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Abstract Bimetallic nanomaterials are of great signifi-
cance to both fundamental research and industrial appli-
cations. Their physicochemical performances are critically
dependent on their architectures and electronic structures.
Here, it was reported a controlled synthesis of Au/Ni
bimetallic nanocrystals with different nanostructures, i.e.,
dumbbell, core @shell and alloyed nanostructures in a one-
pot synthesis procedure. Detailed structural characteriza-
tions were conducted with the combination of transmission
electron microscopy (TEM) and X-ray diffraction (XRD).
Even there is a large lattice mismatch between Au and Ni,
Au@Ni core@shell nanocrystals are obtained with the
seeded growth method. The growth mechanism was deeply
investigated. Triphenylphosphine is demonstrated to be an
effective capping agent to modify the interfacial energy to
form core @shell nanocrystals, and the higher temperature
is proved to be a key role in obtaining alloyed nanocrystals.

Keywords Bimetallic nanomaterials; Au/Ni nanocrystals;
Interfacial energy; Core@shell structure

1 Introduction

With the increasing requirement for new materials caused
by rapid progress in microelectronics [1, 2], probing tech-
nique [3, 4] and life science [5, 6], nanoscience has been
developed into a dominant technology [7-9]. Since single-
component nanomaterials cannot meet the practical
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demands to some extent, research into binary materials with
specific nanostructures has attracted much interest [10—12].

Bimetallic nanocrystals (NCs), composed of noble and
magnetic metal elements, perform not only a simple combi-
nation of the properties associated with two different metals, but
also many interesting and surprising properties [13—18]. Gu
et al. have confirmed that Au@Co and Au@Ni bimetallic NCs
dispersed on a glassy carbon electrode surface exhibited high
surface-enhanced Raman scattering effect for the adsorbed
pyridine [19]. The originally low surface enhancement of the
Co and Ni could be substantially improved, giving total
enhancement factors up to 1 x 10> — 1x10* Yu et al. syn-
thesized hydrophilic Co@Au bimetallic NCs and confirmed
that these multifunctional bimetallic NCs could be employed as
biocompatible non-viral gene transport vehicles, and induced
the intracellular expression of plasmid enhanced green fluo-
rescent protein (pEGFP) [20]. It has also been confirmed that
the better catalytic performances of NiPt hollow spheres with an
ultrathin shell toward methanol oxidation reaction compared to
NiPt solid nanospheres and Pt/C commercial catalyst [21, 22].

Up to now, various methods have been developed for
the preparation of magnetic-noble bimetallic nanoparticles,
and wet-chemical method has been demonstrated as an
efficient process for the synthesis of bimetallic NCs due to
its low cost, low energy consumption and high yield
[23, 24]. Vasquez et al. [25] reported a one-pot synthetic
strategy for accessing hollow CoPt alloyed nanospheres,
utilizing an in situ Co template and exploiting galvanic
displacement reaction to selectively dissolve the Co core
while depositing a Pt shell. Tsuji et al. [26] adopted epi-
taxial growth process to control Ni shell formed on the
surface of pre-synthesized Au nanoparticles, forming
Au@Ni core@shell NCs.
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However, owing to the large lattice mismatch (~ 16 %)
between magnetic Ni and noble Au metals, which causes
large surface tension, little work has been devoted into Au/
Ni system [27-30], especially research into Au/Ni NCs with
different nanostructures (dumbbell, core @shell and alloyed)
produced in a specified synthesis system. Au/Ni bimetallic
NCs, especially with core@shell NCs, have been proved to
exhibit excellent performances in the fields of optical
[19, 26], magnetic [29, 31] and catalytic [32, 33] applica-
tions, and thus, it is essential to synthesize Au/Ni bimetallic
NCs with different architectures, understand their growth
mechanism and investigate the relationship between their
nanostructures and physicochemical properties deeply.

In this work, it was focused on the preparation and
characterization of three kinds of Au/Ni NCs, i.e., Au—Ni
dumbbell, Au@Ni core@shell and AuNi alloyed NCs. A
one-pot seeded growth method was developed. By chang-
ing simple thermodynamic factors during the synthesis
process, i.e., the temperature and the addition of capping
agent, three kinds of NCs can be obtained, and the growth
mechanism was discussed in detail.

