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Au-core/Pt-shell nanorods (Au@Pt NRs) have been prepared by a Au nanorod-mediated growth
method, and they exhibit high electromagnetic field enhancements under coupling conditions.
Boosted by a long-range effect of the high electromagnetic field generated by the Au core, the
electromagnetic field enhancement can be controlled by changing the morphology of the nanostruc-

tures. In this study, we report the results on the simulations of the electromagnetic field enhancement
using a finite difference time domain (FDTD) method, taking the real shapes of the Au@Pt NRs
into account. Due to the “hot spot” effect, the electromagnetic field can be localized between the Pt
nanodots. The electromagnetic field enhancement is found to be rather independent of the Pt con-

tent, whereas the local roughness and small sharp features might significantly modify the near-field.

As the electromagnetic field enhancement can be tuned by the distribution of Pt nanodots over the
Au-core, Au@Pt NRs can find potential applications in related areas.
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1 Introduction

Metal nanoparticles have been widely studied owing to
their fundamental interests and practical applications.
The optical properties of metal nanoparticles strongly
depend on the size, shape, and environment of the par-
ticles [1-5]. On irradiation of lights with a specific wave-
length, the surface plasmons in the metal particles can
be excited, leading to an enhancement of the local elec-
tromagnetic field close to the particles [6-10]. Electro-
magnetic field enhancement is, in part, the basis behind
surface-enhanced Raman scattering (SERS), a spectro-
scopic phenomenon discovered over 40 years ago and still
perplexing to the scientific community in terms of its sci-
entific origins and potential applications [11-15].
Various morphologies of metal nanostructures includ-
ing nanorods [16], bowtie nanoantennas [17], nanoburg-
ers [18], triangular nanoprisms [19], and nanopins [20]
have been suggested for inducing the local enhance-
ment of the electromagnetic field, and these nanostruc-

tures were further proved useful as SERS platforms [21].
Furthermore, the lightning rod effect (due to geomet-
ric factors) is considered to play a significant role in
the electromagnetic field enhancement in the case of
rod-shaped nanoparticles [22-24]. Currently only three
“coinage metals” (Au, Ag, and Cu) are reported to
provide the significant enhancements required, and this
severely limits the breadth of practical applications [25,
26]. Although transition metals have much wider appli-
cations in electrodes and catalysts in electrochemistry
and surface science, they are commonly considered as
non-SERS-active substrates. SERS studies on colloidal
Pt and roughened Pt surfaces have shown considerably
smaller enhancement effects of Pt as compared to Au,
Ag, and Cu [27]. In order to explore the potential appli-
cations and to optimize the SERS activity of the transi-
tion metal-based nanoparticles, Tian et al. have recently
studied a strategy of “borrowing” high SERS activity
from the Au-core [28, 29]. This approach makes use of
the long-range effect of the high electromagnetic field
created by the Au nanoparticles. Moreover, by forming
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a core/shell structure with the Au nanorods, the surface
plasmon resonance (SPR) band of the Pt nanostructures
can be shifted from the ultraviolet region to visible and
near-infrared regions, and this opens up the potential of
using Pt nanostructures for SPR-based sensing.

In this paper, we report the design, characterization,
and the electromagnetic field enhancement effects of the
Au-core/Pt-shell nanorods (Au@Pt NRs). We have an-
alyzed the SPR spectra and the near-field enhancement
of the individual Au@Pt NRs of different growth modes
using a finite difference time domain (FDTD) method.
The widely used FDTD method in nanoplasmonic sim-
ulations provides a powerful numerical tool in studying
the mechanism of the electromagnetic field enhancement
and helps in the design of nanostructured systems [30].

