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Monodisperse magnetite nanospheres with hollow interior structure were synthesized through one-pot solvothermal pro-
cess, in an isothermal environment at 200°C for 12 h, using a sole iron precursor (FeCl;.6H,0) and without any tem-
plate. We demonstrated the development of hollow structure of magnetite spheres by characterizing systematically the
changes of morphology and crystal structure for different processing times. We also provided the cross-sectional images
of the Fe;0,4 spheres at different processing times to visualize the hollowing process inside the spheres with time. A
detailed process mechanism to form the hollow structure of magnetite spheres was proposed, combining the formation
of numerous tiny grains, the spherical assembly of those grains and the chemical conversion of the Fe (Ill) compounds
to generate Fe;0, simultaneously coupled with the Ostwald ripening process within the magnetite spheres. © 2013
American Institute of Chemical Engineers AIChE J, 59: 3594-3600, 2013
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Introduction

Magnetite nanoparticles are of great interest for researchers
in biotechnology/biomedicine fields because of their various
applications such as targeted drug delivery for antitumor ther-
apy, hyperthermia treatment of cancer cells, enzymatic assays
and activity agent for medical diagnostics.'™ These applica-
tions of nanoparticles demand the properties of specific and
uniform particle size, shape, surface structure as well as strong
magnetic properties. Recently, monodisperse magnetite hol-
low particles have emerged as an ideal candidate for biomedi-
cal applications, because they integrate their unique magnetic
properties with the valuable characteristics of hollow structure
including low density, high surface-to-volume ratio and, spe-
cifically, high capacity for encapsulating various chemicals
such as drugs, proteins, and genetic materials.

Generally, the synthetic strategies for the magnetite hollow
structures can be roughly categorized into two methods: tem-
plate and template-free approaches. The template method
involves the precipitation of precursors or shell materials onto
the template surface through various chemical or physical
interactions between the shell layer and core template, fol-
lowed by a post-treatment to form compact shell and to selec-
tively remove templates to obtain the hollow structure.®
Caruso et al.” prepared the composite core—shell and hollow
magnetite spheres by coating polystyrene template with a mix-
ture of magnetite nanoparticles and polyelectrolytes in aque-
ous solution to make sequential multilayers. The thickness of
the deposited multilayers was controlled by either the number
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of adsorption cycles performed or the polyelectrolyte inter-
layer separation between each nanoparticle layer. Another
study reported the synthesis of mesoporous magnetite hollow
spheres by a direct chemical adsorption/precipitation of Fe?*
precursor on carboxyl-functionalized polystyrene templates.®
The hollow core diameter was mainly determined by the diam-
eter of the polymer beads and the thickness of the magnetite
shell layer was controlled by the concentration of the Fe pre-
cursor. Peng and Sun’ controlled the oxidation of Fe template
to synthesize Fe-Fe;O,4 core/shell and Fe;O4 hollow nanopar-
ticle. The Fe template itself was involved as a reactant in the
synthesis of the Fe;O,4 shell material and, thus, simultaneously
played the role of structure-directing scaffold and precursor
for the Fe;O,4 shell. Even though the template method has
been proven as very effective and versatile method to synthe-
size the hollow structure, it exhibits the difficulties in term of
achieving high product yield, removing the template com-
pletely and refilling the hollow interior with functional species
simultaneously. Other disadvantages are related to high cost
and tedious synthetic procedures which have impeded the
large-scale production.

Recently, one template-free method to prepare inorganic
hollow interior nanostructure has been developed based on
the oriented attachment of many primary nanoparticles and
subsequent Ostwald ripening.10 It was proposed for the first
time in the synthesis of anatase phase TiOz,11 and then has
been applied to synthesize various kinds of materials such as
Cu20,12 7Zn0,"? and Sn02.14 This method involves the for-
mation of aggregates from many primary nanoparticles and
the gradual outward migration of inner primary nanoparticles
through a dissolution-relocation process. Liu et al.’® prepared
the magnetite hollow nanospheres from FeCl;-6H,O and
anhydrous sodium acetate in ethylene glycol solution and
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rationalized the spontaneous dissolution-relocation of the
particle interiors by considering the different acetate chela-
tion modes between the outer and inner particles. Similarly,
Zhu et al.'® synthesized the magnetite hollow spheres in the
presence of ethylenediamine (EDA) and proposed that EDA
acted as a surfactant in ethylene glycol solution to form a
layer on the surface of Fe;O4 nanocrystals and induced the
assembly those nanocrystals to form loose aggregates which
were subjected to the Ostwald ripening for the formation of
hollow structure. Hu et al.'” used ammonium acetate as a
structure-directing agent and proved that ammonium acetate
could generate many bubbles inside solution which provided
the heterogeneous nucleation center for newly formed nano-
particles to build aggregates and, thus, some bubbles were
remaining in the interior of the aggregates. Since the driving
force for the Ostwald ripening could be attributed to the
intrinsic density variations inside the solid aggregates, the
presence of bubbles could significantly accelerate the out-
ward migration of inner nanoparticles to generate the hollow
structure. Different ammonium compounds, including urea,
ammonia and ammonia bicarbonate which could generate
gas bubbles were applied to synthesize the hollow
spheres.'”™"” This recent approach provides an effective pro-
tocol to prepare hollow structures with high versatility for
adjusting the size and inner structure. The relatively high-
reaction temperature of this system favors the particles with
a high crystallinity and, thus, a high magnetization to be
applied for biomaterial diagnostics and therapy.

