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Development of simple and reliable protocols for the synthesis of phase-pure core–shell metal

nanoparticles is an important problem in nanomaterials synthesis; the synthesis of Co-core

Au-shell nanoparticles is described in this paper. The formation of these core–shell nanoparticles

is driven by a displacement reaction on the surface of cobalt nanoparticles, where the surface of

the cobalt nanoparticle is sacrificed sequentially as the reducing agent for the gold metal

deposition on its surface. Hysteretic magnetic properties of nanoparticles depend critically on

their size and since, in this displacement reaction, the size of the magnetic core decreases as a

function of the displacement reaction time, we utilize it in a unique and systematic way to monitor

the formation of the Co@Au core–shell morphology. In addition to magnetic measurements,

synthesis of Co@Au core–shell nanoparticles was also followed by UV-vis spectroscopy, X-ray

diffraction and transmission electron microscopy measurements.

Introduction

Nanomaterials have wide-ranging implications in a variety

of areas, including chemistry, physics, electronics, optics,

materials science and the biomedical sciences. Therefore, the

development of synthetic protocols for nanomaterials over a

range of chemical compositions constitute a steadily evolving

branch of nanotechnology. The interest in core–shell nano-

particles is not just due to the enhancement of colloidal

stability, but has also been driven by the interest in creating

nanomaterials with unique and complex properties relative to

the individual constituents. Such coatings in the core–shell

morphology allow modification and tailoring of the particle

properties (e.g., optical, magnetic, catalytic) depending on the

coating composition.1 In principle, one can achieve precise

control over the properties of these core–shell colloids by fine-

tuning their chemical composition, structure, and dimensions

of the cores and/or shells. Magnetic nanoparticles have

applications in information storage,2 color imaging,3 magnetic

refrigeration,4 bio-processing,5 medical diagnosis6 and con-

trolled drug delivery.7 The latter applications require magnetic

nanoparticles to be well-dispersed in liquid media, chemically

stable and uniform in size. Due to the magnetic dipolar

attraction, unmodified ferromagnetic nanoparticles tend to

aggregate into clusters and inhibit the advantage of the specific

properties of single nanoparticles. Such aggregation of

ferromagnetic nanoparticles can be avoided by such methods

as creating an electrostatic double layer,8 using a surfactant

steric stablizer,9 or by shifting the isoelectric point with citric

acid and silica coating.10,11 The main difficulty for the use of

pure metal magnetic nanoparticles such as Co, Ni, and Fe

arises from their instability toward oxidation in air, which

becomes worse as their size gets smaller. In addition, these

metallic magnetic nanoparticles are bio-hazardous as well.

Therefore, it is important to develop methods to both improve

their chemical stability and, for various biomedical applica-

tions of the particles, the coating of their surface with a thin

protecting shell. One approach for chemical stabilization is

the deposition of insulating shells on the nanoparticles surface

that prevent the reaction of oxygen with the surface atoms.

Usually, an inert silica coating on the surface of magnetic

nanoparticles reduces their aggregation in a liquid and

improves the chemical stability.12 At the same time, the silanol

surfaces can be modified with various coupling agents to

covalently attach specific bio-ligands to the surfaces of the

magnetic nanoparticles.13 As an alternative to silica, noble

metals can also be deposited on the magnetic particles.14 There

are several advantages to be gained from using a gold coating

as the shell on the magnetic-core nanoparticles, such as easy

surface modification that allows the preparation of non-

aqueous colloids and the easy control of interparticle interac-

tions, both in solution and within structures through shell

thickness. Furthermore, if the shell can provide additional

functionality, such as sensitivity to optical probes and other

biomolecules, it would be highly desirable for a number of

applications. Generally, core–shell nanoparticles can be

synthesized by successive reduction of one metal ion over the

core of another metal ion.15 However, this process may also

lead to the formation of fresh nuclei of the second metal ion

in addition to a shell around the first metal core, which is

undesirable from an application point of view. To overcome

this drawback, a strategy has been developed for the

immobilization of a reducing agent on the surface of the core

metal which, when exposed to the second metal ions, would

reduce them and form a thin metallic shell on the surface of the

core. Such displacement reactions are a good choice for

synthesizing the phase-pure magnetic core–shell nanoparticles,

where the surface of the magnetic nanoparticle is sacrificed as
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the reducing agent for the noble metal deposition on the

