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High-Density Magnetite Nanoparticles Located in Carbon Hollow
Microspheres with Good Dispersibility and Durability: Their One-Pot
Preparation and Magnetic Properties
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We report, for the first time, a one-step, rapid, template-free
and continuous strategy for synthesising high-density mag-
netite (Fe3O4) nanoparticles located in carbon hollow micro-
spheres (MCHMs) in which Fe3;O, nanoparticles (8-20 nm)
are randomly dispersed in the shells of carbon hollow micro-
spheres. The synthesis is achieved through ultrasonic spray
pyrolysis of aqueous solutions containing ferrous chloride
and citric acid. Interestingly, it was found that there are some
pores (2-6 nm) in the carbon shell. Magnetic hysteresis loop

measurements show that the saturation magnetisation of
MCHMs is as high as 48.2 emug ! which probably makes
them more pliable to manipulation by the external magnetic
field. Most importantly, because of the presence of carbon on
their surfaces, MCHMSs not only exhibit good resistance to
acid but can also be easily dispersed in both polar and non-
polar solvents.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Recently, magnetic (especially Fe;O4) hollow spheres
with tailored structures and surface properties have at-
tracted great attention because of their interesting charac-
teristics such as their reduced density which thwarts the
density limitations met in various applications. Other char-
acteristics include being able to combine the controlled re-
lease and diagnosis in one system by means of filling the
inner void with target drugs as well as other wide applica-
tions in catalysis and biotechnology, etc.l'-®1 Nevertheless,
it should also be borne in mind that for high performance
in function-specific biological or separation applications,
magnetic hollow spheres should be biocompatible, have a
high magnetic saturation to provide maximum signal, good
dispersion in various solvents and be stable under acidic or
basic conditions. To meet the aforementioned requirements,
much effort has been devoted to developing various protec-
tion strategies, including functionalising of organic species
(surfactants or polymers)”'% or coating with an inorganic
shell (e.g. silica).l''"-13 Compared with the polymer or silica
component, carbon!'48 materials have attracted wider at-
tention because they have particular advantages such as
higher stability and better conductivity over polymers or
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silica.l'211 Although polymer- or silica-magnetite hollow
spheres have been successfully prepared by several meth-
ods,>7-10:111 the literature on the synthesis of carbon-mag-
netite hollow spheres is scarce.['*??l For instance, carbon-
aceous-wiistite composite hollow microspheres have been
synthesised by means of a novel shape fabrication process
based on simple ion-exchange reactions between micro-
spheres of ion-exchange resins and K;[Fe(C,0,);] followed
by thermal treatment of the resultant resin derivative under
an inert atmosphere.!'4!

Fuertes et al. have designed a multiple-step route for syn-
thesising hollow magnetic mesoporous spheres made up of
ferrite (e.g. Fe;04) nanoparticles incorporated in a mesopo-
rous carbon shell.*?! However, the intrinsically complicated
precursors and the requirement of a template and long cur-
ing times in the above method are not suitable for con-
tinuous production on a large scale. Also, the saturation
magnetisation (M) of the above carbon-magnetite hollow
composites is relative low (< 20 emug !). Therefore, the
development of a convenient and template-free approach to
the synthesis of high-density Fe;O4 nanoparticles located in
carbon hollow microspheres (MCHMSs) with high stability,
dispersibility, and M, is desirable.

As a simple and continuous technology, ultrasonic spray
pyrolysis (USP) has long been used in industry or the labo-
ratory for the production of spherical powders including
metal oxides, sulfides and carbon etc.?>281 In this study,
we exploited the USP route to synthesise MCHMs using
aqueous solutions containing ferrous chloride and citric
acid as precursors. The formation mechanism is based on
the phenomenon that the surface enrichment of some com-
ponents (i.e., formation of hollow spheres) would take place
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when multicomponent aerosol droplets were pyro-
lysed.['1231 Thus, the approach presented here is one-step,
rapid, continuous and template-free. Due to the presence of
carbon, the prepared MCHMs exhibit good acid resistance
and dispersibility which indicates potential applications in
the immobilisation of enzymes,*?! separation of pollutants
from water,*’! extraction of DNAPY and in catalyst sup-
ports, etc.