Although the hollowing process could be explained by
Ostwald ripening, it should be notified, based on the litera-
ture survey, that the initial growth stage of magnetite nano-
particles was not clearly elucidated. Questions about the
hollowing development still remain, and more systematic
studies are required to understand this intriguing process.
Herein, we analyzed the generation and growth of Fe;Oy4
hollow spheres systematically by observing the changes of
morphology and crystal structure for different processing
times until the hollow structures of the Fe;O, nanoparticles
were fully developed. Ultra-high resolution SEM, TEM,
XRD, FTIR and VSM measurements were conducted to
characterize the evolution of magnetite Fe;O4 hollow par-
ticles. We also provided the cross-sectional images of Fe;O4
spheres for different processing times to visualize clearly the
hollowing process inside the spheres.

Experimental Section

To investigate the formation mechanism of Fe;O, hollow
spheres, we explored the growth process by monitoring the
morphology and crystal structure of the product particles col-
lected for various processing times. Typically, a solution of
ethylene glycol (CoH4(OH),, J. T. Baker, AR) containing 0.1
M of FeCl;-6H,0 (Sigma-Aldrich, >98%) and 1 M of
ammonium acetate (CH;COONH, or NH4Ac, Sigma, >98%)
was well mixed and then transferred to a Teflon-lined auto-
clave cell. The autoclave cell was kept inside an oven of
high temperature to guarantee the uniform temperature inside
the cell. The temperature of solution inside the cell was
maintained at 200°C for different processing times. After the
scheduled processing time, the autoclave cell was cooled to
room temperature by using tap water. The product particles
were obtained by centrifuging and washing with ethanol and
water for several times and then were dried in a vacuum
oven at 60°C for 6 h before characterization.
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The SEM measurements of surface and cross section of
the product particles were carried out with a Hitachi S-4800
ultra-high resolution SEM equipment using a 15 kV electron
beam with the resolution of 1 nm. The TEM images of those
particles were taken by a JEOL JEM-2011 transmission elec-
tron microscope. Powder XRD patterns were recorded with a
Philips X’Pert PRO MPD X-ray diffractometer using Cu Ko
radiation (4 = 1.54060 A, 40 kV, 30 mA). The samples were
scanned in step of 0.017° in the 20 range of 20-80°. The
FTIR spectra were obtained with an EXCALIBER UMA-500
spectrophotometer by using KBr pellet method. The mag-
netic properties of the product particles were measured with
a Lake Shore £7300 vibrating sample magnetometer.

Results and Discussion

The morphology and structure of the product particles
obtained at 200°C in the oven for 12 h were investigated by
SEM and TEM measurements as shown in Figure 1.
Figure la shows a formation of a large quantity of spheres
with an average diameter of 300 nm. From the magnified
image (Figure 1b), it should be noticed that the spheres were
composed of many smaller grains. Some broken spheres and
many holes on the surface of particles were -clearly
observed, confirming the formation of particles with solid
shell. The hollow structure of the product particles was
observed by the TEM measurements as shown in Figures lc
and 1d. An intensive contrast between the black margin and
the bright center of the particles indicates the existence of
hollow structure in the resulting spheres. Figures 1c and 1d
reveal that the particles were of uniform hollow spheres with
the average shell thickness of 40 nm from TEM
measurements.