surface of the core nanoparticles.16 It is well known that

extrinsic magnetic properties such as coercivity depend on the

size of the magnetic nanoparticles.17 Since, in this displacement

reaction, the nanoparticle surface functions as the reducing

agent and is progressively sacrificed, its core size will decrease

with time. Hence, here we demonstrate, in addition to routine

optical measurements and structural characterization, a novel

but sensitive magnetic method to monitor the formation of

core–shell nanoparticles by measuring the hysteresis (deter-

mining coercivity and remanence) as a function of reaction

time during the course of the formation of Co-core Au-shell

nanoparticles by displacement reaction.

Experimental

Chemicals

Chloroauric acid (HAuCl4), tetraoctylammonium bromide

(TOAB) [(C8H17)4N+ Br2], decacarbonyl dicobalt

(Co2(CO)10), 1,2-dichlorobenzene (DCB), trioctylphosphine

oxide (TOPO).

Synthesis of cobalt nanoparticles

The synthesis of cobalt nanoparticles was performed under an

argon atmosphere by rapid decomposition of cobalt carbonyl

in the presence of a capping agent. In a typical experiment,

1.58 mmol (0.54 g) of cobalt carbonyl dissolved in 3 mL of

DCB was injected into 14 mL DCB containing 0.26 mmol

(0.1 g) of TOPO at 182 uC and refluxed for 1 h. This produces

ferromagnetic cobalt nanoparticles, 18–20 nm in diameter,

with a narrow size distribution and individually stabilized by

the surfactant coating.18

Preparation of hydrophobized gold ions

([(C8H17)4N]+ [AuCl4]2)

20 mL of an aqueous solution of 1022 HAuCl4 was placed in a

beaker along with 20 mL of 1022 M TOAB (tetraoctylammo-

nium bromide) in DCB and the biphasic mixture was stirred

for 5 h. At the end of this reaction, the appearance of an

orange color in the organic phase could clearly be seen,

indicating phase transfer of AuCl4
2 ions into DCB, and the

organic phase was separated from the aqueous phase for

further reactions.

Synthesis of Co@Au core–shell nanoparticles

4 mL of a solution of phase-transferred hydrophobized gold

ions in DCB ([(C8H17)4N]+ [AuCl4]2) was heated at 90 uC in a

round-bottomed flask under argon atmosphere, and at that

temperature, 2 mL of as-synthesized cobalt nanoparticles in

DCB were injected into the gold ion solution and stirred for

2 h. Reaction mixtures were collected for magnetic measure-

ments at different times such as t = 0 (immediately after

addition of Co nanoparticles into the [(C8H17)4N]+ [AuCl4]2

solution), 30 min, 60 min, 90 min and 120 min. After collecting

the reaction mixtures at the different collection times, the

reaction was quenched by adding dry absolute ethanol and the

samples were collected by centrifugation.

UV-vis spectroscopic studies. UV-vis spectra of the cobalt

and Co@Au core–shell nanoparticle solutions in DCB were

measured on a Carry 550 UV-vis spectrophotometer, operated

at a resolution of 2 nm.

X-Ray diffraction measurements. X-Ray diffraction (XRD)

analysis of drop-coated films on glass substrates from the Co

and Co@Au core–shell nanoparticles were carried out on a

Rigaku Rotaflex instrument, operating at 50 kV and a current

of 150 mA with Cu-Ka radiation.

Magnetic measurements. Magnetic hysteresis of Co and

different stages of Co@Au core–shell formation were mea-

sured using a Lake Shore vibrating sample magnetometer at

300 K.

Transmission electron microscopy (TEM) measurements.