2 Experimental
2.1 Chemicals

Nickel(IT) acetylacetonate (Ni(acac),, 97.0 %), chloroauric
acid (HAuCl,-4H,0, 99.0 %), oleylamine (OAm, 98.0 %),
triphenylphosphine (TPP, 99.0 %), trioctylphosphine oxide
(TOPO, 98.0 %), acetone (99.5 %) and toluene (99.5 %)
were all purchased from Chinese Reagent Companies. All
reagents were analytic grade and used as-received without
further purification.

2.2 Synthesis of Au/Ni bimetallic NCs
2.2.1 Au—Ni dumbbell NCs

In a typical synthesis, Ni(acac), (0.5 g) was dissolved in 10 ml
OAm and then heated up to 100 °C for 15 min, forming a blue-
green solution. A freshly prepared solution of HAuCl,-4H,0O
(0.05 g in 5 ml of toluene) was then added dropwise with
vigorous stirring and kept at 100 °C for 60 min. Then, the
mixed solution was heated to 230 °C for 60 min and naturally
cooled to room temperature. The product was collected by
centrifugation and washed several times with acetone.

2.2.2 Au@Ni core@shell NCs
In a typical synthesis, Ni(acac), (0.5 g) was dissolved in

10 ml OAm and then heated up to 100 °C for 15 min. A
freshly prepared solution of HAuCl,-4H,0 (0.02 g in 2 ml
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of toluene) was then added dropwise with stirring and kept
at 100 °C for 60 min. TPP (1.0 g) was added to the mixed
solution, and then, the mixed solution was heated to 230 °C
for 60 min. The solution was naturally cooled to room
temperature before the product was collected by centrifu-
gation and washed several times with acetone.

2.2.3 AuNi alloyed NCs

In a typical synthesis, Ni(acac), (0.5 g) was dissolved in
10 ml OAm and then heated up to 100 °C for 15 min. A
freshly prepared solution of HAuCl,-4H,O (0.05 g in 5 ml
of toluene) was then added dropwise with stirring and kept
at 100 °C for 60 min. Then, the mixed solution was heated
to 270 °C for 60 min and naturally cooled to room tem-
perature. The product was collected by centrifugation and
washed several times with acetone.

2.2.4 Au/Ni oligomer-like NCs

In a typical synthesis, Ni(acac), (0.5 g) was dissolved in
10 ml OAm and then heated up to 100 °C for 15 min. A
freshly prepared solution of HAuCl,-4H,0 (0.02 g in 2 ml
of toluene) was then added dropwise with stirring and kept
at 100 °C for 60 min. TOPO (1.0 g) was added to the
mixed solution, and then, the mixed solution was heated to
230 °C for 60 min. The product was collected by cen-
trifugation and washed several times with acetone.

2.3 Materials characterization

The crystal structures, morphologies and chemical com-
positions of the as-prepared products were studied using
X-ray diffractometer (XRD, X’Pert Pro MPD system) with
Cu Ko and 4 = 0.15409 nm and transmission electron
microscopy (TEM, JEOL 2100F) with field emission gun
and accelerating voltage of 200 kV. For the XRD mea-
surements, powder samples dried in a vacuum oven were
used. The specimen for TEM investigation was prepared by
dispersing the powder products in toluene by ultrasonic
treatment and then dropped onto a porous carbon film
supported on a copper grid and dried in a vacuum oven.

3 Results and discussion

3.1 Morphological and structural characterization

The as-synthesized materials were first identified as Au/Ni
bimetallic NCs with different architectures. High-resolu-
tion TEM (HRTEM) image (Fig. 1a) shows the dumbbell

morphology of an Au—Ni NC, which has a ~5 nm Au-
riched tip and a ~ 10 nm Ni-riched tail. As Fig. 1b shows,
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Fig. 1 HRTEM images of Au/Ni bimetallic NCs: a dumbbell, b core@shell and ¢ alloyed (insets being corresponding low-magnified bright

TEM images); d XRD patterns of Au/Ni bimetallic NCs

the darker core and the brighter shell suggest the formation
of core@shell nanostructure with a core diameter of
~4 nm and a shell thickness of ~5 nm in an Au@Ni NC;
especially, HRTEM image suggests that the outer Ni shell
exhibits single-crystalline nature, which is different from
the reported epitaxially grown Au@Ni NCs in ethylene
glycol [27]. Figure 1c shows a typical HRTEM image for a
particular NC synthesized at high temperature, where no
obvious interface between Au and Ni is observed,
demonstrating the formation of alloyed structure with the
mean diameter of ~ 15 nm. The low-magnified TEM
images of these three kinds of NCs are shown in the insets,
indicating that all of the three Au/Ni NCs with different
nanostructures exhibit structural purity.

