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Synthesis of Au@Ni Core—shell Nanoparticles Using
NaBH4 or L-ascorbic Acid as a Reducing agent
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Au@Ni core—shell nanoparticles were synthesized using Au nanorods (NRs) as seeds. The resultant
crystal structures were characterized using transmission electron microscopic (TEM) and TEM-energy
dispersed X-ray spectroscopic (EDS) measurements, and ultraviolet (UV)-visible (Vis)-near infrared
(NIR) extinction spectra. Ni shells were grown over AuNRs seeds by reducing Ni(NOs)2:6H20 using
NaBH4 or L-ascorbic acid. When NaBH4 was used, AuNR@NIi nanoparticles having egg-like Ni shells
and small spherical Ni aggregate shells were produced. On the other hand, AuNR@Ni nanoparticles
having irregular shaped Ni shells were produced by using L-ascorbic acid. The nonoccurrence of
layered epitaxial growth for AuNR@NI particles was attributed to the presence of unstable high-index
{250} or {5 12 0} facets in AuNRs and a large lattice mismatch between Au and Ni (13.6%). When Ni
shells were formed over AuNRs, characteristic surface plasmon resonance bands of AuNR cores became
either weak or disappeared, and a long tail band originating from Ni-shell component was observed in

the 350-1150 nm region.
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1. Introduction

Core-shell nanoparticles which are
constructed from more than one metallic phase
have been received especial interest because of
their higher catalytic, optical, electric, or
magnetic properties than those of individual
monometallic  particles.'¥  Since above
properties strongly depend on size, shape, and
composition of nanoparticles, their controlled
syntheses of core-shell nanoparticles are
required. An ideal method to prepare size,
shape, and composition controlled core-shell
nanoparticles is epitaxial growth of core-shell
particles. Using a strong shape correlation
between cores and shells, shape controlled
epitaxial growth of shells over various shapes
of core metals is possible.!519 Compared with
extensive studies on shape controlled syntheses
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of core-shell nanoparticles of novel metals like
Au and Ag, little work has been conducted for
the syntheses of nanoparticles involving
transition metals such as Cu and Ni. Although
it has generally been believed that the epitaxial
growth of a metal shell onto a different metal
can only take place when the lattice mismatch
between core and shell metals is below 5%,17
we have demonstrated that Cu can be
epitaxially grown on various shapes of Au seeds
in spite of their large lattice mismatch (11.4%
for Au—Cu).202) As Au seeds, we used not only
octahedral, triangular and hexagonal plate-like,
decahedral, and icosahedral Au core seeds
having low-index {100} and {111} facets but also
NRs having higher-index {250} or {5 12 0} facets.
The growth rates of Cu shells on sharp corners
of Au cores were slower than those on flat {111}
facets and single twin facets.

We have also studied epitaxial growth of
Au@Ni nanocrystals with higher lattice
mismatch (13.6% for Au—Ni) using octahedral,
triangular and hexagonal plate-like,
decahedral, and icosahedral nanocrystals as Au
seeds.22 We demonstrated that epitaxial
layered growth of Ni shells over polygonal Au
cores can also occur despite a larger lattice
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mismatch of Au—Ni. Favorable facet of Ni shells
was 1111}, which was the same as the major facet
of Au core seeds, as in the case of Au@Cu.20 The
selected area electron diffraction (SAED)
patterns indicated that single crystals of Ni
layers formed parallel to those of Au seeds. For
Au@Nicrystals, Nishells were grown not only on
flat {111} planes but also sharp corners of Au
cores with the same thickness.

On the basis of our previous studies, there is
an exceptional case that epitaxial growth can
occur on sharp corners even though the lattice
mismatch is as large as 13.6%. The UV- Vis-NIR
spectra of Au@Ni nanoparticles gave a similar
spectrum to that of Ni particle, indicating that
Au@Ni1 particles have similar optical propertiesto
those of Ni shells.

In this study, syntheses of AuNR@Ni
nanoparticles are investigated. The purpose of
this study is whether epitaxial growth occurs
for AuNR@Ni nanoparticles. The effects of
experimental parameters, such as a reducing
agent, NaBH. or L-ascorbic acid, and their
concentrations, are examined for the crystal
growth of Ni shells over AuNRs.