Samples for TEM studies were prepared by placing a drop

of the Co and Co@Au core–shell nanoparticle solutions on

carbon-coated TEM grids. The films on the TEM grids were

then allowed to dry. TEM measurements were carried out

on a Philips EM 420 instrument at an accelerating voltage of

120 kV.

Results and discussion

Co@Au core–shell nanoparticles were synthesized by

the displacement reaction between surface atoms of Co

nanoparticles and Au3+ of hydrophobized gold ions

([C8H17)4N]+ [AuCl4]2). The process of the gold shell forma-

tion by reduction of the Au3+ of AuCl4
2 ions on the surface of

cobalt core nanoparticles was followed by UV-vis spectro-

scopy. Fig. 1 shows the UV-vis absorption spectra recorded

from pure cobalt nanoparticles (curve 1) and after 2 h of

addition of hydrophobized AuCl4
2 ions (curve 2). Prior to

addition of hydrophobized AuCl4
2 ions into the Co nano-

particle solution, it is observed that there is no absorption in

the visible region of the electromagnetic spectrum19 (curve 1)

whereas, after addition of hydrophobized AuCl4
2 ions, a

Fig. 1 UV-vis spectra recorded from: curve 1, cobalt nanoparticle

solution; curve 2, as-synthesized Co@Au nanoparticle solution;

curve 3, aqueous solution of pure CoCl2. The inset shows the UV-vis

spectrum after subtracting curve 3 from curve 2 in the main figure (see

text for details).
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broad absorption band from the sample centered at ca. 550

and 715 nm can be clearly seen (curve 2). To evaluate the

origin of the two absorption peaks in curve 2, we separately

measured the absorption spectrum of an aqueous solution of

pure CoCl2 (since the by-product, mainly CoCl2, is formed

during the displacement reaction, see Scheme 1) and curve 3

shows the absorption band centered at ca. 550 nm due to

absorbance of CoCl2 solution. Comparing curves 2 and 3, it is

clear that the absorption band at 550 nm in curve 2 comes

from the by-product of the reaction, and the absorption band

centered at 715 nm can be attributed to surface plasmon

excitations in the gold shell formed around the cobalt core.

For clarity, by subtracting the contribution of pure CoCl2 (the

by-product; curve 3) from the total signal (Co@Au and by-

product), we show (inset of Fig. 1) only the absorption spec-

trum of Co@Au core–shell nanoparticles. The large red shift

observed in the position of the plasmon resonance, attributed

to the formation of a gold shell instead of free gold nano-

particles in the displacement reaction, is consistent with values

for gold-coated nanoparticles reported in the literature.20

Fig. 2 shows the XRD pattern of as-synthesized Co

nanoparticles (curve 1) and Co-core Au-shell nanoparticles

(curve 2). In curve 1, the peak positions at 2h = 44.8, 47.1

and 49.5u can be indexed as e-cobalt.21 No distinct peak

corresponding to CoO is detected, indicating that single-phase

e-cobalt is obtained. All peaks in curve 2 can be indexed as

FCC gold.22 The cobalt peaks are not clearly resolved,

probably due to the enhanced scattering from the gold as a

result of the formation of Au-coated Co nanoparticles. The

fact that the diffraction peaks from the core in the core–shell

nanoparticles were absent is consistent with reports in the

literature,22 and provides evidence of complete coverage of the

cobalt core by gold in the Co@Au core–shell nanoparticles.