We investigated the changes of particle morphology and
structure for different processing times by SEM measure-
ments as shown in Figure 2. The SEM image of particles
after 0.5 h (Figure 2a) presents a sand-like bulk morphology
compactly packed by numerous tiny grains, while the SEM
image of product particles after 1 h (Figure 2b) shows the
seaweed-like bulk morphology with many tiny grains. We
could find a sudden emergence of rough spherical particles
with uniform diameter of about 300 nm, mainly around the
leaf edges of the seaweed-like bulk morphology. Inset of
Figure 2b indicates that the spherical particles were formed
with the assembly of many tiny grains. The following sam-
ples at 3 h and 6 h showed an increase in the number of
spherical particles. After 8 h (Figure 2e), clear large-sized
spheres without sand-like grain matrix were observed, which
means all grains have transformed into the large-sized
spheres. The SEM image of particles obtained after 10 h
(Figure 2f) shows the formation of a large amount of regular
spheres with high uniformity. Some spheres with many holes
on the surface were clearly observed after 10 h.

Figure 3 shows the XRD patterns of the product particles
synthesized at 200°C for various processing times. The XRD
diffraction peaks of particles obtained at 200°C after 12 h are
shown in Figure 3g and can be well indexed to the faced-
center cubic structure of Fe;Oy4 (reoference code:
01-088-0315) with lattice constants of 8.375 A. No peak cor-
responding to the hematite or other impurities was detected,
indicating the formation of pure magnetite products. It should
be noticed that the particles obtained for 0.5 h showed poor
crystallinity and no XRD peak was observed. Along with
the formation of spheres, the XRD peaks at 20 = 35.49°
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Figure 1. Representative (a,b) SEM and (c,d) TEM images of the magnetic nanoparticles prepared for 12 h in oven
at 200°C.

corresponding to the (311) face of the magnetite appeared
after 1 h of the processing time. The increase of processing
time led to the appearance of the XRD peaks at 20 = 30.13,
43.16, 57.04, and 62.64° corresponding to the (220), (400),
(511) and (440) faces of Fe30, structures, respectively. These
peaks became sharper with the increase of processing time
and all peaks were clearly observed after 8 h.

Figure 4 presents the FTIR spectra of particles prepared for
different processing times. Samples obtained until 6 h showed
the gradually reduced absorption peaks at 1576 cm™ ', 1445
ecm” ' and 1089 cm ™' with time due to asymmetric, symmet-
ric stretching of the COO— group and C—O stretching of the
COO— group, respectively.20 Several peaks below 800 cm ™!
are attributed to Fe-O modes due to the mixed phase of Fe
compounds.?'** The peak at 530 cm™ ' is assigned to the
hydroxyl-bridge of Fe—OH.?'"*? These indicate that chloride
(—Cl) groups in iron precursors were substituted after 0.5 h
by hydroxyl (—OH) and acetate (—Ac) groups which have
higher affinities to Fe (IIT) ions than chloride to give a precipi-
tate. Some water molecules which were derived from Fe pre-
cursor (FeCl;-6H,O) might adsorb on the precipitate grains
and act as the binder for the further assembly between grains
to form the large-sized spheres.23 After 8 h, the peaks corre-
sponding to acetate groups faded away and became difficult
to be recognized. The peak at nearly 584 cm~ ' due to the
Fe—O lattice mode of Fe;O, appeared and was gradually
sharpened with time.** Along with the disappearance of ace-
tate bands with time, we observed visually that the color of
product particles changed from brown (before 1 h) to brown-
ish black (3 h, 6 h), and finally to black (from 8 h) during the
experiments. A brown precipitate which was observed before
1 h implied that the samples dominantly consisted of Fe (III)
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coordinated acetate compounds which are generally denoted
here as Fe(Ac),(OH)s;_ (with x =1—3). The color change
from brown to black implied the increase of newly formed
magnetite. The amount of magnetite phase gradually
increased and caused the darkening of the precipitates.
Finally, the pure black precipitant implied the predominance
of the magnetite phase which was consistent with XRD and
FTIR measurements.

Magnetic measurements of the magnetite nanoparticles
prepared for different processing times are shown in Figure
5. After 0.5 h, the precipitate responded very weak to an
applied field with a weak magnetization saturation of about
2 emu g~ ', which means that just a small amount of magne-
tite particles exists. The magnetization saturation increased
with time, consistent with the formation of more magnetite.
A typical hysteresis loop was observed for all samples after
1 h, indicating a ferromagnetic behavior at room tempera-
ture. After 12 h, the hollow spheres showed a saturation
magnetization of 81 emu gfl, a remanent magnetization of
about 22 emu g ' and coercivity of about 200 Oe. The
assembly of numerous small grains into hollow spheres built
a multidomain structure of hollow spheres and, thus, caused
the ferromagnetic behavior. The saturation magnetization of
81 emu g{1 here is high enough for particles to be easily
manipulated by an external magnetic field and to be widely
applied to cancer cell diagnosis and treatment.

