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Phase formation, magnetic and optical properties of
epitaxially grown icosahedral Au@Ni nanoparticles
with ultrathin shells
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The synergistic effect between the metallic elements in the core–shell nanostructures has attracted

increasing interest. In the system of Au@Ni nanostructure, it is challenging to epitaxially grow Ni atoms on

Au nanocrystals due to the large lattice mismatch. In this paper, Au@Ni core–shell nanostructures have

been synthesized by a facile one-pot wet chemical method. The Ni shell is epitaxially grown on the (111)

planes of the icosahedral Au cores. The diameter of the icosahedral Au core is about 10–20 nm and the

thickness of the Ni shell is of only several nanometers, providing an ideal structure for the study of

synergistic effect. The Curie temperature of the Ni shells is estimated to be lower than 400 K by the field-

cooling/zero field-cooling M(T) measurements. It is suppressed considerably from that of the bulk phase,

mainly attributed to the finite size effect. The optical properties of the Au@Ni core–shell nanostructures

are studied by absorption spectroscopy. The spectral blue-shift tendency is consistent with the results

described by the plasmon hybridization theory.

Introduction

The synergistic effect of bimetallic nanomaterials with core–
shell nanostructure has attracted great interest over the past
few years.1,2 For a variety of reasons, the synthesis of magnetic-
noble bimetallic core–shell nanostructures with controllable
sizes and uniform shell thickness remains a great challenge.
In recent years, great efforts have been paid to synthesize
various kinds of core–shell nanostructures with relatively
controllable size, shape and composition.3,4 Among these
structures, Au based core–shell nanostructures have aroused
considerable interest for their optical,5,6 magnetic7,8 and
catalytic9 applications. One of the hottest areas of research
in Au based nanostructures is their special optical properties
such as surface-enhanced Raman spectroscopy.10 Another
important area of research in these nanostructures is their
combination with magnetic elements.11 The introduced
magnetism and the modified magnetic properties of the shell
make significant differences to the practical applications. For
instance, the presence of magnetism favours the assembly of
bimetallic nanoparticles (NPs).12

Methodologically, advances have been made in synthesiz-
ing core–shell nanostructures by wet chemical routes. For
instance, the galvanic exchange method was created and
applied in synthesizing several core–shell and alloyed nanos-
tructures.13–16 Lately a new supramolecular route for the
synthesis of core–shell nanostructures was reported, which
made the synthesis of much smaller nanostructures feasible.17

Although the Au@Ni and Ni@Au nanostructures have great
advantages and the synthetic methods of core–shell nanos-
tructures have been developed for years, related reports are
limited.

Recently, Ni@Au and Au@Ni nanostructures with an
average size of tens of nanometers were successfully prepared
in the oleylamine system.18 Also, the Ni@Au nanostructures
were synthesized in reverse microemulsion, which was a
galvanic exchange process between Ni and AuCl.4–19 Similarly,
a one-pot wet chemical route had been reported for preparing
Au@Co nanostructures via a noble-metal-induced reduction
process using 4,49-diaminodiphenyl ether (ODA) as both
solvent and surfactant.20 Though the Au based core–shell
nanostructures have been synthesized, the large lattice
mismatch still makes it a problem for the formation of the
Ni shells epitaxially grown, in particular, over the Au surfaces.
The synthesis of Au@Ni core–shell NPs with controllable size
and uniform shape in a simple and clean system remains a
challenge. In addition, a two-step reduction method has been
reported for the synthesis of Au@Ni core–shell nanostruc-
tures.21 The size is over 100 nm and the shell thickness is
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about tens of nanometres, too large to observe the synergistic
effect in the system.

In this work, the Au@Ni core–shell nanostructures with
uniform shape and thin epitaxial shell, 2–5 nm, were
synthesized via a one-pot wet chemical process. The atomic
structure and possible growth mechanism of the core–shell
nanostructure have been investigated. Their magnetic and
optical properties have also been investigated and discussed in
terms of the synergistic effect.

Experimental

EG (ethylene glycol), PVP (poly-vinylpyrrolidone) (K-30),
Ni(NO3)2?6H2O (nickel nitrate), C6H5Na3O7?2H2O (sodium
citrate) and NaOH (sodium hydroxide) were purchased from
Beijing chemical works. HAuCl4?4H2O (chloroauric acid) was
purchased from Shenyang Jinke chemical reagent works. All
reagents were analytical grade and used as received.

