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h i g h l i g h t s

• Magnetite-gold mesoparticles were
prepared with controlled morphol-
ogy by adjusting the concentration of
reactants and surfactants used in the
synthesis.

• A structural study was carried out
by using FIB/SEM technology which
revealed that the inner structured
of the particles is composed by
iron oxide nanoparticles and gold
crystals.

• A tridimensional reconstruction was
created from SEM images of sliced
mesoparticles by focused ion beam.
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a b s t r a c t

Composite magnetite–gold mesoscopic particles were prepared by deposition of Au onto magnetite
nanoparticles. The surfacemorphology of themesoparticles could be tuned by controlling the factors that
affect the kinetics of the reactions and by adding surfactants that direct the growth of gold crystals. The
internal structure of composite mesoparticles was analyzed by focused ion beam and scanning electron
microscopy. A particle-mediated growth mechanism of formation was proposed.

© 2015 Elsevier B.V.
This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Despite their impressive wealth of applications [1–4], nanopar-
ticles present drawbacks inherent to their nanoscale condition [5].
Their high area to volume ratio and extremely small size make
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them prone to suffer from problems in terms of thermal stabil-
ity, shape preservation, and manipulation. One of the strategies
currently being developed to mitigate these problems consists in
the preparation of larger particles that only some of the proper-
ties characteristic of nanoscale materials are preserved. Therefore
in recent years, there has been an increasing interest in the syn-
thesis, characterization and applications of particles with a size
in the mesoscale (roughly between 100 nm and 1 µm). Consider-
able effort has been made in order to obtain mesoscopic particles
(mesoparticles) of controlled size and morphology formed by the
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controlled aggregation of nanoparticles [6]. Mesoparticles pre-
pared in such a way are expected to show a higher stability and to
be easier to handle, while other nanoscale properties are expected
to be retained.

Important progress has been recently made in the preparation
and the understanding of the mechanism of growth of mesoscopic
particles formed by the aggregation of nanoparticles, especially
regarding the formation ofmetallicmesocrystals [7]. Amesocrystal
is a mesoscopic particle composed by a number of individual
nanocrystals aligned along a common crystallographic direction,
forming an ordered mesoscale superstructure [8]. A mechanism
of formation has been proposed for gold [9] as well as for silver
metallic mesocristals [10]. The proposed mechanism involves four
stages: initially, Au atoms are formed by chemical reduction;
subsequently, Au atoms aggregate and form nuclei; then metallic
nuclei aggregate to form mesoparticles in a process called
particle-mediated growth; finally, Au atoms deposit onto the
mesoparticle defining the final morphology of the mesoparticle.
The final phase is called overgrowth and can be chemically
controlled so that the resulting morphology can be tuned.

The preparation of magnetite microparticles of controlled
surface morphology and internal structure has also been recently
reported [11]. The authors proposed a particle-mediated growth
mechanism which shares similarities with the one proposed for
metallic mesoparticles: under appropriate conditions, nuclei are
formed and then aggregate, while the morphology and size of the
particles is defined during the overgrowth (in this phase, Ostwald
ripening can also take place and modify the internal structure of
the particle; this process is not possible for metallic mesocrystals).

Few studies have focused on the formation of mesoparticles
composed by two dissimilar materials, such as magnetite and
gold [12–15]. Moreover, a microscopic characterization of their
internal structure has never been carried out and the mechanism
of formation has not been properly discussed. In this paper, we
present the preparation of magnetite and gold mesoparticles with
tunable morphology, characterize their surface morphology and
internal structure by scanning electron microscopy (SEM) and
focused ion beam (FIB), and propose a particle-mediated growth
mechanism of formation of mesoparticles.