Figure 6 shows the TEM images of product particles in
the left-hand side and the corresponding SEM images of
their cross-sectional structures in the right-hand side, respec-
tively, for different processing times. To observe the cross-
sectional structures of the magnetite particles for different
processing times, the particles obtained were dispersed in
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Figure 2. Representative SEM images of the product particles prepared for (a) 0.5 h, (b) 1 h, (c) 3 h, (d) 6 h, (e) 8 h,

and (f) 10 h in oven at 200°C.

Insets in parts (a), (b) and (f) show the magnified SEM images of typical particles obtained after 0.5 h, 1 h and 10 h, respectively.

epoxy molds and then the epoxy molds were polished by
diamond paper until the cross-sectional structures were
exposed. The TEM and SEM images show the obvious
changes of surface morphology and interior cavity of the
particles with processing time. From Figure 6a and 6b, it
seems that spherical particles with a compact core were
obtained for the processing time of 6 h. The spheres were
then followed by a solid core evacuation when the process-
ing time increased. Many small cavities appeared inside for
the spheres obtained after 8 h (Figure 6d). The hollowing
effect was clearly observed for those spheres with a longer
processing time of 10 h (Figures 6e and 6f). The cavities
merged together and occupied the central core. The inner
space of the spheres increased further when the reaction time
was prolonged to 12 h (Figures 6g and 6 h), indicating a
continuous expansion of the central empty core. After 12 h,
the hollow structure was well developed, but some small
cavities were still trapped inside the solid shell, making the
shell structure porous. It should be noticed that the hollow-
ing process took place simultaneously with the chemical
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conversion process which was indicated by the intensive
changes of XRD and FTIR data in Figures 3 and 4.

From all aforementioned observations, the formation
mechanism of the magnetite hollow particles was proposed
as shown in Figure 7. The formation mechanism comprised
several different steps including the generation of sand-like
bulk morphology compactly packed by numerous tiny grains,
the formation of spherical particles by gathering of many
small grains and the development of hollow structure based
on the chemical conversion simultaneously coupled with the
Ostwald ripening process. First, Fe (III) chloride reacted
with ammonium acetate to give a sand-like precipitate of
Fe(Ac)x(OH);_, as shown in Eq. 1

FeCls - 6H,0 + xNH4Ac — Fe(Ac),(OH),_, + xNH4Cl
+(3-x)HCI + (3+x)H,0
(D

Due to the interactions between bulk material and solu-
tion, the sand-like bulk materials were transformed into the

DOI 10.1002/aic 3597



(311)
(440)
(220) (400) )
(9) |
U] '
(e)
(d)
(c)
(b)
Mwwwmwmw
I % T L T '
20 40 80 80
Position (2 theta)

Figure 3. XRD patterns of the product particles pre-
pared for (a) 0.5 h, (b) 1 h, (c) 3 h, (d) 6 h, (e)
8 h, (f) 10 h, and (g) 12 h in oven at 200°C.

seaweed-like bulk and, specifically, at the edge of the
seaweed-like bulk, the assembly of tiny grains was gradually
separated from the bulk material and then suspended into the
ethylene glycol medium. The high viscosity of ethylene gly-
col solvent allowed the tiny grains to find the lowest energy
configuration interface and assemble to become spherical
particles with uniform size."®* Our observation was consist-
ent with previous studies on the formation of spherical
aggregations of metal oxide nanoparticles in nonaqueous
solution.""™"* The nparticle size and morphology of the
spheres mainly depended on the properties of solvents.'®?

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 4. FTIR spectra of the product particles pre-
pared for (a) 0.5 h, (b) 1 h, (c) 3 h, (d) 6 h, (e)
8 h, (f) 10 h, and (g) 12 h in oven at 200°C.
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Figure 5. Room-temperature magnetization curves of
the product particles prepared for (a) 0.5 h,
(b) 1 h, () 3 h, (d) 6h, (e) 8h, () 10 h, and (g)
12 h in oven at 200°C.

images and corresponding cross-

Figure 6. TEM
sectional SEM images of the product par-
ticles prepared for (a, b) 6 h, (c, d) 8 h, (e, f)
10 h, and (g, h) 12 h in oven at 200°C,
respectively.