In a typical synthesis, 0.5 g PVP was dissolved in 15 ml EG,
then a freshly prepared solution of C6H5Na3O7?2H2O (5 mg in
1 ml of H2O) was added into the EG solution, and then the
mixed solution was sonicated for 15 min. After that, the mixed
solution was heated to 185 uC under magnetic stirring and
nitrogen bubbling in a flask. After 10 min, 5 ml HAuCl4 (5 mg
in 5 ml EG) was added with the speed of 300 ml h21. As the
reaction proceeded, a homogeneous amaranthine solution was
obtained. Then 5 ml Ni(OH)2 (formed by 10.5 mg
Ni(NO3)2?6H2O and 5 mg NaOH dissolved in 5 ml EG) was
added into the former solution at the speed of 100 ml h21 and
kept at 185 uC for 1 h. The colour of the solution changed to
black, indicating the formation of Ni shell. The product was
collected by centrifugation and washed several times with
ethanol.

The morphologies, structures and chemical compositions
of the as-synthesized products were studied using X-ray
diffraction (XRD, X’Pert Pro MPD system, Cu Ka, l = 0.154
nm), transmission electron microscopy (TEM, JEOL 2100F at
200 kV) equipped with an energy dispersive X-ray spectroscope
(EDS). TEM samples were dispersed on a Cu-grid coated with
porous carbon films. Magnetic properties of the as-synthesized
powder samples were measured with a SQUID magnetometer
(Quantum Design). Optical properties of the products were
studied using an ultraviolet and visible spectrophotometer
(UV-3500, SHIMADZU Design).

Results and discussion

It is known that the epitaxial growth of Ni on the Au NPs is
difficult for the large lattice mismatch between Au and Ni.
Therefore, it is essential to characterize the microstructure of
the Au@Ni NPs to make sure that the Ni shells are epitaxially
grown. Meanwhile, the studies on the magnetic and optical
properties are helpful to explore the synergistic effects between
different elements in bimetallic NPs. In this work, the Au@Ni
core–shell NPs are synthesized with the Au core of about 10 to

20 nm in diameter and the Ni shell of 2–5 nm in thickness.
The Au cores are icosahedral with 20 (111) facets. The
icosahedron morphology is a favourable structure for metal-
lic/bimetallic NPs, which has been studied previously in FePt
bimetallic nanostructures.22,23 Structurally, the icosahedron
can be considered as a combination of 20 tetrahedrons. The Ni
layers are formed by epitaxially growing along the [111]
direction over the Au surfaces. Interestingly, the shape of
icosahedron, remains even after the Ni shells are fully grown
to cover the Au cores, favourably supporting the epitaxial
growth instead of adsorption growth of Ni nanocrystallites.
This point is confirmed by more evidence of morphology and
structure from HRTEM characterizations.

Au@Ni core–shell nanostructures

The TEM image reveals the morphology of the Au core in
Fig. 1a. The diameter of the Au NPs is about 10 nm in this
image. The core@shell structure of the Au@Ni NPs with the
central darker Au core and the lighter Ni shell is shown in
Fig. 1b. The shell thickness of Ni is estimated at y2 nm.

The XRD pattern for the Au@Ni NPs is shown in Fig. 2a. The
diffraction peaks can be assigned to fcc-Ni and fcc-Au, in
supportive of the presence of Ni and Au. The most intense
diffraction peak for the Au is (111). This implies that [111] is
the most preferential growth direction of the Au core as
confirmed more directly by HRTEM later. The compositions
are studied by EDS, shown in Fig. 2b, with the background
signals of C and Cu originating from the supporting Cu-grid
with a carbon film. The O signals may originate from the
oxidation of Ni shells during the sample preparation. Atomic

Fig. 1 TEM images of as prepared (a) Au cores; (b) Au@Ni nanostructures.

Fig. 2 (a) XRD pattern for the as-prepared Au@Ni NPs, indexed to Au (JCPDS no.
04-0784) and Ni (JCPDS no. 04-0850); (b) EDS analysis of the as-prepared
Au@Ni NPs.
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ratio of Au to Ni is about 25 : 75 in the EDS spectrum, which is
in accordance with the ratio of the original reagents,
indicating the effective reduction of Au and Ni precursors.

Structure of icosahedral Au NPs

To further clarify the icosahedral structure of the Au cores,
HRTEM images taken at three different orientations are
presented. Fig. 3a is a 2-fold symmetry projection viewed
along the [100] axis. The corresponding (111) facets can be
clearly seen as marked in the image. Fig. 3b is a 3-fold
symmetry projection of another Au core, viewed along the [111]
direction, and Fig. 3c is a 5-fold symmetry projection viewed
along some direction, such as the [023]. By a tilted view angle
away from the symmetric axis, the 5-fold symmetry projection
appears to be slightly asymmetric. Fig. 3d–f are obtained by
MacTamps atomic simulation using a model established by
inputting the atomic coordinates and parameters with the Au
icosahedrons of fcc structure. By changing the simulating
direction of view in the computer, the symmetric patterns are
completely regenerated corresponding to the HRTEM images
shown in Fig. 3a–c, respectively. In other work, simulations
have shown that icosahedron is one of the stable morpholo-
gies for small NPs of pure metals with an fcc lattice
structure.24,25 There are quite a few examples, such as, Ag,26

Pd27 and Au28 icosahedral NPs from less than 10 to about 200
nm, prepared by chemical methods.