2 Experiments

2.1 Chemicals and reagents

Sodium  borohydride (NaBHy),
(HAuCly-3H20),  cetyltrimethylammonium  bromide
(CTAB), potassium tetrachloroplatinate (IT) (KyPtCly),
and silver nitrate (AgNOs) were purchased from Alfa
Aesar. Other chemicals used in the study were of at
least analytical reagent grade and were purchased from
Beijing Chemical Reagent Company (Beijing, China).
Milli-Q water (18 MQ-cm) was used as a solvent in all
experiments.

chloroauric acid

2.2 Synthesis of Au@QPt NRs

Synthesis of Au nanorods (Au NRs): Au NRs
were synthesized using a seed-mediated growth proce-
dure, which is reported in the literature [31]. Initially,
CTAB-capped Au seeds were synthesized via a chemical
reduction of HAuCly by NaBHy4. In a typical synthesis,
CTAB (7.5 mL, 0.1 M) was mixed with HAuCly (100
uL, 24 mM) and then diluted with water to form a 9.4
ml mixture, which was stirred using a magnetic stir-
rer. Ice-cold NaBH, (0.6 mL, 0.01 M) was then added
to this solution, and the color of the mixture immedi-
ately turned from bright yellow to brown, indicating the
formation of Au seeds. The Au seeds were used within
2-5 h of their preparation. To initiate the growth of Au
nanorods, 120 uL of the Au seed solution was added to
a growth solution containing CTAB (100 mL, 0.1 M),
HAuCly (2.04 mL, 24 mM), AgNO3 (1.05 mL, 10 mM),
and ascorbic acid (AA) (552 uL, 0.1 M). After 12 h, AA
(55.2 uL, 0.1 M) was added two times to the mixture in
40 min intervals under stirring. The reaction was allowed
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to proceed for 24 h, and the Au NRs formed were pu-
rified by centrifugation at 12000 rpm for 5 min in two
cycles. The precipitate was collected and redispersed in
deionized water to form a 50 mL Au NR solution.

Synthesis of Au@Pt NRs: 1 mL of the Au NR so-
lution was mixed with 12.5, 25, 42.5, and 250 pL of 2 mM
PtCl3~ aqueous solutions to obtain Pt/Au ratios of 0.05,
0.1, 0.17, 0.5, and 1, respectively. Then, 15 uL of 0.1 M
AA was added and the volume of the resulting solution
was made to 2 mL by dilution. The mixture was shaken
vigorously and was placed in a water bath at 30 ° C for
30 min. Within several minutes, the color of the solution
was changed from pink-red to dark gray, suggesting the
formation of Pt shells. 1 mL of 0.1 M CTAB was then
added.

2.3 Characterization

The UV-Vis-NIR absorption spectra of the samples were
recorded using Varian Cary 50. Scanning electron mi-
croscopy (SEM) images were recorded and energy disper-
sive X-ray (EDX) analysis was carried out using a field
emission scanning electron microscope (FESEM, Hitachi
S-4800). Transmission electron microscopy (TEM) im-
ages were captured on a FEI TECNAI G2 F20 U-TWIN
at an accelerating voltage of 200 kV. 3 uL of the nanorod
solution was dried on carbon-coated copper grids for 30
min, and TEM micrographs were recorded at a minimum
of eight different regions in the grid. For size measure-
ments, ca. 200 nanorods were considered.

2.4 FDTD calculations

FDTD calculations were performed with FDTD Solu-
tions 8.11, developed by Lumerical Solutions, Inc. The
absorption spectra and the electromagnetic field inten-
sity enhancement contours were obtained from FDTD
calculations on the Au@Pt NRs with Pt nanodots of dif-
ferent morphologies. The Pt nanodots were assumed to
be spheres with a 3-nm diameter that are distributed
uniformly on the Au nanorod surface. The length and
width of the Au NRs were fixed at 54 nm and 18 nm,
respectively. An electromagnetic pulse in the wavelength
range from 400 to 800 nm was launched into a box con-
taining the target NR in order to simulate a propagating
plane wave to interact with the Au@QPt NR. The elec-
tromagnetic field was set to be polarized along the long
axis of the Au@Pt NRs. The Au dielectric function de-
termined by Palik [32] was used and the Au@Pt NRs
were assumed to be embedded in water with a refractive
index of 1.33.