Results and Discussion

In the present route, ultrasound is used to produce aero-
sol droplets dispersed in nitrogen by means of ultrasonic
spray treatment of the precursor aqueous solutions. As the
aforementioned aerosol droplets are carried in a nitrogen
stream through a quartz-glass tube in a hot furnace, water
evaporation and precursor decomposition occurs generat-
ing MCHMs. With USP, the aerosol droplets act as individ-
ual micrometer-sized chemical reactors to impose mor-
phology control on the target products.[>3-28]

Herein, aqueous solutions of ferrous chloride and citric
acid were used as precursors to form MCHMs by using
USP. The morphology of the product was investigated by
scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM). The overall morphology of sample
HC 2 is revealed in Figure S1 which indicates that the sam-
ple is composed of a large quantity of microspheres with
sizes in the range of 1-3 um. From Figure 1 (A) we can see
that the obtained microspheres exhibit a hollow structure
with obvious contrast between the dark edge and the pale
centre. The magnified image (Figure 1, B-D) indicates that
high-density Fe;O,4 nanoparticles (8-20 nm) are randomly
dispersed in the shells of the hollow spheres. In general,
there are three kinds of morphologies: double-layer bowls,
hollow spheres and bubble-like spheres. In some cases, the
hollow spheres are caved due to their thin walls. Moreover,
there are some double-layer bowls which are formed
through the collision of thinner hollow spheres (the thick-
ness of wall is about 20 nm) with the others (the thickness
of wall is about 40 nm) as shown in parts A and C of Fig-
ure 1. When the thickness of the wall (e.g. 40 nm) is suf-
ficient, the hollow spheres would remain intact during their
collision (Figure 1, B). Bubble-like spheres are comprised
of several small hollow spheres encapsulated in one big
sphere. The distribution of Fe;O4 nanoparticles in the car-
bon matrix can be further investigated by removing Fe;0,
nanoparticles under acidic conditions. As shown in Fig-
ure 2, porous hollow carbon spheres with pores (about
10 nm) were formed when sample HC 2 was treated with
concentrated HCI solution (12 M) for 12 h. We speculate
that one Fe;O,4 nanoparticle generates one pore during the
acidic treatment. Thus, we can confirm that Fe;O4 nano-
particles (about 10 nm) are randomly dispersed in the shells
of MCHMs (Figure 1).

Figure 3 shows the X-ray diffraction (XRD) pattern of
the aforementioned MCHMs (sample HC2). As shown in
Figure 3, all the diffraction peaks can be indexed to face-
3004
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Figure 1. Images of MCHMs (HC 2): (A) TEM images showing the
overall morphology; high-magnification TEM images of (B) intact
hollow sphere; (C) double-layer bowl; (D) bubble-like sphere.

Figure 2. TEM images of porous hollow carbon spheres obtained
by acid treatment of sample HC 2 in concentrated HCI (12 m) for
12 h.

centred cubic Fe;O4 (JCPDS file No. 48-1487) or cubic vy-
Fe,O; (JCPDS file No. 39-1346). No obvious impurity
phase, such as nonmagnetic o-Fe,Os, can be detected in
Figure 3 (A). Figure S2 shows the XRD pattern of the
product after treatment with concentrated HCI (12 M) and
this can be indexed as pure hexagonal graphite.l'”l The
mean crystallite size of Fe;O4 is about 15 nm and this was
evaluated from full-width half-maximum (FWHM) of the
(311) plane using the Scherrer equation. As shown in Figure
S3, we focussed electrons on one sphere to perform the
SEM-energy-dispersive X-ray analysis (EDX). The result of
EDX (Figure 3, B) indicates that the atomic ratio of Fe/O
(31.82/43.04) is consistent with that of the theoretical calcu-
lation result of Fe;O4 which demonstrates that iron oxide
should be indexed to face-centred cubic Fe;O,4 instead of y-
Fe,0;. The element Si can be ascribed to the silicon wafer
that supports the sample. Thermogravimetric analysis
(TGA) was performed to obtain the composition of sample
HC 2. There is a phenomenon of an increase in mass be-
tween 182 and 280 °C (Figure S3). It was deduced that
Fe;0, is oxidised to form Fe,Oj5 in air which further reveals
that iron oxide should be Fe;O, instead of y-Fe,Os3. From
Figure S4, we can calculate that the Fe;O,4 and carbon con-
tents in sample HC 2 are about 70.9 and 29.1 wt.-%, respec-
tively.