It is very difficult to unequivocally confirm the formation of

a shell on the surface of core nanoparticles in the displacement

reaction. Typically, high resolution TEM imaging is used

but this is constrained by very limited sampling. However,

extrinsic magnetic properties, such as coercivity, Hc, critically

depend on the size of the magnetic nanoparticles. For example,

up to a diameter of y10 nm, cobalt nanoparticles exhibit

superparamagnetic (Hc = 0) behavior, and as their size

increases further, they are not only ferromagnetic (open

hysteresis loops) but their coercivity increases rapidly to a

maximum value for a size of y18–20 nm. In other words,

measuring the change in the magnetic coercivity of the cobalt

nanoparticles would be a sensitive monitor of the formation of

Au-shell on the surface of the magnetic-core in the displace-

ment reaction, especially if the shell is formed due to the

sacrifice of the surface of the core to promote the reduction of

metal ions. Fig. 3(A–E) shows the kinetics of the size

dependent hysteresis (M vs. H) loops at 300 K during the

formation of Co-core Au-shell nanoparticles in the displace-

ment reaction at times of 0, 30, 60, 90 and 120 min,

respectively. As the size of the magnetic core decreases during

the course of the displacement reaction, the coercivity (Hc) or

the width of the hysteresis loop of the Co-core nanoparticles

decreases systematically (values of 322, 300, 247, 91 and 82 Oe

are obtained for 0, 30, 60, 90 and 120 min, respectively). Care

was taken to saturate the particle (insets, Fig. 3(A–E)) by

applying large enough fields for all the measurements. Fig. 3F

shows the systematic decrease of coercivity (Hc) as a function

of reaction time (T). This decrease in Hc can be correlated

directly with decreasing size of the Co core during the

formation of the Au shell by the reduction of gold ions on

its surface in the displacement reaction. There is a chance that

the decrease in coercivity (Hc) of the Co-core nanoparticles

may be due to the oxidation of the surface of cobalt atoms. We

have ruled out this possibility, since the gold ions would not be

reduced on a CoO surface and our other measurements, i.e.

UV-vis spectroscopy and XRD, support the formation of a

gold shell. From our experimental section, it is clear that no

external reducing agents were used for the reduction of gold

ions; it was accomplished by sacrificing the surface of the core

cobalt nanoparticles and, thus, there was no possibility of the

formation of any fresh gold nuclei.

TEM was used to obtain images of starting Co-core

nanoparticles (Fig. 4A) and Co@Au core–shell (Fig. 4B)

nanoparticles. From Fig. 4A, it is seen that cobalt nano-

particles are uniform, with sizes ranging from 18–20 nm.

Comparing Fig. 4A and Fig. 4B, it is seen that for pure cobalt

nanoparticles (Fig. 4A) the contrast is uniform throughout the

particle, whereas for Co-core Au-shell nanoparticles (Fig. 4B)

there is a distinct variation in contrast between the dark cobalt

core and the lighter gold shell. In the TEM images of the core–

shell morphology, mass contrast appears to dominate over

diffraction contrast, rendering the shell lighter even though Au

has a higher atomic number than Co. From the TEM image

of Co@Au nanoparticles (Fig. 4B), it is observed that even

though the average size of the Co-core has decreased

compared to the starting cobalt nanoparticles (Fig. 4A), the

average size of the Co@Au core–shell nanoparticles remains

similar to that of the starting Co nanoparticles.

Scheme 1 Redox reaction: nCo + [(C8H17)4N]+ [AuCl4]2 =

Co(n21)@Au + CoCl2 + [(C8H17)4N]+ Cl2

Fig. 2 XRD patterns recorded from drop-coated films on glass

substrates of cobalt nanoparticles (curve 1), Co@Au core–shell

nanoparticles (curve 2) in the 2h range 400–900.
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Conclusion

In conclusion, the formation of Co-core Au-shell nanoparticles

using the displacement method has been described. Our

experimental results show the formation of a gold shell on

the cobalt core nanoparticles by a redox transmetalation

reaction without the need of additional reducing agent, where

the surface of the cobalt acts as a reducing agent for the

reduction of gold ions. As the gold shell grows on the cobalt

core, a stoichiometric fraction of cobalt metal is replaced by

gold through a displacement process, and this is supported

by the standard potential values of Co2+/Co (20.28 V) and

Au3+/Au (1.83 V) systems. A significant advantage of this

method is the ability to control the core-size by controlling the

molar ratio of cobalt metal to gold ions. Measurement of the

magnetic hysteresis of the core–shell nanoparticles provides a

direct method of monitoring the decrease in core-size as the

displacement reaction proceeds.
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