2. Experimental

2.1. Synthesis of the mesoparticles

A co-precipitation method was used to obtain Fe3O4. 12 g of
FeCl3.6H2O were dissolved in 75 ml of deionized water and 6 g of
FeCl2.4H2Odissolved in 25ml of deionizedwaterwas added. 25ml
of concentrated ammonium hydroxide was dropped into the iron
solutionwith stirring. A black precipitatewas obtained andwashed
four times with the aid of a permanent magnet. Then, 30 mg of
Fe3O4 were added to 80 ml of a solution of toluene containing
3.5 mM of oleic acid and c mM of oleylamine, with c = 1.2, 2.4
and 24 mM and redispersed with ultrasonic agitation.

Four different types of mesoparticles were prepared. For the
synthesis of the Type I and II particles, a solution of gold in toluene
was obtained by dissolving 0.13 mmol of Au from KAuCl4.xH2O
(49% Au, Aldrich) in 20 ml of 2-propanol and then added to 100 ml
of toluene.

For synthesis of Type III and Type IV particles, a solution of
0.13 mmol of KAuCl4.xH2O (49% Au, Aldrich) in 40ml of water was
extracted with 100 ml of 1.5 mM solution of tetraoctylammonium
bromide.

In all cases, the magnetic dispersion was added to the organic
gold solution and 5.9 mM of hydroquinone dissolved in 20 ml of
2-propanol were added.

Mesoparticles were obtained after 12 h of reaction. Particles
were collectedwith a permanentmagnet andwashedwith toluene
and 2-propanol and dried under vacuum.
2.2. Microscopic characterization

The structure of the Type I and Type III particles was
characterized with a FEI Helios Nanolab 650 Scanning Electron
Microscope/Focused Ion Beam (FIB/SEM) dual system. For 3D
reconstruction of Type I mesoparticles, a set of high resolution
SEM images was obtained from equally spaced FIB cross sections
in an automated process. The images were then aligned and color
segmented with an image processing software, and the volumes
were rendered. In the sample preparations, a protective Pt layer of
about 1–2µmwas deposited before ion beammilling. To study the
particle structure by scanning transmission electron microscopy
(STEM), thin lamellae of the sample were extracted and attached
in-situ to a TEM half-grid by FIB milling and Pt deposition. The
lamella was then thinned and polished to a final thickness of about
50 nm, suitable for STEM imaging. Electron diffraction imageswere
taken with a Philips CM200 TEMmicroscope.

3. Results

Magnetite–gold mesoparticles have been prepared by the
reduction of AuCl−4 in a dispersion of magnetite nanoparticles
stabilized by oleylamine and oleic acid. Hydroquinone has been
used as a reducing agent. Fig. 1 shows SEM images ofmesoparticles
prepared under different conditions. The morphology of the
synthesized magnetite–gold mesoparticles could be controlled
by the concentration of oleylamine and TOAB. Roughly spherical
mesoparticleswere obtainedwhen an oleylamine concentration of
1.2 mM was used in the absence of TOAB (Type I particles). When
the concentration of oleylamine was increased up to 2.4 mM in
the absence of TOAB, mesoparticles with small gold protuberances
of about 30 nm in the surface (Type II particles) were obtained.
The presence of TOAB has a strong effect in the morphology of the
mesoparticles. When an oleylamine concentration of 2.4 mM and
a TOAB concentration of 1.5 mM were used, mesoparticles with a
flower-likemorphologywere obtained (Type III particles), showing
large pyramidal protuberances of gold. When the concentration
of oleylamine was increased to 24 mM, keeping the TOAB
concentration at 1.5 mM, nearly spherical mesoparticles with thin
gold thorns were obtained (Type IV particles).

From these results, it is clear that oleylamine and TOAB play a
key role in the fine tuning of the morphology of the mesoparticles.
Oleylamine, in the absence of TOAB, promotes the formation
of protuberances, as can be seen comparing Type I and Type
II particles, where the oleylamine concentration was increased
approximately four times. When TOAB is present in the synthesis
media, the mesoparticles develop large protuberances, pyramidal
at low TOAB concentrations corresponding to Type III particles and
thorn-like at high TOAB concentrations corresponding to Type IV
particles. In fact, the morphology of the prepared mesoparticles
can be continuously varied among the structures shown in Fig. 1
by controlling the concentration of oleylamine and TOAB in the
reaction media. (See supplementary information.)