Jian-Bo Liu, et al., Front. Phys. 11(8), 118501 (2016)



RESEARCH ARTICLE

3 Results and discussion

3.1 Gold nanorods (Au NRs)

A TEM image of the gold nanorods with a mean aspect
ratio of 3.3 is shown in Fig. 1(a). Two plasmon absorp-
tion bands can be observed in case of gold nanorods cor-
responding to the oscillation of free electrons along and
perpendicular to the long axis of the rods, called the lon-
gitudinal and transverse modes, respectively. The trans-
verse mode is generally observed around 520 nm, and the
longitudinal mode strongly depends on the aspect ratio,
and is red-shifted with an increase in the aspect ratio of
the nanorods [21]. The absorption spectrum of the Au
NRs shown in Fig. 1(b) clearly indicates the presence of

) 16

Absorbance (a.u.)

two absorption maxima at 511 and 738 nm corresponding
to the transverse and longitudinal modes, respectively.
A close inspection of the TEM image in Fig. 1(a) sug-
gests that the particle shape can be approximated using
a cylinder with rounded (semispherical) ends. The cylin-
der model is defined by the geometric parameters a and
b, as shown in the inset of Fig. 2(a). FDTD results for
a rod of ¢ = 38 and b = 16 nm are given in Fig. 2.
The extinction spectra are found to be in good agree-
ment with the experimental spectra, as the transverse
and longitudinal modes are observed at 518 and 740 nm,
respectively.

Figures 2(c) and (d) represent the contours of the elec-
tromagnetic field enhancement | E|? of the transverse and
longitudinal plasmon modes as a function of the angle,
0, between the rod axis and the polarization vector. The

738 nm

b
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Fig. 1 (a) Typical TEM image and (b) UV-vis-NIR spectra of Au NRs.
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Fig. 2 Absorption cross section versus wavelength for (a) transverse and (b) longitudinal mode of gold nanorods. Elec-
tromagnetic field enhancement (contours of |E|?) for (c) transverse and (d) longitudinal mode of gold nanorods.
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values of 8 = 90° and 6 = 0° correspond to the transverse
mode [Fig. 2(c)] and the longitudinal mode, respectively
[Fig. 2(d)]. The transverse mode of the plasmon absorp-
tion of gold nanorods is found to be of less intensity
compared to the longitudinal mode.

3.2 Au@Pt NRs

In order to apply the strategy of “borrowing”, the most
effective and feasible way is to coat the SERS-active sub-
strate with a thin shell of transition metals [29]. Gold
nanorods have been used as seeds for the platinum shell
growth, and recent studies in the literature suggest that
the growth of the platinum shells on gold nanorods oc-
curs by two different mechanisms, resulting in nanodots
coating or a smooth coverage of Pt on the gold nanorods
[33, 34]. The strong electromagnetic field from the Au
core is attenuated exponentially by an increase in the
thickness of the Pt solid shell, however, is not completely
shielded by the Pt nanodots [28]. To analyze this phe-
nomenon theoretically, we used FDTD to estimate the
electromagnetic field enhancement surrounding the core-
shell nanoparticles.

In the case of solid shell growth mode, the enhanced
electromagnetic field decays exponentially as the dis-
tance from the surface increases [Fig. 3(b)]. However, a
substantially strong electromagnetic field enhancement

(a)

can still be obtained in the case of Pt nanodots growth
mode, even if the Pt nanodots are closely packed on the
entire surface of the Au nanorods [Fig. 3(d)].

Our group has previously developed a procedure to
grow Pt nanodots on gold nanorods [35] to form rod-
shaped Au@Pt nanostructures with a Pt/Au ratio of 0.17
[Fig. 4(a)]. When the Pt nanodots are grown on the gold
rods, a better homogeneity in the distribution of nan-
odots and a robust adhesion between the rod and the
nanodots can be obtained.

TEM image and optical spectrum of the Au@QPt NRs
are given in Fig. 4. Owing to the unique porous struc-
ture of the Pt nanodots, the transverse and longitudinal
modes are red-shifted to 528 nm and 800 nm, respec-
tively. The longitudinal SPR band undergoes a signif-
icant red-shift (100 nm) with a strong damping of in-
tensity and a broadening of the width, as shown in Fig.
4(b).