To confirm the crystal nature, XRD characterization was
conducted. As shown in Fig. 1d, the peaks of the XRD
patterns can be attributed to fcc Au phase (JCPDF No.
04-0784) and fcc Ni phase (JCPDF No. 04-0850). The Ni
peak heights of Au@Ni core@shell NCs are obviously
higher, resulting from the good crystallization rate and
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coinciding with the single-crystal shell nature from the
TEM results. Broadening of the XRD peaks may result
from the small grain sizes, of which core@shell NCs are
estimated to be ~5.7 nm for Au using (111) peak and
~9.8 nm for Ni using (200) peak by Scherrer’s equation:

d =0.894/f coslg (1)

where d is grain size, A = 0.15406 nm is the X-ray
wavelength, 0y is the Bragg diffraction angle and f is the
peak full width at half maximum. And the grain sizes of
Au-Ni dumbbell NCs are estimated to be ~8.1 nm for Au
and ~4.1 nm for Ni. The shift of XRD peak positions
confirms the alloyed nature of the AuNi alloyed NCs
accordingly.

3.2 Growth mechanism
Because of the large lattice mismatch between Au and Ni,

it is difficult to control the nanostructure of Au/Ni
bimetallic NCs, especially to form a core@shell
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nanostructure with a single-crystal shell. Understanding the
growth mechanism is critically important and can provide
more insight into a new synthesis method for other types of
bimetallic nanomaterials. To better understand the growth
mechanism, contrast experiments were conducted and
several thermodynamic parameters were highlighted.

3.2.1 Au—-Ni dumbbell NCs

For the synthesis of dumbbell-like nanostructure, it is
essential to control the growth of the second component
under the island growth model on the surfaces of pre-
formed seeds [34]. In the synthesis of Au/Ni bimetallic
NCs, the Au nanoparticles were first obtained at 100 °C
with the reduction HAuCl, by OAm because of the higher
redox potential of Au than that of Ni. The resultant Au NCs
exhibit icosahedral shape and serve as seeds in the second
step to deposit Ni atoms on their surfaces at 230 °C.
Because of the large lattice mismatch between Au and Ni
and the small size effect, which induce large lattice strain
and high interfacial energy, the Ni atoms prefer to grow
according to the island growth model, thus forming the
dumbbell-like nanostructure to balance the ultimate Gibbs
free energy.

3.2.2 Au@Ni core@shell NCs

For Au/Ni bimetallic NCs, it is difficult to form core @shell
NCs through the traditional seeded growth method since
the high interfacial energy results from the large lattice
mismatch between Au and Ni elements. As above, Au—Ni
dumbbell NCs are obtained without the addition of TPP.
When TPP was added into the synthesis solution containing
the preformed Au seeds at 100 °C, the samples are con-
sidered as Au@Ni core@shell NCs. In order to confirm
their core @shell structural nature further, angle-dependent
HRTEM characterization was conducted from various
viewing angles. As shown in Fig. 2, by observing a par-
ticular NC from different view angles, the darker Au is all
positioned in the core region, further verifying the
core@shell structural nature of the product.

