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Abstract Composite nanoparticles can be synthe-
sized by coating a shell made of one material onto core
nanoparticles made of another material. Here we
report on a novel method for coating a magnetic iron
oxide onto the surface of core nanoparticles in an
aqueous suspension. The method is based on the
heterogeneous nucleation of an initial product of Fe**/
Fe>* co-precipitation on the core nanoparticles. The
close control of the supersaturation of the precipitating
species required for an exclusively heterogeneous
nucleation and the growth of the shell were achieved
by immobilizing the reactive Fe* ions in a nitrate
complex with urea ([Fe((CO(NH,),)6](NO3)3) and by
using solid Mg(OH), as the precipitating reagent. The
slow thermal decomposition of the complex at 60 °C
homogeneously releases the reactive Fe*" ions into
the suspension of the core nanoparticles. The key stage
of the process is the thermal hydrolysis of the released
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Fe’™ jons prior to the addition of Mg(OH),. The
thermal hydrolysis results in the formation of
v-FeOOH, exclusively at the surfaces of the core
nanoparticles. After the addition of the solid hydroxide
Mg(OH),, the pH increases and at pH ~ 5.7 the Fe*"
precipitates and reacts with the y-FeOOH to form
magnetic iron oxide with a spinel structure (spinel
ferrite) at the surfaces of the core nanoparticles. The
proposed low-temperature method for the synthesis of
composite nanoparticles is capable of forming well-
defined interfaces between the two components, impor-
tant for the coupling of the different properties. The
procedure is environmentally friendly, inexpensive,
and appropriate for scaling up to mass production.

Keywords Composite nanoparticles - Core—shell -
Co-precipitation - Iron oxide - Maghemite - Magnetic
nanoparticles - Colloids

Introduction

Composite nanoparticles showing multiple discrete
functionalities integrated into a single nano-unit have
recently been the subject of intense research because
they could have widespread uses in advanced medical
and other technological applications. While the prop-
erties of single-phase nanoparticles depend primarily
on the intrinsic properties of the material they are
made of, on their size and shape, the properties of
composite nanoparticles can be modified on the basis
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of interactions between the different properties in the
materials being coupled. This coupling of the proper-
ties of different functional materials inside composite
nanoparticles can lead to greatly improved or even
completely new properties. In particular, composite
nanoparticles combining two magnetically different
materials (bi-magnetic nanoparticles) (Lopez-Ortega
etal. 2015; Song and Zhang 2012; Estrader et al. 2013;
Lee et al. 2011; Wang et al. 2010; Meffre et al. 2012;
Primc and Makovec 2015) or synergetically combin-
ing a magnetic material with a material of another
functionality, e.g., ferroelectric (Corral-Flores et al.
2010; Guduru et al. 2013), catalytic (Cheng et al.
2013; Zhou et al. 2010; Makovec et al. 2011), optical
(Dosev et al. 2007; Wang et al. 2011), or plasmonic
(Takahashi et al. 2015; Zhang et al. 2012), are
especially interesting. In the vast majority of such
multifunctional composite nanoparticles, the magnetic
core is covered with a shell of another functional
material. However, multifunctional core—shell
nanoparticles can also be composed of a magnetic
shell with cores of different materials, something that
has seldom been reported. Typically, the reported
methods involve the synthesis of spinel-ferrite shells
with the thermal decomposition of organometallic
compounds (e.g., metal acetylacetonate, metal-oleate
complex, iron pentacarbonyl) in a high-boiling-point
solvent (e.g., hexadecanediol, octadecene) (Song and
Zhang 2012; Estrader et al. 2013; Lee et al. 2011;
Wang et al. 2010; Meffre et al. 2012). The disadvan-
tages of these methods are relatively high complexity
and the need for expensive, frequently toxic, starting
materials. All this makes scaling up the synthesis to an
industrial level very difficult and raises environmental
issues.

