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Synthesis and Morphology Control of Gold/Iron Oxide Magnetic
Nanocomposites via a Simple Aqueous Method

L. Lil, K. Y. Mak!, C. W. Leungz, C. H. Leungl, A. Ruotolo®, K.Y. Chan?, W. K. Chan?, and P. W. T. Pong1

! Department of Electrical and Electronic Engineering, The University of Hong Kong, Hong Kong
?Department of Applied Physics, Hong Kong Polytechnic University, Hong Kong
3Department of Physics and Materials Science, City University of Hong Kong, Hong Kong
“Department of Chemistry, The University of Hong Kong, Hong Kong

Gold/iron oxide nanocomposites offer the promise of combining the unique traits of both gold and iron oxide nanomaterials to enable
new applications. In this work, a simple and safe method has been established whereby the morphology of gold material in gold/iron
oxide nanocomposites can be controlled to be nanowire or nanosphere by adjusting the initial molar ratio of citrate-coated iron oxide
nanoparticles to auric acid. Gold/iron oxide nanowires and nanospheres were synthesized through this method. Their structural, optical,
and magnetic properties were characterized by transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDS),
dynamic light scattering (DLS), ultraviolet-visible spectroscopy (UV-Vis), and vibrating sample magnetometry (VSM). These materials
substantially maintained the optical properties of gold nanomaterials and magnetic features of iron oxide magnetic nanoparticles.

Index Terms—Gold, iron oxide, morphology control, nanosphere, nanowire.

I. INTRODUCTION

ANOCOMPOSITES, being composed of two or more
different functional components, have attracted in-
creasing interest from material scientists due to their combined
physicochemical properties inherited from constituent compo-
nents. Two important nanomaterials are gold and iron oxide,
whose complementary properties offer the promise of enabling
new applications if combined together. Gold nanomaterials
exhibiting very interesting physicochemical and optoelectronic
properties have been widely used in catalysis, hyperthermia,
biosensing, and optics applications [1]-[3]. Their properties,
such as plasmon band positions, enhancements in surface
enhanced Raman scattering, catalysis abilities, and so forth,
can be modulated by tuning their geometries [4]. One of
the more interesting gold-based products is to combine gold
and iron oxide together to achieve magnetic gold/iron oxide
nanocomposites, which has advantages of magnetic separation
from precursor materials or as hyperthermia agents in both
alternating magnetic field and near infra-red field [5], [6].
Therefore, many researchers have focused on the fabrication of
the gold/iron oxide nanocomposites in order to develop multi-
functional materials that possess the advantageous properties
from both gold and iron oxide [7].
In the past decade, magnetic gold/iron oxide nanocomposites
in various morphologies have been synthesized [5], [8]-[15].
Sun’s group prepared gold/iron oxide dumbbell nanocompos-
ites and nanoflowers composed of gold nanospheres [8], [9].
Seino et al. achieved aggregate composites consisting of iron
oxide nanoparticle and gold nanospheres [10], [11]. Wang
et al. used a solvothermal method to synthesize iron oxide/gold
core/satellite nanocomposites composed of gold nanospheres
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[12]. Levin ef al. and Pal et al. fabricated Fe,, O, @ Au core/shell
nanoparticles constituted by gold nanoshells [13], [14]. Gole
et al. reported a process to generate an iron oxide coating
around gold nanorods [5]. These gold nanorod and iron oxide
nanoparticle composites were synthesized for use as multifunc-
tional magnetic-optical probes by Wang and Irudayaraj [15].
However, only one type of morphology of the gold components
(nanosphere, nanoshell, or nanorod) can be achieved in the
final products through each of these reported methods. None
of the reports so far have demonstrated a synthesis method
which enables controllable variation of gold morphology in
the magnetic gold/iron oxide nanocomposites, for example,
magnetic nanocomposites with gold nanowires or magnetic
nanocomposites with gold nanospheres. The reported methods
do not allow the selection of gold morphology by adjusting the
process parameters.

Herein, we demonstrate a simple aqueous approach to syn-
thesize gold/iron oxide nanocomposites with tunable morpholo-
gies of gold material. The gold/iron oxide nanocomposites are
fabricated through the addition of sodium citrate solution con-
taining citrate-coated iron oxide nanoparticles into boiled auric
acid, by taking full advantage of the multiple-roles played by
citrate in the synthesis process: surface modification of iron
oxide nanoparticles, reducing reagent of Au®", and protection
groups. In this paper, the morphology of the gold component in
the final gold/iron oxide nanocomposites can be controlled to
be nanowire or nanosphere by adjusting the initial molar ratio
of citrate-coated iron oxide nanoparticles added to auric acid.
The morphology of the resulting nanocomposites is explored for
multiple molar ratios of initial chemical reagents, and then the
optical and magnetic properties were characterized to demon-
strate the robustness of this synthesis technique.