Epitaxial growth of Ni shells

The HRTEM images indicate that the Au@Ni core–shell
nanostructures are well-crystallized with the lattice fringes
clearly visible, as shown in Fig. 4a and b. The shape of the Ni
shell is remarkably consistent with the inner Au core. In
Fig. 4a, the inter-planar spacing near the interfacial region is
determined as 0.20 nm, corresponding to fcc-Ni (111) planes.
The other one within the core region is about 0.24 nm in
separation, corresponding to fcc-Au (111) planes. These two
sets of fringes are in parallel. This is one of the evidences that
the Ni shells are grown epitaxially over the Au surfaces.
Moreover, Fig. 4b shows the Moiré Patterns in the region
enclosed by the dash circle. The Moiré Pattern is even more

pronounced in Fig. 4c, a triangular Au@Ni nanoplate selected
out from the icosahedral ones. The Moiré Pattern resulting
from the lattice mismatch in the boundary at which Ni is
epitaxially grown over the Au crystals. A more quantitative
analysis shows indeed that these Moiré Patterns are attributed
to periodical lattice matching at Ni–Au interfaces. According to
the formula

D~
d1d2

d1{d2j j (1)

(1) the spacing of the Moiré Pattern (matching period) is
calculated to be 1.49 nm by using the lattice constants of d1 =
0.2355 nm for Au (111) and d2 = 0.2034 nm for Ni (111). This
matches the observed values of 1.54 nm in Fig. 4b, and 1.56
nm in Fig. 4c very well. It further demonstrates the epitaxial
growth mechanism of Ni shells, because only when the lattice
planes of Au and Ni are parallel or at a very narrow angle can
the Moiré Patterns appear in the projection.

By common sense, it is not easy to grow epitaxial Ni layer
over an Au surface due to the large difference in lattice
spacing. Although, there are a couple of articles in the past
reporting the Au@Ni core–shell NPs, the Ni shell is grown by
adsorption of Ni nanocrystallites over the Au core and the
synthesized NPs are irregular in shape.17 Nevertheless, the
possibility to form Au@Ni NP with Ni grown epitaxially
enclosing Au core has been discussed.20 The present work
demonstrates that Au@Ni core–shell nanostructures with
epitaxial Ni shell are possible.

To explore the growth mechanism of the Au@Ni core–shell
nanostructures, the concentration of Ni agent and the time
duration of reaction were systematically changed. By reducing
the concentration of Ni2+, we found that the initially formed
Au NPs are not completely or uniformly covered by Ni layer, as
shown in Fig. 5a and b. Alternatively, by collecting the samples
at an early stage of reaction, non-uniform Ni shell layer is also
observed, as shown in Fig. 5c. At the initial stage of reaction,
the Ni layer is grown into island-like areas right on each (111)
facet of Au icosahedron. By increasing the concentration of
Ni2+ or prolonging the reaction time, the Ni islands grow larger
and form grain boundaries and defects around adjacent (111)
facets. These grain boundaries and defects will prevent further
growth of Ni islands and uniform Ni shells will form, as shown
in Fig. 5d. This provides further evidence supporting the
epitaxial growth of the Ni layers.

Fig. 5e–g are simple diagrams for the phase formation of the
Au@Ni icosahedral NPs. The Ni layers first grow epitaxially

Fig. 3 (a) 2-fold (b) 3-fold and (c) 5-fold symmetry projection of Au icosahedral
NP and corresponding atomic simulation images (d), (e) and (f).

Fig. 4 (a) HRTEM image on one corner of an Au@Ni core–shell NP; (b) the
Au@Ni icosahedral NP and (c) plate like NP with visible Moiré Patterns.
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along the [111] direction on the (111) facets of Au icosahedron
after the Au NPs are formed, as revealed by Fig. 5e for the Au
NP and Fig. 5f for the early stage of the Ni epitaxial layer grown
non-uniformly over the Au (111) facets. As long as the reaction
is long enough or the concentration of Ni2+ is high enough, the
Ni layers grow to form uniform shells. Fig. 5g is a sketch of an
Au@Ni icosahedral NP.