2. Experimental

2.1 Materials

For use in this study, AuNRs involving 1.5
mM Au atoms and cetyltrimethylammonium
bromide (CTAB) in an aqueous solution, were
supplied by Dai-Nippon Toryo Co. Ltd. They
were prepared using a photochemical
method,2® The aspect ratio of the AuNRs was
about 5 (50 nm length, 10 nm diameter; W4
type). NaBHs (>97.0%), Ni(NO3)2:6H20
(>98.0%), sodium citrate (NasCe¢Hs07-2H20),
CTAB (>99.0%), L-ascorbic acid (>99.6%),
distilled H:0 (HPLC level), and C:Hs0H
(>99.5%) were purchased from Kishida
Chemical Industry Ltd. Polyethylene glycol
(PEG) with an average molecular weight of 600
was obtained from Tokyo Chemical Ind. A high
purity Ar gas (>99.999%) was obtained from
Japan Fine Products. All reagents were used
without further purification.

2.2  Synthesis of AuNR@Ni nanoparticles
using NaBH4 as a reducing agent

Fig. 1 shows a schematic diagram of
experimental apparatus used for the synthesis
of AuNR@Ni nanoparticles. The apparatus
consists of a three-necked glass frasco,
mechanical stirrer, a syringe pump, an optical
fiber thermometer (not shown in Fig. 1), and an
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Fig. 1. Oil-bath heating apparatus used for
the synthesis of Au@Ni nanoparticles.

Ar gas cylinder. 2 ml of Au seed aqueous
solution was mixed with 5 ml of 15 mM
Ni(NO3)2-6H20 aqueous solution, 3 ml of 5 mM
NasCsH507-2H20 aqueous solution, 5 ml of 36
mM CTAB aqueous solution. After bubbling Ar
gas at a flow rate of 10 sccm for 30 min to
remove Oz dissolved in a reagent solution, 5 ml
of NaBH4 aqueous solution was injected using
the syringe pump at an injection rate of 0.3
ml/min for 30 min. Ar bubbling was continued
during reaction to suppress oxidation. Three
different concentrations of NaBH4 solution, 60,
6, or 3 mM, were examined.

2.3 Synthesis of AuNR@Ni nanoparticles
using L-ascorbic acid as a reducing agent

2 ml of Au seed aqueous solution was mixed
with 5 ml of 15 mM Ni(NOs)2-:6H20 aqueous
solution, 3 ml of 5 mM NaOH aqueous solution,
and 5 ml of 3 mM PEG aqueous solution under
Ar gas bubbling. It was heated at 60 °C. Then,
5 ml of L-ascorbic acid was injected using the
syringe pump at a rate of 0.0417 ml/min for
about 2 h. The concentration of L-ascorbic acid
was 30 mM or 3 mM.

2.4 Characterization of product particles

AuNR@Ni particles were obtained from
C2Hs0H solution by centrifuging the colloidal
solution at 15,000 rpm for 30 min three times
for TEM (JEM-2100XS; JEOL) observations.
Extinction spectra of the product solutions
were measured in the UV-Vis-NIR region using
a spectrometer (UV-3600; Shimadzu Corp.).

3. Results and discussion

3.1 AuNR@Ni nanoparticles prepared using
NaBH4
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Figs. 2a and 3a-3f show TEM and TEM-EDS
data of AuNR@Ni nanoparticles prepared at an
NaBH: concentration of 60 mM and a line
analysis data along a line shown in Fig. 3d.
Because the electron density of Ni is lower than
that of Au, Ni and Au components are observed
by light contrast and dark one in TEM images,
respectively (Figs. 2a and 3a). Results show

1mm

Fig. 2. TEM image of AuNR@Ni
nanoparticles prepared using NaBH4 at (a)
60 mM, (b) 6 mM, and (c) 3 mM.

that some AuNR@Ni nanoparticles having low-
density Ni shells are formed, as shown in TEM-
EDS images (Figs. 3b-3d). The Au : Ni atomic
ratio of AuNR@Ni particle in Fig. 3 was
estimated to be 2.5 : 97.5% from EDS data. At
a high NaBH4 concentration, the reduction rate
of Ni2*is too fast so that Ni atoms concentration
becomes higher than its supersaturation.
Under such a condition, Ni particles are formed
not only around AuNRs but also outside AuNRs.
Therefore, the Ni component is distributed in a
wide range, so that the high atomic ratio of Ni
was obtained.

Figs. 2b, 2c, 4a-4f, and 5a-5f show
corresponding TEM and TEM-EDS data at 6
and 3 mM. At 6 mM, AuNR@NI1 particles, which
have a larger difference in dark (AuNR core)
and light (Ni shell) contrast in TEM images
than that in 60 mM, are obtained (cf. Figs. 2a
and 2b). This suggests that the density of Ni
shells on AuNRs at 6 mM is higher than that at
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Fig. 3. TEM and TEM-EDS data of
AuNR@Ni nanoparticles prepared using
NaBH4 at 60 mM.
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60 mM. The average thickness of Ni shells was
about 30—60 nm. Little Ni particles without
AuNR cores were observed, indicating that 6
mM is a better concentration than 60 mM for
the synthesis of AuNR@Ni particles with
higher density egg-like Ni shells as a major
product. In addition to AuNR@Ni particles
having uniform egg-like Ni gshells, some
AuNR@Ni nanoparticles, which consist of
uniform aggregation of small Ni particles, are
observed as a minor product at 6 mM (e.g. Figs.
4a-4d). The average diameter of each spherical
Ni nanoparticle was about 2 nm and the

thickness of Ni aggregation shell was 30-50 nm.