II. EXPERIMENT

A. Materials

Ferric chloride hexahydrate (FeCl; - 6H>0), ferrous sulfate
heptahydrate (FeSO, - TH20), sodium hydroxide (NaOH), citric
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acid (C¢HgO7), auric acid (HAuCly), sodium citrate tribasic di-
hydrate (Na3CgHs O7-2H50), and hydrochloric acid (HCI) were
purchased from Sigma-Aldrich (USA). All chemicals were used
as received. All glassware was cleaned in a bath of freshly pre-
pared aqua regia solution (HCI/HNO3, 3:1), then rinsed thor-
oughly with MilliQ water prior to use.

B. Synthesis of Citrate-Coated Iron Oxide Nanoparticles

The iron oxide nanoparticles (IONPs) were synthe-
sized based on coprecipitation of aqueous solutions con-
taining FeSO4 - 7TH>O and FeCly - 6H2O (molar ratio of
Fe?t : Fe*™ = 1 : 2) by sodium hydroxide [16]. Then the
IONPs were heated to 363 K with the presence of citric acid and
trisodium citrate under the pH value of 4 [17]. Under contin-
uous stirring for 1 hour, citrate-coated iron oxide nanoparticles
(CIONPs) were obtained. MilliQ water was added to adjust
the concentration of the final solution to 50 mM CIONPs
(approximately 50 mM trisodium citrate and 50 mM IONPs).

C. Synthesis of Gold/Iron Oxide Magnetic Nanowires and
Nanospheres

A typical reaction is as follows. A 20-mL sample of HAuCl,
(0.25 mM) was prepared and brought to boil. Next, a 50 mM
CIONP solution was then rapidly added to achieve the desired
CIONPs/HAuCl,y molar ratio, and then the mixture was heated
further for 10 min. The heat source was then removed and
the solution was allowed to cool to room temperature. The
gold/iron oxide nanocomposites were collected by magnetic
attraction and washed with MilliQ water. For this study, the
initial CIONPs/HAuCly molar ratios (denoted as R) were 1,
2, 5,7, and 10. Pure gold nanoparticles (AuNPs) for use as
experimental control were synthesized through the reduction of
HAuCly using 1 mL of 50 mM sodium citrate solution.

D. Characterization

Transmission electron microscopy (TEM, FEI Tecnai G2
20 S-TWIN) was used to characterize both the size and mor-
phology of the synthesized nanocomposites. The chemical
components of the nanocomposites were analyzed through
energy-dispersive X-ray spectroscopy (EDS) microanalysis.
For both TEM and EDS analysis, samples were prepared by
dispensing dilute drops of the nanocomposite suspension on
carbon-coated copper grids and allowed to dry slowly. Dynamic
light scattering (DLS) was performed to measure the hydrody-
namic sizes of the nanocomposites dispersed in water using a
Malvern Zetasizer 3000 (Malvern, U.K.). The ultraviolet-vis-
ible (UV-Vis) absorbance spectra of the nanocomposites in
water were recorded with a Hewlett-Packard (model 8453)
spectrophotometer. The magnetic properties of lyophilized
samples were carried out using a vibrating sample magne-
tometer (Lakeshore, VSM 7400) at T = 100 K and T = 300 K.

III. RESULTS AND DISCUSSION

The morphology and chemical components of the as-syn-
thesized products were first investigated by TEM and EDS.
The gold/iron oxide nanocomposites produced from different
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Fig. 1. TEM images (a)—(e) of gold/iron oxide nanocomposites synthesized by
different initial molar ratio of citrate-coated iron oxide nanoparticles (CLIONPs)
to auric acid (HAuCl,) but with fixed reaction time of 10 min. (f) EDS result
for the sample when the molar ratio of CIONPs : HAuCly is 1:1. Elements of
Au and Fe are labeled (color online).