The absorption spectra and the electromagnetic field
enhancement contours obtained from the FDTD calcu-
lations are shown in Fig. 5. The thickness of the Pt shell
is found to be 3 nm from the TEM measurements, indi-
cating that the average diameter of the Pt nanodots is 3
nm. At lower Pt/Au ratios (Pt/Au ratios < 0.2), the Pt
nanodots mainly appear at the end caps and side edges
of the Au rod (Au nanorods have regular shape with 8
sharp corners and 8 edges [36]). Thus, the Pt nanodots
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Fig. 3 The idealized 3D model of Au@Pt NR Au@Pt NRs with (a) Pt solid shell or (¢) nanodots shell assumed for
FDTD calculations and electromagnetic field enhancement (contours of |E|?) for longitudinal mode of Au@Pt NR with (b)
Pt solid shell or (d) nanodots shell. The thickness of the Pt solid shell is 3 nm and the Pt nanodots were assumed to be of

spheres with a diameter of 3 nm.
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Fig. 4 (a) Typical TEM image and (b) UV-vis-NIR spectra of Au@Pt NRs.

Transverse mode

524nm_~~

30.02

300 400 500 600 700
Wavelength (nm)

—
~
—

4
(b)iﬁ 0.8

0.6 740 nm

— Longitudinal

0.4

0.2

0.0

Absorption cross section (nr

400 500 600 700 800 900 1000 1100
Wavelength (nm)

100

(d)

20 nm

Fig. 5 Absorption cross section versus wavelength for (a) transverse and (b) longitudinal mode of Au@Pt NRs, (c) the
idealized 3D model of Au@Pt NR assumed for FDTD calculations, and (d) electromagnetic field enhancement (contours of
|E|?) for longitudinal mode of Au@Pt NR. In this model of Au@Pt NR, Pt nanodots mainly appear at end caps and eight

edges of the Au rods.

are assumed to be closely packed on the side-edges as
shown in Fig. 5(c). In Fig. 5(b), a strong damping of
the longitudinal SPR band is observed, but only a small
shift in the resonance frequency is observed. This dis-
crepancy between the calculated and measured values
can be attributed to the changes in the nanorod shapes.
Therefore, a detailed modeling is required to understand
this behavior.

Considering the molar ratio of Pt/Au that was used
in our experiments, the preferential edge-growth might
not occur and the Pt dots may grow both at the edges
and on the flat surfaces of the gold nanorods. As equal
amounts of Pt were used, the number of Pt nanodots
on every Au nanorod is considered the same for both Pt

Jian-Bo Liu, et al., Front. Phys. 11(8), 118501 (2016)

deposition modes. Thus, the Pt dots do not distribute
closely at the entire Au NR surfaces [Fig. 6(a)].

The calculations show that this model can be used
to explain the red shift in the plasmon resonances [Fig.
6(b)]. The longitudinal peak positions are in very good
agreement with that in the experiments, but the reso-
nance widths are consistently narrower in the simula-
tions, as shown in Fig. 6(b). This might be due to per-
forming calculations on a single nanorod, while in reality
the samples contain particles with varying dimensions
and Pt/Au ratios that result in the peak broadening.
In comparison with Fig. 5(d), this geometric model pro-
vides a better enhancement of the electromagnetic field
between the Pt nanodots.

118501-5
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Fig. 6 (a) Typical TEM image of Au@Pt NRs, (b) absorption cross section versus wavelength for longitudinal mode
of Au@Pt NRs, (c) the idealized 3D model of Au@Pt NR assumed for FDTD calculations, and (d) electromagnetic field
enhancement (contours of |E|2) for longitudinal mode of Au@Pt NR. In this model of Au@Pt NR, Pt dots form both at

edges and on the flat surfaces of the Au rod.

Recent calculations consider a nano gap formed by
several electromagnetically interacting particles generat-
ing a huge electromagnetic field. This near-field coupling
effect is the origin of the “hot site” or “hot particle”.
Therefore, it would be of great interest to examine the
morphology of the Pt nanodots deposited on the Au NRs
to determine the effects of the Pt morphology on the
electromagnetic field. Based on the SEM images of the
samples, we suggest several geometrical morphologies for
the calculations as below.