It is worth noting that no free magnetite nanoparticles could
be seen in these images. Since these mesoparticles presented a
superparamagnetic behavior similar to that found for magnetite
nanoparticles, it can be concluded that magnetite nanoparticles
were present in the interior of the mesoparticles. In order to eluci-
date the question of the presence of the magnetite nanoparticles,
as well as the internal structure of the mesoparticles, focused ion
beamwas used to progressively remove slices of a single mesopar-
ticle, while the resulting slicedmesoparticlewas observed by scan-
ning electron microscopy (see Fig. 2).

Itmust benoted that internal structure ofwhole gold–magnetite
mesoparticles could not be studied by TEM, because the presence
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Fig. 1. SEM images of different obtained mesoparticles. The morphology was determined by the concentration of oleylamine and TOAB used in the synthesis. Particles Type
I and II were obtained with a concentration of oleylamine of 1.2 mM and 2.4 mM, respectively, in the absence of TOAB. A concentration of oleylamine of 2.4 and 24 mMwas
used during the synthesis of particles Type III and IV respectively, while the concentration of TOAB was 1.5 mM. The scale bars represent 1 µm.
Fig. 2. SEM images of FIB cross section for a Type I (a) and Type III (b) mesoparticles.
of a thick shell of gold completely blocks the magnetite nanopar-
ticles. Therefore, only the dark silhouette of these mesoparticles
can be seen in TEM images. The thickness of the sample must be
transparent enough for the incoming electronbeam tobe observed.
Suitable thickness depends on the material and beam energy to be
analyzed. In the case of materials containing gold crystals, sample
should have thickness lower than 100 nm, otherwise electrons are
completely scattered by the sample.

STEM images (Fig. 3) have been acquired of two slices of Type I
and III mesoparticles, whose synthesis differs basically in the TOAB
content. Gold crystalline domains can be seen in both types of par-
ticles, indicating that each mesoparticle was formed by multiple
gold crystals. The size and shape of the crystalline domains can
be clearly seen. Type III particles, whose synthesis media contains
TOAB, exhibit relatively large crystal domains and straight grain
boundaries, while the inner structure of Type I particles (prepared
in the absence of TOAB) seem to be more irregular.

In Fig. 4, the progression of successive images obtained of a
single mesoparticles (corresponding to a particle extracted from
the same group as those shown in Fig. 1(a)) is shown. It can be
seen that, in the first images corresponding to the outer shell of
the mesoparticle, only a compact shell can be observed. Grain
boundaries can be seen, indicating that this shell is composed by
several gold crystals. As the slicing progresses and the core of the
particle becomes apparent, a more chaotic structure is revealed,
presenting voids of about 10–20 nm, a size compatible with that
of magnetite nanoparticles. Thus, FIB-SEM images suggest a core
formed by gold andmagnetite nanoparticles surrounded by a shell
of compact gold, as can be seen in a 3D reconstruction carried out
from FIB-SEM images (Fig. 5).

Electron diffraction images of samples Type I and Type III taken
on each respective lamellae shows spots and faint halos coming
from gold and iron oxide crystals (Fig. 6). Those spots also show
that in each lamella crystals of different orientations coexist, as is
observed in STEM images. These results confirm the presence of
magnetite nanoparticles embedded into gold crystals.

In the following section, we propose a mechanism of formation
of the mesoparticles based on the FIB-SEM images, as well on the
existing literature on the formation of metallic mesoparticles. The
fine tuning of the morphology of the mesoparticles can also be
understood in the frame of the proposed mechanism.
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Fig. 3. STEM images of 100 nm thick lamellae of Type I and Type III particles, where the contrast between different crystalline domains can be seen in HAADF mode. The
scale bars represent 100 nm.
Fig. 4. SEM images of progressive cross sections obtained by FIB for a Type I mesoparticle. Images for 120 cross sections were obtained, with a difference of 5 nm between
two successive images. The accumulated distance of removal is shown in nanometers at the top left corner.
Fig. 5. (a) 3D reconstruction of mesoparticle Type I obtained from 120 images of cross sections. The image analysis software allows to distinguish two different regions,
corresponding to a porous core (c) surrounded by a compact gold shell (b).
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Fig. 6. Bright spots can be seen in electron diffraction images corresponding to
Type I (a) and Type III (b). In both images crystalline planes {111} and {222} coming
fromgold crystals; and {220}, {440} and {311} family planes coming frommagnetite
crystals can be identified.