October 2013 Vol. 59, No. 10 AIChE Journal



Formation of sand-like bulk morphology

Transformation of the sand-like bulk
morphology to seaweed-like morphology
and the formation of large-sized spheres |—

composed of numerous tiny grains

Precursors
FeCl;.6H,0
NH,Ac
C2H4(OH,2

by the breakage from the leaf edges of the
seaweed structure

Evolution of the hollow spheres
by chemical conversion coupled with
Ostwald ripening process

Figure 7. Schematic of the particle formation and the hollow structure development in solvothermal process.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]

We believe that the chemical conversion processes such as
partial reduction reaction of the Fe(Ac),(OH);_, compounds
to generate the Fe (II) compounds (denoted as Fe(Ac),
(OH),—y with y = 1-2 and y<x) and subsequent hydrolysis
and dehydrolysis reactions of those Fe (III) and Fe (II)
compounds at elevated temperature should be involved to
form the Fe;O, nanoparticles.">'® The plausible chemical
reactions involved in this process can be summarized as
follows

2Fe(Ac), (OH )sx + 2C,H, (OH),
— 2Fe(Ac),(OH),., + CH;COCOCH;  (2)
+ (4+2y-2x )H,0 + (2x-2y )HAc
Fe(Ac),(OH),_, +xH,O — Fe(OH), + xHAc  (3)
Fe(Ac),(OH),., + yH,O — Fe(OH), + yHAc (4

2Fe(OH), + Fe (HO), — Fe304 + 4H,0 (5)

Water involved with the hydrolysis reactions 3 and 4,
could be derived from FeCl;.6H,O and be generated from
the decomposition of ammonium acetate®® (NH,OOCCH; —
NH,COCH; + H,0) and also by the aforementioned chemi-
cal reactions 2 and 5. The water molecules generated by the
chemical reactions 2 and 5 were not enough to make these
hydrolysis reactions complete and some water molecules
should be supplied to the spherical particles by diffusion
from the ethylene glycol solution. The chemical reactions 2—
5, therefore, took place progressively from the particle sur-
face and to the core, leaving behind the converted materials.
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Since the formation of hollow structure occurred simulta-
neously with the chemical conversion of solid material, we
believed that the chemical conversion should be accounted
as an important factor for the hollowing process. The chemi-
cal conversions from Fe(Ac),(OH)s;_, to Fe(OH)s;, Fe(OH),,
and Fe;O, caused a little shrinkage of the grain size and
thus made more voids between the grains inside the spheres.
Those reduced grains around the exterior surface of spheres
tended to shrink inward to make more stable and dense
structures of grains and robust surface of spheres. However,
the outer grains could not shrink inward any more after cer-
tain shrinkage, because the reduced grains become to have
the compact structures between grains, and they become the
exterior surface of solid shell spheres. Continuous chemical
conversion process for inner grains would also make a little
shrinkage of the grain size and more voids between grains
and lead to the formation of loose package of grains.
According to the Gibbs-Thompson equation and Fick’s first
law, the chemical potential of particle increases with the
decrease in particle size, meaning that the equilibrium solute
concentration surrounding a small particle would be higher
than that surrounding a larger one. The resulting concentra-
tion gradients would lead to the diffusion of molecular-scale
species from smaller particles to larger particles through
solution.””*® The diffusion of solute component was quite
important for the Ostwald ripening process to develop the
hollow structure. For the hollow spheres with an average
particle diameter of about 300 nm and shell thickness of
about 40 nm, the diffusion distance would be 110 nm from
the center to the inner surface of shell. Considering the
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solubility of inner reduced grains and the diffusivity of sol-
utes at the high processing temperature of 200°C for the rel-
atively long processing time of 12 h, the inner grains would
dissolve into the solution and then diffuse to the outer stable
shell for the nanoscale diffusion distance by the Ostwald rip-
ening process. The outward migration of the inner grains
would result in continuous expansion of cavity space inside
the spherical particles. Finally, the hollow structure was well
developed with the complete chemical conversions of core
grains.

Conclusions

The magnetite hollow spheres with the average diameter
of 300 nm and the shell thickness of 40 nm were success-
fully synthesized through one-pot solvothermal process with-
out any surfactant and template in an isothermal oven at
200°C for 12 h. Those particles were ferromagnetic with a
high saturation magnetization of 81 emu g~ '. The formation
mechanism of the magnetite hollow spheres comprised
simultaneous chemical and physical processes including the
formation of numerous tiny grains, the spherical assembly of
those grains and the chemical conversion coupled with the
relocation of the grains. The chemical conversion including
a partially reductive reaction of the Fe (III) compounds and
subsequent hydrolysis and dehydrolysis reactions of the Fe
(III) and Fe (II) compounds to generate Fe;O,4 caused the
nonuniformities of tiny grains and the empty spaces within
the spherical assemblies and thus enhanced the outward
migration and relocation of the core grains toward the outer
layer, resulting in the formation and expansion of the hollow
core structure. We believe similar analysis can be extended
for the development of hollow sphere structures with differ-
ent precursors by the solvothermal process.
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