Magnetic properties

The magnetization was investigated using a SQUID magnet-
ometer. The temperature dependent magnetization, M(T),
curves are shown in Fig. 6a. The FC and ZFC curves would
extrapolate to cross each other at a higher temperature, in the
range of 350 to 400 K. It implies TC is smaller than 400 K.
Usually, the maximum point in the ZFC curve marks the
blocking temperature, TB. For example, the peak position
revealed in the ZFC curve presented in Fig. 2 of ref. 29. With
further extension of the ZFC and FC curves in the same figure
to higher temperature, the intersection point is a good
estimation for the Curie temperature at which the magnetic
anisotropy energy approaches zero. This is also the case in
Fig. 3 of ref. 30. In some cases, TB is only slightly lower than TC

as revealed with Mn3O4,31 whereas in the others, TB is much
lower than TC as is the case for superparamagnetic nanopar-
ticles elaborated in the literature.32 In the present work, the
estimated TC is far less than the bulk Curie temperature of Ni,
y631 K. However, by accounting for the finite size effect with
the shell thickness of Ni as 5 nm, TC is estimated to be 339 K

by using the following parameters for Ni, f0 y 2.2 nm as the
correlation length, and l = 1/n = 0.94 as the shift exponent.33,34

The hysteresis loops were measured at 10 K, 100 K, 250 K and
350 K, shown in Fig. 6b. The coercivity is thus determined as
138, 43, 35 and 2 Oe, respectively. It is apparent that the
coercivity approaches zero as T reaches the Curie point above
350 K or so. It is worth mentioning that the apparent coercivity
thus determined is expected to be reduced owing to the
presence of the dipolar interaction effect. Indeed, the
hysteresis loops in the inset of Fig. 6b show a sign of
distortion with reduced coercivity. This arises from the
interparticle dipolar interaction, as explicitly revealed in a
previous experiment on the Mn3O4 superlattice.31

Optical properties

Fig. 7a shows the absorptions of Ni, Au and Au@Ni core–shell
NP colloids. The Ni NPs are synthesized by a method similar to
our previous experiment35 with the size of y60 nm. In
addition, the Au NPs used for the optical measurements are
the intermediate as shown in Fig. 1a, while the Au@Ni NPs are
the final products as shown in Fig. 1b. The surface plasmon
peak of Au appears around 550 nm. The Ni NPs, on the other
hand, show a decreased absorption with increasing wave-
length, which is consistent to the previous report.36 When the
Au is covered by a thin Ni layer, the absorption peak is slightly
blue shifted and almost overwhelmed by the optical properties
of Ni. This can be understood by the plasmon hybridization
theory,37 where the anti-bonding mode from the Au and Ni
shell will result in a blue shift depending on the shell
thickness.38,39 Then, according to particle size measured by
the TEM, we perform the calculation based on the generalized
Mie theory40 as shown in Fig. 7b. Due to the size variation in
the experiment, the theoretical absorption predicts a narrow
Au peak. However, it is obvious that the spectral blue-shift
tendency due to the formation of the core–shell NPs
reproduces the experiment very well.

Conclusions

In summary, Au@Ni core–shell nanostructures epitaxial
growth of Ni shell layer, 2–5 nm in thickness, enclosing the
Au cores of 10–20 nm in diameter, have been synthesized via a
one-pot chemical method. For the controllable synthesis,
sodium citrate played an important role in tailoring the shape

Fig. 6 (a) ZFC-FC curves obtained in measuring and cooling fields of 100 Oe; (b)
the hysteresis loops measured at 10 K, 100 K, 250 K and 350 K.

Fig. 7 (a) UV-visible absorption spectra of as-prepared Ni, Au and Au@Ni NPs;
(b) calculated UV-visible absorption spectra of Ni (D = 60 nm), Au (D = 15 nm)
and Au@Ni (Au core = 15 nm, Ni shell = 2 nm) NPs.

Fig. 5 (a and b) TEM images for the products prepared with 0.012 mmol nickel
nitrate; (c and d) TEM images for the intermediates with different reaction
duration performed at T = 185 uC for (c) 10 min and (d) 30 min; HRTEM; (e–g)
simulation of the formation process of icosahedral Au@Ni NP.
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and size of Au cores, while the Ni(OH)2 precursor concentra-
tion determined the thickness and regularity of the Ni shells.
The results are of significance to understand the synergistic
effect between noble metal and 3d transition magnetic
elements.

For the magnetic properties, the Curie point is Tc y 400 K,
much reduced from the bulk value of 631 K. It is attributable
to the finite size effect. The absorption peak of the Au@Ni
nanostructures is blue shifted compared to the signal of Au
cores without Ni shells. It is explained by the calculation based
on the plasmon hybridization theory.
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