4. Discussion

We propose a mechanism based on the non-classical particle-
mediated growth mechanism previously reported for the forma-
tion of silver and gold mesocrystals [9,16]. Unlike the reported
cases in which only a kind of material is considered (e.g. either
Au or Ag), the gold–magnetite mesoparticles are composed by two
different materials. Consequently, additional processes should be
taken into account, such as the heterogeneous deposition of Au
atoms onto magnetite nanoparticles.

The proposed mechanism of formation of mesoparticles is il-
lustrated in Fig. 7. Initially, a dispersion of magnetite nanoparticles
stabilized with oleic acid and oleylamine is placed in contact with
AuCl−4 and a reducing agent. Other components, such as TOAB,may
ormaynot be present to the reactionmedium. The proposedmech-
anism of particle-mediated growth can be divided in four stages. In
the first stage, Au atoms are formed by the reduction of Au(III) with
a reducing agent. As this reaction proceeds, the concentration of Au
atoms in the solution increases, as is shown in the schematic LaMer
diagram. When it exceeds the supersaturation point (C ′

ss in Fig. 7),
the second stage begins in which Au atoms deposit ontomagnetite
nanoparticles. This is an important difference with respect to the
formation of metallic mesocrystals composed by a single metal,
where metallic atoms must aggregate to form nuclei. The deposi-
tion of Au atoms onto magnetite nanoparticles is a heterogeneous
phase deposition, while the formation of metallic nuclei follows
the classical homogeneous precipitation process. As a consequence
Fig. 7. Time evolution of the concentration of Au atoms in the reaction medium
(above) and schematic representation of the formed particles (below) at the
different stages of the reaction: (1) formation of Au atoms; (2) deposition of Au
atoms onto magnetite nanoparticles; (3) aggregation of nanoparticles (particle-
mediated growth); (4) overgrowth (deposition of Au atoms onto mesoparticles).
The fine tuning of the topography is defined during the overgrowth by the
concentration of oleylamine and TOAB. The different curves correspond to the time
evolution of Au atoms under the different conditions which lead to the formation
of gold mesocrystals (in blue) and gold–magnetite mesoparticles (Type I and II are
shown in red, Type III and IV in green). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

of the heterogeneous phase deposition of Au atoms ontomagnetite
nanoparticles, the concentration of Au atoms in the solution de-
creases. It becomes apparent that the deposition of gold ontomag-
netite nanoparticles disrupts the oleic acid and oleylamine cap
which stabilizes the dispersion of nanoparticles, thus promoting
the formation of gold–magnetite aggregates. Then, the third stage,
called particle-mediated growth, begins, in which gold–magnetite
nanoparticles aggregate to form roughly spherical mesoparticles.
As shown in Figs. 4 and 5, this aggregation results in a rather
disordered structure, well reflected in the reconstruction shown
in Fig. 5. Below the supersaturation point for the heterogeneous
deposition, Au atoms cease to deposit onto magnetite nanoparti-
cles. At this point, the fourth stage, called overgrowth, begins, in
which the remaining Au atoms are deposited onto the mesopar-
ticles formed during the previous stage, inducing the overgrowth.
The final morphology of the mesoparticles is defined during the
overgrowth, in which gold is deposited onto magnetite–gold
mesoparticles. In this stage, well-defined gold crystal developed,
surrounding the less structured gold–magnetite nucleus (Fig. 4). In
this stage, the presence of different compounds, which can affect
the rate of deposition of gold (e.g. oleylamine and TOAB), is rele-
vant.