initial molar ratios of CIONPs/HAuCl, displayed varied
morphologies under TEM observation [Fig. 1(a)—(e)]. When
R = 1, the gold nuclei [as indicated by red arrows in Fig. 1(a)]
appeared around the iron oxide nanoparticles and together
they formed gold nuclei/iron oxide nanoparticle aggregates
[Fig. 1(a)]. When R = 2, the gold nuclei displayed significant
growth around the iron oxide nanoparticles [indicated by red
arrows in Fig. 1(b)]. This morphology then transformed into
twisted gold nanowires mixed with the iron oxide nanoparticles
when R = 5 [Fig. 1(c)]. When the molar ratio increased to
7, the nanocomposite morphology consisted of a mixture of
longer and thicker gold nanowire networks surrounded with
iron oxide nanoparticles formed as shown in Fig. 1(d). Gold
nanospheres were also observed at this ratio [indicated by red
arrows in Fig. 1(d)]. As R reached 10, the morphology of the
products finally changed to gold nanospheres surrounded by
iron oxide nanoparticles as shown in Fig 1(e). The presence of
gold and iron oxide was confirmed by EDS measurements, and
a representative EDS result (CIONPs/HAuCl, ratio at R = 1)
is shown in Fig. 1(f).

The hydrodynamic sizes (Z-average size) of the nanocom-
posites in water were examined by DLS. Consistent with the
varied shapes observed by TEM, the hydrodynamic sizes of the
as-synthesized products show nonlinear relation with the ini-
tial molar ratio R of CIONPs/HAuCly as shown in Fig. 2(a).
The Z-average sizes of gold/iron oxide nanocomposites were
431.4nm (R = 1), 693.4 nm (IR = 2), and 753.5 nm (IR = 5)
respectively. When IR was 7, the DLS measurement was not
applicable, due to the formation of large gold nanowires net-
works which caused the aggregation of nanocomposites into
large clusters with hydrodynamic sizes of micrometers. This is
supported by the observation from the TEM image in Fig. 1(d).
However, when R further increased to 10, the hydrodynamic
size of the nanocomposites decreased to 393.3 nm. This could
be explained by the morphological change of the final products
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Fig. 2. (a) Hydrodynamic size (Z-average size) and (b) schematic illustration
of gold/iron oxide nanocomposites synthesized by varying initial molar ratio R
of citrate-coated iron oxide nanoparticles (CIONPs) to auric acid (HAuCl,) but
with fixed reaction time of 10 min. Dashed lines are provided as visual guides
(color online).

to the gold nanospheres surrounded with iron oxide nanoparti-
cles, and these final products displayed much smaller size than
the gold nanowire networks.

The different morphologies of gold/iron oxide nanocom-
posite with different initial ratio between CIONPs and HAuCly
are schematically described in Fig. 2(b). The morphological
change of the gold nanomaterial (from nuclei to nanowire,
then to nanosphere) through citrate reduction of AuCl; has
been reported by other research groups [18], [19]. They
proposed a growth mechanism about the reduction process
of aqueous AuCl; by sodium citrate: nucleation stage, fast
random attachment to form nanowire network, growth of
nanowires accompanied by fragmentation of network, and
cleaving of spherical-like particles. By extracting reaction
solution at different time points and rapid cooling with ice
to quench the reduction of AuCly, gold nanomaterials with
different morphologies were achieved in their experiments
due to the noncomplete reduction. In our experiment, the
morphological changes of the nanocomposites with different
initial molar ratio of CIONPs/HAuCl, could also be explained
by the noncomplete reduction of AuCl; due of insufficient
CIONPs. Nanocomposites synthesized at lower initial molar
ratios were provided with less CIONPs and thus the reduction
process could not be complete within 10 min. At higher molar
ratios, the nanocomposites were provided with more CIONPs
during reduction, resulting in the different morphologies of the
nanocomposites observed.

To adjust the constituent ratio of gold and iron in the
nanocomposites, the excess iron oxide nanoparticles in the
products could be removed by HCl wash. Here, the nanocom-
posites achieved with R = 7 [Fig. 1(d)] and R = 10
[Fig. 1(e)] were washed by 1.2 N HCI twice, collected by
magnetic attraction, and then redispersed in MilliQ water.
The final gold/iron oxide nanowires (AulO-NW, R = 7) and
nanospheres (AulO-NS, R = 10) were obtained as shown
in Fig. 3(a) and (b), respectively. EDS results of AulO-NW
and AulO-NS confirm the presence of gold and iron oxide
[Fig. 3(al) and (bl)]. The CIONPs [Fig. 3(c)] and AuNPs
[Fig. 3(d)] synthesized as described in the experiment section
served as control. The selected area diffraction pattern [the inset
in Fig. 3(c)] demonstrates the CIONPs show a characteristic
diffraction pattern of the magnetite nanoparticles. The size
distribution for CIONPs [Fig. 3(c1)] and AuNPs [Fig. 3(d1)]
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Fig. 3. TEM images of (a) gold/iron oxide nanowires (AulO-NW, R = 7,
after HCI wash) and (b) gold/iron oxide nanospheres (AulO-NS, R = 10, after
HCI wash). EDS result of (al) AulO-NW and (bl) AulO-NS. Elements of Au
and Fe are labeled. TEM images of (c) citrate-coated iron oxide nanoparticles
(CIONPs), and (d) gold nanoparticles (AuNPs). Inset in (c) shows a character-
istic diffraction pattern of the magnetite nanoparticles. Histogram of the parti-
cles sizes of (c1) CIONPs and (d1) AuNPs (color online).