The porous characteristics of sample HC2 were charac-
terised by nitrogen physisorption. The N, adsorption-
desorption isotherm exhibits a hysteresis loop in the relative
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Figure 3. XRD patterns (A) and EDS (B) of MCHMs (HC 2) pre-
pared by USP.

pressure (P/P°) range of 0.45-0.9 (Figure 4, A) with a Bru-
nauer-Emmett-Teller (BET) surface area of 36.4 m>g ™ '. As
illustrated by the pore size distribution displayed in Fig-
ure 4 (B), this porosity consists of mesopores with sizes of
2-6 nm (two distinct pore distribution peaks at 2.6 and
4.0nm). The Barett-Joyner-Halenda (BJH) desorption
average pore size is 7.0 nm and the single-point adsorption
total volume at P/P, = 0.994 is 0.083 cm3g~!.
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Figure 4. (A) Nitrogen adsorption isotherm and (B) pore size dis-
tributions of sample HC 2.
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In order to investigate the formation mechanism of
MCHMs, controlled experiments were carried out. No
black product could be obtained if an aqueous solution of
citric acid was used as a precursor. A brick-red product was
generated by USP of aqueous ferrous chloride (HC 0). The
results of SEM revealed that crushed hollow spheres were
formed (data not show). When a saturated aqueous ferric
citrate solution was used as a precursor (HC 3), carbon-
magnetite hollow microspheres (similar to sample HC 2)
were formed. As shown in Table 1, the initial concentration
of ferrous chloride had little effect on the C/Fe atomic ratio
in the MCHMs (HC 1 and 2) which meant both carbon
and Fe;O4 may be in situ generated from the pyrolysis of
iron citrate (formed in the reaction between citric acid and
ferrous chloride) (Figure 5).

Table 1. Synthetic conditions for preparation of the samples.

Sample Reactant and Morphology®™  The average
concentration atom ratio
FeCl, citric acid C:Feld
HCO0 0.08 Mm C-hollow
HC 1 0.08 M 04 ™M hollow 34.1:65.9
HC2 0.56 M 04 M hollow 38.1:61.9
HC 3 hollow

[a] Only saturated aqueous ferric citrate was used as a precursor.
[b] C-Hollow indicates crushed-hollow spheres. [c] The average
atom ratio of C/Fe was measured by EDS.

Iron citrate Fe;O, nanoparticles

@ 3

—_—

Citrate acid solution Carbon

Figure 5. Proposed formation mechanism of MCHMs by USP.

Based on the above discussions, the following scenario
can be envisioned for the formation of MCHMs (Figure 4).
(1) The rapid evaporation of water favours the surface pre-
cipitation of dissolved components. The low solubility of
iron citrate compared with that of free citric acid, promotes
the initial precipitation of the iron citrate solid shell. (2)
When the droplet temperature increases, the exterior iron
citrate decomposes to generate magnetite and carbon. How-
ever, the interior citric acid does not decompose as revealed
by the fact that no carbon formed by USP originated from
a single citric acid aqueous solution. (3) MCHMs are
formed from the dissolved and unreacted components (e.g.
citric acid) in water.['") As for bubble-like spheres, the pos-
sible reason maybe lies in the generation of a gaseous prod-
uct (e.g. CO, or H-O, etc.) during the decomposition of
iron citric as indicated in Figure 1 (E). Since both carbon
and Fe;0, are formed in situ, Fe;O4 nanoparticles are uni-
formly dispersed in the walls of MCHMs (Figure 1).

The magnetic properties of the MCHMs were character-
ised using VSM. As shown in part A of Figure 6, MCHMs
(sample HC 2) exhibit ferromagnetism with M, =
48.2 emug !, remnant magnetisation M, = 9.2 emug ! and
a coercive field H, = 173 Oe. The reason that M, is lower
3005
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than that of bulk Fe;0,4 (92 emug "1 can be attributed
to the small size of Fe;O, nanoparticles!'>??! and the pres-
ence of a nonmagnetic component.

A -

M (emu/g)

310000 0
H (Oe)

-60 1
-20000 10000 20000

Figure 6. (A) The M-H hysteresis loop for MCHMs (sample HC
2): before (line 1) and after (line 2) acid treatment (pH = 1) at room
temperature for 10 d. (B) The TEM image of sample in line 2.

To test the durability of prepared MCHMs under acidic
conditions, they were immersed in an excess of aqueous
HCI at room temperature. After such treatment (pH = 1)
for 10 d, My, M, and H, of sample HC 2 were 35.9 emug ™!,
2.1 emug~! and 34 Oe, respectively (Line 2 of Figure 6, A).
The TEM images (Figure 6, B) further demonstrate that
Fe;0,4 nanoparticles still exist after acid treatment. On the
contrary, HC 0 (i.e. pure iron oxide without carbon protec-
tion) gradually dissolved in aqueous HCl (pH = 1). The
reason may be that Fe;O4 nanoparticles are dispersed in
the carbon shell to form MCHMs. Our MCHMs should,
therefore, have potential applications in acidic conditions
(pH = 1) due to their high durability.