The Au : Ni atomic ratio of this AuNR@Ni
particles in Figs. 4a-4f was estimated to be 13 :
87% from EDS data.

At 3 mM, products consist of two components,
which are also observed at 6 mM. One is
AuNR@NI1 particles having aggregates of small
Ni nanoparticles. Ni aggregate shells are
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Fig. 4. TEM and TEM-EDS data of
AuNR@Ni nanoparticles prepared using
NaBH; at 6 mM.
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composed of two parts (Figs. 5a-5d); dense Ni
aggregate shells over AuNRs cores are covered
by low-density Ni aggregates. The thicknesses
of high- and low-density Ni aggregates were
about 30-50 and 30-50 nm, respectively.
Another component consists of AuNR@Ni
particles having low-density Ni shells without
Ni aggregates. This component was a major
product at 6 mM. The density of Ni shells at 3
mM was lower than that obtained at 6 mM (cf.
Figs. 2b and 2c). The Au : Ni atomic ratio of
AuNR@Ni particle shown in Figs. 5a-5f was
estimated to be 12 : 88% from EDS data.

On the basis of above facts, AuNR@Ni
particles with egg-like Ni shells and Ni
aggregates are formed using NaBHs at low
concentrations of 6 and 3 mM. No layered
epitaxial growth of Ni shells having well-
defined facets (e.g. rectangular shape) was
observed.

Fig. 6 shows UV-Vis-NIR extinction spectra
of AuNRs and AuNR@Ni nanoparticles. The
extinction spectrum of Au NRs gives a
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Fig. 5. TEM and TEM-EDS data of
AuNR@Ni nanoparticles prepared using
NaBH4 at 3 mM.
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Fig. 6. UV-VIS-NIR spectra of AuNRs and
AuNR@NI1 particles prepared using NaBHa.

longitudinal surface plasma resonance (LSPR)
band at about 910 nm with a full width at half
maximum (FWHM) of about 200 nm and a
weak transverse SPR band at about 510 nm.
When Ni shells are formed at NaBH:
concentration of 60, 6, and 3 mM, the 910 nm
band becomes weak and slight peak shifts to
shorter wavelength (about 10 nm) at 60 mM
and to longer wavelength (about 30 nm) at 6
and 3 mM are observed. In addition to peaks at
900-940 nm and 510 nm region originating
from Au core components, weak tail bands are
observed in the 300-750 nm region. These
weak tail bands are attributable to the Ni
components of AuNR@Ni and Ni particles in
each condition.?? The relative intensity of the
tail bands to that of the 910 nm AuNR main
bands becomes weak with decreasing the
NaBH: concentration. This shows that the
relative amount of Ni component in the
products decreases with decreasing the NaBH4
concentration.

3.2 AuNR@Ni nanoparticles prepared using
L-ascorbic acid

Figs. 7a and 8a-8f show TEM and TEM-EDS
data of AuNR@Ni nanoparticles prepared at a
L-ascorbic acid concentration of 30 mM and a
line analysis data along a line shown in Fig. 8d.
Results show that thin irregular shapes of Ni
shells are overgrown on AuNRs and their
distributions are slightly high around the
AuNRs. Ni shells over AuNRs are not flat
shape, indicating that layered epitaxial Ni shell
growth does not occur in this condition. No Ni
aggregate shells were observed using L-
ascorbic acid. The Au : Ni atomic ratio of this
AuNR@NIi particle in Figs. 8a-8f was estimated

ZFn m

Fig. 7. TEM image of AuNR@Ni
nanoparticles prepared using L-ascorbic
acid at (a) 30 mM, and (b) 3 mM.

to 75 : 25% from EDS data.

Figs. 7b and 9a-9f show corresponding data of
AuNR@Ni at a lower L-ascorbic acid
concentration of 3 mM. Although layered Ni
shells are not formed, the formation of low
density of Ni shells are observed around
AuNRs. The Au : Ni atomic ratio of AuNR@Ni
particles in Figs. 9a-9f was estimated to be 75 :
25% from EDS data. Ni component was
distributed in a wider space range than that at
30 mM. Therefore, a similar Au : Ni atomic
ratio was obtained even though the density of
Ni shells around AuNRs was low.