was determined by manually measuring the diameters of the
nanoparticles from their TEM images. The iron oxide cores of
CIONPs show a size of 7.6 £+ 1.6 nm, while the AuNPs show
a size of 10.0 = 1.3 nm.

Next, to demonstrate the possibility of these gold/iron oxide
nanocomposites working as a bifunctional material, we mea-
sured both their magnetic and optical properties. The magnetic
properties of the AulO-NW, AulO-NS, and CIONPs were char-
acterized by VSM. The magnified views of M-H loops nor-
malized by the saturation magnetization at 100 K and 300 K
are shown in Fig. 4(a) and (b), respectively. They all exhibit
superparamagnetic behavior at T = 300 K. The appearance
of coercivities in Fig. 4(b) indicates that all three samples are
in the blocked state at T = 100 K. The measured coercivi-
ties are Hc = 110 Oe for the AulO-NW and He = 40 Oe
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VSM characterization of the synthesized citrate-coated iron oxide nanoparticles (CIONPs), gold/iron oxide nanowires (AulO-NW, R = 7, after HCI

wash), and gold/iron oxide nanospheres (AulO-NS, R = 10, after HC] wash). Magnified views of the M-H loops normalized by the saturation magnetization at
300 K and 100 K are shown in (a) and (b) respectively. Full view of the M-H loop at 300 K is shown in (c). (d) UV-Vis absorbance spectrum of synthesized gold

nanoparticles (AuNPs), AulO-NW, and AulO-NS (color online).

for the AulO-NS, which are both larger than Hc = 25 Oe of
the parent CIONPs. A possible mechanism is the direct inter-
action between gold and iron oxide nanoparticles proposed by
Matthew et al. who also observed the increased coercivity of
gold-magnetite nanocomposite than untreated magnetite at low
temperature [20]. As shown in Fig. 4(c), the saturation magne-
tization (Mg) values of AulO-NW (8.99 emu/g) and AulO-NS
(8.32 emu/g) at T = 300 K (near room temperature) are all less
than the Mg of the CIONPs (45.53 emu/g) due to the presence
of the nonmagnetic gold in the sample, but are comparable with
the Mg value (~ 5 emu/g) of the gold/magnetite nanocompos-
ites formed via other methods [20]. Although the AulO-NW and
AulO-NS displayed different morphologies, they exhibited very
similar Mg values here which indicate that the gold contents are
with similar ratios within the end products.

The optical features of these AulO-NW and AulO-NS were
characterized by UV-Vis spectra [Fig. 4(d)]. Their absorbance
peaks [indicated by purple arrows in Fig. 4(d)] are shifted to the
right from the absorbance peak of pure gold nanoparticles (~
510 nm) because of the larger gold nanowires and nanospheres
formed in the AulO-NW and the AulO-NS compared to the pure
gold nanoparticles [~ 10 nm in Fig. 3(d)]. The shifts of the ab-
sorbance peaks are consistent with the UV-Vis spectra observed
by another research group for pure gold nanowire networks and

pure gold nanoparticles [19]. The magnetic and optical proper-
ties indicate that both AulO-N'W and AulO-NS can serve as an
efficient bi-functional material.

IV. CONCLUSION

Here, a straightforward method was established for the
fabrication of the gold/iron oxide nanocomposites based on
the reduction of HAuCly; by CIONPs in aqueous situation.
We demonstrated that the morphologies of gold/iron oxide
nanocomposites could be controlled by adjusting the molar
ratio of CIONPs/HAuCl,. As such, gold/iron oxide nanocom-
posites with nanowire or nanosphere morphologies can be
successfully synthesized. Further, nanocomposites synthesized
with this method as both AulO-NW and AulO-NS have been
shown to substantially maintain the optical properties of gold
nanoparticles and the magnetic features of iron oxide nanopar-
ticles. The combined functionalities may have potential use in
applications, such as magnetic photothermal therapy reagent
and recyclable nanocatalysis.
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