It has been shown that the strength of reducing agent affects
the kinetics of formation of particles, and therefore the resulting
morphology [17]. As a part of this work, a synthesis using a strong
reducing agent such as sodium borohydride has been carried
out and it led to the formation of bluish non-magnetic particles,
which can be attributed to the formation of pure gold particles.
This process is also included in Fig. 7. When a strong reducing
agent such as sodium borohydride is used, gold atoms are rapidly
produced. Consequently, the supersaturation concentration (Css in
Fig. 7) is exceeded and pure gold nuclei are formed. In order to
promote the deposition of gold onto magnetite, milder reducing
agents must be used so that the more sluggish kinetics which
lead to the formation of composite mesoparticles can be followed.
Hydroquinone was chosen because it is a mild reducing agent
soluble in the toluene and 2-propanol media of reaction. In the



14 P. Lloret et al. / Nano-Structures & Nano-Objects 4 (2015) 9–14
absence of TOAB, gold atoms are formed according to the following
reaction:

2AuCl−4 + 3C6H6O2 → 2Au + 3C6H4O2 + 6H+
+ 8Cl−. (1)

This is the first stage in the path to the formation of Type I and
II mesoparticles. Even though the reduction with hydroquinone is
slow compared to borohydride, the reaction still proceeds at a fast
rate and magnetite–gold particles have been observed after only a
few minutes of reaction.

The addition of TOAB affects the process of formation of
mesoparticles in two ways: firstly, by lowering the rate of forma-
tion of Au atoms and, secondly, by adsorbing onto Au facets and
promoting preferential crystalline growth. In the case of Type III
and IV particles, in the first step of reduction of Au (III) an exchange
of ligands takes place in the AuCl−4 , bromide ions replace chloride
ions, and AuBr−4 is formed [18,19]. AuBr−4 is a rather stable com-
plex and consequently the reduction of Au(III) and the formation
of gold atoms is slower in the presence of TOAB since the following
reaction is more sluggish:

2AuBr−4 + 3C6H6O2 → 2Au + 3C6H4O2 + 6H+
+ 8Br−. (2)

As a consequence, the formation of mesoparticles proceeds at a
slower rate and only after two hours the first particles could be
observed. On the other hand, bromide has a tendency to adsorb
to gold crystalline planes, promoting anisotropic growth [20,21].
It is well known that bromide ions adsorb preferentially onto
(111) planes, which leads to the formation of pyramidal crystalline
tips [22]. To test the influence of the amine groups on the for-
mation of pyramidal tips, a preparation of particles was carried
out in which CTAB (cetrimonium bromide) was used in place of
TOAB. Particles with pyramidal tips were also obtained, suggest-
ing that this morphological feature is determined by the presence
of bromide anions and the corresponding organic cation plays a
secondary role.

The content of oleylamine also affects the overgrowth of
mesoparticles. Oleylamine is known to promote the formation
of nanowires. Similarly, increasing amounts of oleylamine pro-
mote the formation of protuberances (Type II particles) and thorns
(Type IV particles) in magnetite–gold mesoparticles. Thus, in the
absence of bromide, it is possible to gradually modify the surface
topography of the smooth surface of Type I particles to the rough
one of Type II particles by increasing the oleylamine concentration.
In the presence of bromide, the surface topography can be tuned
from the pyramids that cover Type III particles to the thorns of Type
IV particles.
5. Conclusions

Composite magnetite–gold mesoparticles were prepared in a
one-pot method. The surface morphology of the mesoparticles
could be tuned by controlling the factors that affect the kinetics of
the reactions (i.e. the rate of gold atoms formation) and by adding
surfactants that direct the anisotropic growth of gold crystals. The
internal structure of compositemesoparticles was analyzed for the
first time by FIB-SEM and amechanism of formation was proposed
in accordancewith the observed characteristics of the particles and
the existing literature.
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