twice.

For transferring Au@Pt nanoplates to the other solvent, we
fully dried the solution of nanoplates using a rotary evaporator,
and dispersed nanoplates in the other solvent by ultrasonication.

4.3 Characterization

A JEM-2100F was used to acquire transmission electron
microscopy (TEM) images. Scanning electron microscopy
(SEM) images were obtained using a JEOL 7000F and a JEOL
7600F. UV-vis-NIR absorption spectra were acquired using S-
3100 (Scinco) and UV-3600 (Shimadzu) spectrophotometers.

4.4 DDA calculation

We have performed discrete dipole approximation (DDA)
calculations for Au@Pt(uni) nanodisks to confirm the
interpretation of the experimental spectra. All calculated
extinction spectra are for the nanoparticle embedded in a
uniform dielectric medium corresponding to water. The spectra
presented in the manuscript have been averaged over
orientations to represent the optical properties of the particle in
solution. The nanoparticle morphologies used in the
calculations were based upon the SEM images and
experimentally determined dimensions. In particular, for the
solid Au nanodisk, the diameter was 88 nm and the thickness
was 11 nm. For the Au@Pt(uni) nanodisk, the solid Au
nanodisk was coated by a Pt layer, making the full particle
diameter 92 nm and the thickness 22 nm. Custom input files
were created that designate particle morphology and material
by grid location. A 1 nm dipole spacing was used for all
calculations. (experimental details are written in ESI)
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We synthesized shape-controllable Au@Pt nanoplates via rim-preferential or uniform growth of Pt. Depending on the shape

of Pt shell, their aspect ratio and surface plasmon resonance band were tunable.
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