By finely tuning the growth conditions, the locations of
the Pt nanodots can be tailored from end-caps to edges,
and finally to the whole surface of the Au rod, as we
have recently reported [35]. The morphology depends on
the molar ratio of Pt/Au. Pt nanodots are preferentially
formed at the edges at lower Pt/Au ratios and their den-
sity and distribution may be slightly different. In one
case, Pt nanodots were formed only at four edges of the
nanorods, leading to the formation of rectangular-shaped
Au@Pt NRs [Fig. 7(a)]. In another case, small Pt nan-
odots were mainly observed on all the eight edges of the
Au rod [Fig. 7(b)]. In accordance with the two differ-
ent growth modes observed experimentally and based on
the dimensions measured from the SEM images, we de-
vised two geometrical morphologies for the calculations.
As equal amounts of Pt were used, the number of Pt

118501-6

nanodots on every Au nanorod is considered the same
for both Pt deposition modes. Thus, in the case of the
four edges growth mode, Pt nanodots are closely packed
on the edges [Fig. 7(c)]; and in the case of the eight edge
growth mode, Pt nanodots are less closely packed [Fig.
7(d)].

Comparing the FDTD results of these two models, sig-
nificant electromagnetic field enhancement between nan-
odots is obtained for the second system [Fig. 7(f)], i.e.,
the eight-edge growth mode. The low electromagnetic
field enhancement observed for the first system [Fig.
7(e)], i-e., the four-edge growth mode. And the different
results of these two growth modes need a specific dis-
cussion. When the nanodots are closely packed, it may
be possible that the adjacent nanoparticles touch each
other, closing the interparticle gap. These closed junc-
tions cannot induce larger electromagnetic field enhance-
ments, whereas in the other system the hot spots can be
formed around the metal nanoparticles.

3.3 Au@Pt NRs with ends coating

Liz-Marzan’s group has recently reported a preferential
growth of Pt nanodots on the rod caps by manipulating
the reduction conditions, where there was a high amount
of silver ions [33]. In our experiment, we also obtained

Jian-Bo Liu, et al., Front. Phys. 11(8), 118501 (2016)
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Fig. 7 (a, b) Typical SEM image of Au@Pt NRs; (c, d) the idealized 3D model of Au@Pt NRs assumed for FDTD
calculations; (e, f) Electromagnetic field enhancement (contours of | E|?) for longitudinal mode of Au@Pt NR. In the model
of Au@Pt NR (a, c, e), Pt dots form at four edges of the Au rod and in the model of Au@Pt NR (b, d, f), Pt dots form at

all eight edges of the Au rod.

Au@Pt NRs with end-coating. Pt nanodots are preferen-
tially formed at the end caps with a Pt/Au ratio of 0.05
as can be seen in Fig. 8(a). Closely packed nanodots on
the rod ends could also be obtained by a subsequent de-
position of Pt on the precoated Pt dots [Fig. 8(b)]. “Hot
spots” around the nanodots and a better electromagnetic
field enhancement can be clearly observed in the case of
less closely packed structures [Fig. 8(e)].

4 Conclusion

In summary, different morphologies of Au-core/Pt-shell
nanorods have been analyzed by coating the Au-core
with Pt or by depositing the nanodots at the end of
the rods. We have investigated the optical property and

Jian-Bo Liu, et al., Front. Phys. 11(8), 118501 (2016)

electromagnetic field enhancement of Au@Pt NRs us-
ing the FDTD method, and the accuracy and validity
of the FDTD calculations have been verified. The elec-
tromagnetic field enhancement is found to be rather
independent of the Pt content, whereas the local rough-
ness and small sharp features might significantly modify
the near-field. As the electromagnetic field enhancement
can be tuned by the distribution of Pt nanodots over the
Au-core, Au@Pt NRs can find potential applications in
related areas.
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Fig. 8 (a, b) Typical SEM images of Au@QPt NR; (c, d) the idealized 3D model of Au@Pt NR assumed for FDTD
calculations; (e, f) Electromagnetic field enhancement (contours of | E|?) for longitudinal mode of Au@Pt Ns. In the model
of Au@Pt NR (a, ¢, e) non-close-packed Pt dots on end caps of the Au rod and in the model of Au@Pt NR (b, d, f),

close-packed Pt dots on end caps of the Au rod.
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