Fig. 10 show UV-Vis-NIR extinction spectra
of AuNRs and AuNR@Ni nanoparticles
obtained using L-ascorbic acid at 30 and 3 mM.
At 30 mM, a long tail band of Ni component is
observed in the 350—-1150 nm region and no Au
peak at 910 nm is observed. This suggests that
AuNRs are fully covered by Ni component in
this condition. At a lower concentration of 3
mM a weak AuNR component and a weak tail
band of Ni component appear. These spectral
features are consistent with the observations
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Fig. 8 TEM image of AuNR@Ni
nanoparticles prepared using L-ascorbic
acid at 30 mM.

from TEM and TEM-EDS images, in which
AuNRs at 3 mM are covered by lower density
Ni shells than those at 30 mM. On the basis of
SPR data, more dense Ni shells, which
suppress the optical property of AuNR core

component, are formed by using L-ascorbic acid.

Thus, the optical property of AuNR@Ni
particles can be controlled by changing the L-
ascorbic acid concentration.

3.3 Growth mechanism of AuNR@Ni
nanoparticles

We have previously found rectangular
AuNR@Pd particles having {100} facets are
dominantly formed when Pd shells were
overgrown on AuNRs having 1250}, {5 12 0},
{100}, and {110} facets (Fig. 11).21.29 If similar
epitaxial growth occurs, rectangular shaped
AuNR@Ni particles will be formed (Fig. 11a).
However, such rectangular shapes of AuNR@Ni
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Fig. 9. TEM image of AuNR@Ni
nanoparticles prepared using L-ascorbic

acid at 3 mM.
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Fig. 10. UV-VIS-NIR spectra of AuNRs and
AuNR@Ni particles prepared using L-

ascorbic acid.
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particles were not obtained in this work. When
NaBH: was used as a strong reducing agent,
AuNR@Ni nanoparticles having egg-like Ni
shells (Fig. 11b) and small spherical Ni
aggregates (Fig. 11c) were produced. On the
other hand, AuNR@Ni nanoparticles having
irregular shaped Ni shells were produced by
using L-ascorbic acid as a weak reducing agent
(Fig. 11d). In our previous study on Au@Ni,2?
Ni shells were epitaxially grown over
octahedral, triangular and hexagonal plate-like,
decahedral, and icosahedral Au core seeds,
even though lattice mismatch between Au and
Niis as large as 13.6%. However, such epitaxial
growth of Ni shells was not observed for AuNR
core seeds in this study. A major reason for non-
observation of epitaxial growth of Ni shells will
be the existence of high-index 1250} or {5 12 0}
facets in AuNRs. Epitaxial layered growth over
such high-index facets having high surface
energies is more difficult than that over stable
low-index {100} and {111} facets having low
surface energies. This will be a major reason
why the layered growth of Ni shells was not

(a) Rectangular AUNR@N:i
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- /(111§) N
o |
\ /
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Fig. 11. Four types of AuNR@NI1 particles.

observed for AuNRs. Although epitaxial
layered growth was observed for AuNR@Cu,2V
it was not found for AuUNR@N1 using the same
AuNRs with high-index {250} or {5 12 0} facets
in this study. The lattice mismatch between Au
and Ni (13.6%) is larger than that between Au
and Cu (11.4%). The large lattice mismatch
between Au core and Ni shell atoms will be
another reason for non-observation of epitaxial
growth of AuUNR@NI particles.

4. Summary and Conclusion

AuNR@NI1 core-shell nanorods were prepared
by reducing Ni(NO3)2-6H20 using NaBH4 or L-
ascorbic acid as strong or weak reducing agent,
respectively. When NaBH4 was used, egg-like
Ni shells and Ni aggregate shells were formed.
On the other hand, AuNR@Ni particles having
irregular shapes of Ni shells were produced by
using L-ascorbic acid. Although Ni shells were
epitaxially grown over octahedral, triangular
and hexagonal plate-like, decahedral, and
icosahedral Au core seeds having low-index
1100} and {111} facets in our previous study,2?
no epitaxial growth of rectangular AuNR@Ni
particles was observed using AuNR seeds in
this study. The lack of epitaxial growth using
AuNRs was explained by the presence of high-
index 1250} or {5 12 0} facets in AuNRs and
large lattice mismatch between Au core and Ni
shell atoms (13.6%). In this work, AuNR@Ni
particles having egg-like Ni shells, Ni
aggregate shells, and/or irregular shaped Ni
shells were obtained, although their yields
depended on the reducing agent and its
concentration. These new shaped AuNR@Ni
may give unique catalytic and magnetic
properties.
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