It is obvious that TPP plays an important role in the
growth of Ni atoms on the surface of Au seeds under the
layered growth model. TPP has been proved to be an
effective capping agent for Au atoms [35]. Thus, TPP can
be tightly bound to the surface atoms of Au nanoparticles
during the deposition of Ni atoms. The capping effect of
TPP could reduce the interfacial energy, thus favor the
layer growth and induce the core@shell structure forma-
tion. However, TPP is also an effective phosphorus source

Fig. 2 HRTEM images of an Au@Ni core@shell NC from different view angles: a 30°, b 20°, ¢ 10°, d 0°, e —10° and f —20° (providing a

certain proof for core@shell architecture rather than upright dumbbells)
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for Ni and can transform Ni to nickel phosphide, and it has
been previously confirmed that Au@Ni;;Ps core@shell
NCs are obtained when the synthesis temperature is raised
to 270 °C with the addition of TPP [35]. However, if the
synthesis temperature is reduced to below 180 °C, no
nickel could be obtained, due to the fact that the reduction
of Ni by OAm needs higher temperature (230 °C) here.
Thus, the temperature control is essential to obtain Au@Ni
core@shell NCs. Besides, the adding order of TPP is
critically important. When adding TPP before the addition
of HAuCly, no Au nanoparticle is obtained, which is also
resulting from the strong capping effect of TPP. When
adding TPP after the formation of Au—Ni dumbbell NCs,
the morphology of Au-Ni NCs is retained, demonstrating

PN

Fig. 3 TEM image of Au/Ni oligomer-like Au/Ni NCs synthesized
with the addition of TOPO at 230 °C (dotted line showing outer shape
of Ni NCs)

that Au-Ni dumbbell NCs are quiet stable at 230 °C as
long as they are formed in the OAm.

In addition, the choice of capping agent was also
investigated. When the TPP was replaced by TOPO, oli-
gomer-like Au/Ni NCs were fabricated, as shown in Fig. 3.
The Au nanoparticles are attached by several Ni nanopar-
ticles, different from the core @shell NCs, where the Au
cores are evenly embedded within Ni shells. The oligomer-
like nanostructure is also different from the dumbbell-like
one, where the Au and Ni nanoparticles are attached to
each other. This is mainly because that the capping effect
of TOPO on Au atoms is not as strong as that of TPP,
resulting from the lack of unshared electrons in the P atoms
in TOPO with P=0 bonding. Thus, the TOPO-capped Au
nanoparticles will serve several growth sites for Ni atoms
and more than one Ni nanoparticles grow on the Au sur-
face, forming oligomer-like Au-Ni NCs ultimately.

3.2.3 AuNi alloyed NCs

During the formation of AuNi alloyed NCs, the effect of
temperature was highlighted. When the synthesis temper-
ature increases to 270 °C, alloyed NCs are obtained
through the random aggregation of bimetallic crystallites.
It also demonstrates that the Au atoms migrate under
higher temperature, which was previously proved using
in situ scanning transmission electron microscopy [36]. In
addition, it is also confirmed that when raising the tem-
perature of OAm containing Au-Ni dumbbell or Au@Ni
core@shell NCs, the AuNi alloyed NCs could also be
obtained, suggesting that Au and Ni atoms will migrate at

Au-Ni dumbbell

With TPP

AuNi loy

Au@Ni core@shell

100 °C

Fig. 4 Schematic illustration of formation of Au/Ni bimetallic NCs
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270 °C
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high temperature and AuNi alloyed nanostructure is ener-
getic preferred at 270 °C.

In summary, the growth mechanism of Au/Ni bimetallic
is shown in Fig. 4. At 100 °C, Au NCs are obtained and
serve as seeds to deposit Ni atoms on their surfaces. At
230 °C, the large lattice mismatch induces the island
growth model and thus gives rise to the formation of Au—
Ni dumbbell NCs. During this procedure, the usage of TPP
can efficiently reduce the interfacial energy and thus ben-
efit the formation of Au@Ni core@shell NCs. At higher
temperature, 270 °C here, Au and Ni atoms will migrate to
form AuNi alloyed NCs.

4 Conclusion

In conclusion, it is demonstrated that Au and Ni can form
bimetallic NCs with three kinds of nanostructures, i.e.,
dumbbell, core @shell and alloyed, in a simple procedure.
TEM and XRD characterizations confirm their structures
and morphologies. Series of experiments demonstrate that
controlling the interfacial energy by the addition of TPP
can help to form Au@Ni core@shell NCs under layered
growth model. The high temperature is the key factor to
producing the alloyed AuNi NCs. As the properties of
nanomaterials critically depend on their nanostructures, it
is believed that the AuNi bimetallic NCs with different
nanostructures synthesized in this work can act as
promising catalytic and magnetic materials based on their
structural properties.
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