The FTIR spectrum was used to identify the functional
groups present on the MCHMSs’ surface and this directly
determines their dispersibility in various solvents. Overall,
in the range of 1000-3500 cm™!, the spectrum is similar to
that of the carbon spheres obtained by the hydrothermal
treatment of aqueous glucose.’?l As shown in part A of
Figure 7, the bands at 3400 and 1625 cm™' can be assigned
to the O-H and C=C functions, respectively. The bands in
the 1000-1400 cm™! range can attributed to C—-OH stretch-
ing and O—H bending vibrations. It should be noted that
the bands at 2925 and 2855 cm™!, which can be assigned to
hydrogen bonded sp? carbon,['8] are stronger than those of
the pure carbon sphere*® while the band at 1710 cm™!
(C=0) has almost disappeared. The reason maybe lies in
the relatively higher reaction temperature (700 vs. 180 °C)
which leads to more complete carbonisation.!'8! The band
at 570 cm™! can be assigned to Fe;04!'®! which is consistent
with the results of XRD (Figure 3, A). The dispersibility of
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MCHMs was investigated by dispersing sample HC 2 in
various solvents. Thanks to the presence of OH, C=C and
CH groups in MCHMs, they exhibit good dispersibility in
both polar and nonpolar solvents, widening their use to a
considerable extent. As shown in Figure 7 (B), sample HC
2 can be well dispersed in polar solvents (such as methanol
and ethanol) or nonpolar solvents (e.g. tetrachloroethylene)
since Fe30,4 nanoparticles are uniformly dispersed in a car-
bon shell to form MCHMs.

Transmittance (a.u.)

O-H
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 7. FTIR spectrum of sample HC 2; (B): photographs of
sample HC 2 suspensions in methanol, ethanol and tetrachloroeth-
ylene (from left to right).

Conclusions

This is the first report of a rapid one-step, template-free,
and continuous route leading to MCHMSs. Based on the
phenomenon that surface enrichment of some components
(i.e. formation of hollow spheres) could take place when
aerosol pyrolysis of multicomponent systems occurs,
MCHMs are produced by USP of aqueous solutions con-
taining ferrous chloride and citric acid. Different from
other carbon-magnetite composites, Fe;O, nanoparticles
(the size is in the range of 8-20 nm) are dispersed in the
shells of MCHMs. Compared with solid carbon-magnetite
composites, the lower density, larger surface areas and
unique structures with hollow interiors, combined with the
good durability and dispersibility of our MCHMSs should
lead to wide applications in waste removal, immobilisation
of biomolecules and catalyst supports etc. This route can
probably be extended to prepare other carbon-protected
functional composites.

Eur. J. Inorg. Chem. 2009, 3003-3007
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Experimental Section

Preparation of MCHMSs by USP: The USP experimental setup was
similar to that used by Suslick’s group.?*28! In a typical experi-
ment, citric acid and ferrous chloride were added to deionised
water, with magnetic stirring, to form a precursor solution
(Table 1). A Yuyue ultrasonic nebuliser was used to nebulise the
precursor solution into a fine mist. The furnace temperature was
set at 700 °C with a nitrogen flow rate of 2 SLPM (standard litres
per minute). After collection in a water-filled beaker, the black
product was separated by using a magnet. Finally, a black sample
was prepared for further analysis by washing with deionised water
and then ethanol three more times.

Acid-Resistance of MCHMs: In order to test their acid-resistance,
samples (HC 0 and HC 2) were immersed in an excess of aqueous
HCI (pH = 1) at room temperature for 10 d. Different from HC 2,
HC 0 gradually dissolved accompanied by formation of a light yel-
low solution. After washing with deionised water and then ethanol
three more times, the black sample was collected for further analy-
sis.

Dispersibility of MCHMs: The dispersibility of carbon-magnetite
hollow microspheres in various solvents was investigated as follows:
briefly, sample HC 2 (0.05 g) was dissolved in methanol, ethanol
and tetrachloroethylene.

Characterisation: X-ray diffraction (XRD) patterns were obtained
by using a Rigaku Dmax2000 instrument with Cu-K, radiation.
The morphology of the samples was examined by scanning (SEM,
XL30ESEM FEG) and transmission (TEM, JEOL 2010) electron
microscopy. The magnetic hysteresis loops of the samples were re-
corded on a vibrating sample magnetometer (VSM LDJ-9600).
Fourier transform infrared spectra (FTIR) of the samples were re-
corded at ambient temperature on a Nicolet 560 Fourier transform
infrared spectrometer with a resolution factor of £0.1 cm™! Ther-
mogravimetric analyses (TGA) were carried out using Perkin—El-
mer thermal analysis equipment.
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