Composite nanoparticles composed of a magnetic
shell at the core of a different material can also be
synthesized using the simple co-precipitation of metal
ions in an aqueous suspension of core nanoparticles
(Primc and Makovec 2015). The magnetic iron-oxide
shell can be formed by the heterogeneous nucleation
and growth of the product of a simple co-precipitation
of Fe*™/Fe** ions at the surfaces of the core nanopar-
ticles in their aqueous suspension. The process of co-
precipitation has been extensively studied, as it is the
basis for the method most frequently applied for the
synthesis of magnetic iron-oxide nanoparticles (Mas-
sart 1981; Thanh 2012). These iron-oxide nanoparti-
cles are applied in a variety of technologies, e.g., in
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ferrofluids (Blums et al. 1996), magnetic separation
(Borlido et al. 2013), and medicine (Thanh 2012), for
the detection, separation, or sorting of specific cells,
for contrast enhancement in magnetic resonance
imaging (MRI), for targeted drug delivery, and for
cancer treatments using magnetically mediated hyper-
thermia, etc. The synthesis of magnetic nanoparticles
with the co-precipitation of Fe**/Fe** ions from an
aqueous solution involves homogeneous nucleation,
which is the consequence of an uncontrolled, abrupt
supersaturation of the precipitating species. The
involved chemistry is actually quite complex and
depends significantly on the experimental conditions,
e.g., the reactant concentrations, the presence of
counter ions, the temperature, etc. (Cornell and
Schwertmann 2003). First, the Fe>" precipitates even
at a low pH of 2.8. Depending on the reaction
conditions, the precipitated Fe(IlIl) hydroxide trans-
forms into iron-oxide hydroxide (FeOOH). If the
FeOOH is in its y-FeOOH structural modification
(Iepidocrocite), it will react with the Fe(Il) hydroxide
precipitating at a pH above ~5.5 to form a magnetic
spinel ferrite, initially magnetite (Fe;O4), which
usually oxidizes to maghemite (y-Fe,O3;) when
exposed to the ambient air. If the thermodynamically
stable o-FeOOH (goethite) is formed after the precip-
itation of the Fe’", the magnetic phase will not be
formed, as it can only transform to nonmagnetic
hematite. Under acidic conditions, with a pH below
2.8, the Fe*" ions can also slowly precipitate due to
thermal hydrolysis at elevated temperatures (Cornell
and Schwertmann 2003).

To form the shell on the core nanoparticles in the
suspension, the precipitating species should heteroge-
neously nucleate and grow on the nanoparticle
surfaces. Any precipitate that will nucleate homoge-
neously in the solution will result in the formation of a
separate particle and not in deposition onto the core
nanoparticle as a shell. To enable an exclusively
heterogeneous nucleation during the precipitation, the
supersaturation of the precipitating species should be
carefully controlled. This supersaturation must be high
enough for the heterogeneous nucleation to proceed,
however, below the level required for a homogeneous
nucleation. In general, the supersaturation is defined
by the kinetics of the precipitation reactions and the
reactant concentrations (Sugimoto 2001). Ionic chem-
ical reactions in aqueous solutions, such as the
precipitation of Fe ions, are generally very fast and
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therefore difficult to control. To some extent, we can
say that the supersaturation only depends on the
concentrations of the reactants, which are very diffi-
cult to maintain homogeneously throughout the whole
reaction mixture, even when the mixing is very
intensive. An additional problem when controlling
the supersaturation during the co-precipitation is in the
difference of the pH value, where the two ions, i.e.,
Fe** (pH 2.8) and Fe** (pH ~ 6), precipitate.

In our previous paper (Primc and Makovec 2015), we
described the synthesis of bi-magnetic composite
nanoparticles with a coating of soft-magnetic, spinel-
ferrite, iron-oxide layers on a hard-magnetic, Ba-hexa-
ferrite (BaFe;,0;9) platelet core. Direct, exchange-
spring magnetic coupling between the hard-magnetic
core and the soft-magnetic shell resulted in a large
increase in the energy product IBHI,,,,,, a figure of merit
for the quality of magnets, by more than two times that of
the core. This method can also be used for the synthesis
of multifunctional composite nanoparticles by coating
the spinel-ferrite iron-oxide shell on core nanoparticles
of different functionalities. In this paper, we explain the
chemistry that enables the synthesis of composite
nanoparticles using the growth of the magnetic shell
with the co-precipitation of the Fe**/Fe*" ions onto the
core nanoparticles in the aqueous suspension. To make
the analysis of the product with transmission electron
microscopy (TEM) easier, we used amorphous silica
nanoparticles as the cores.

Experimental
Chemicals

Cabosil MP silica nanoparticles were purchased from
Degussa Evonic, whereas the iron (III) nitrate hepta
hydrate, iron (II) chloride, urea, magnesium hydrox-
ide, and (3-Aminopropyl)triethoxysilane (98 %) were
purchased from Alfa Aesar and used without further
purification. A nitrate complex of Fe’" with urea
([Fe((CO(NH,),)6](NO3)3), subsequently referred to
as Fe’T—urea, was synthesized according to the
procedure described in the literature (Asuha et al.
2009). In brief, Fe(NO3)3;-9H,O (0.012 mol) was
dissolved in ethanol (250 mL). Then, urea (0.1 mol)
dissolved in 100 mL of ethanol was admixed into the
Fe** ethanol solution. The complex formed as a green
precipitate. After stirring the mixture at room

temperature for 2 h, the precipitate was collected,
washed with ethanol, and dried for subsequent
reactions.

Preparation of aqueous suspensions of silica core
nanoparticles

The suspension was prepared by suspending silica
nanoparticles (0.8 mmol) in 50 mL of distilled water
with ultrasound agitation (Sonics Vibra cell™ ultra-
sonificator). The suspension remained stable due to the
high, negative zeta potential of the silica ({-potential
vs. pH; Figure SI1, Online Resource) that provides
strong electrostatic repulsive forces between the
nanoparticles. The globular nanoparticles had an
average diameter of approximately 25 nm (TEM
image; Figure SI2, Online Resource).

The suspension of the silica core nanoparticles with
a positive surface charge was prepared by grafting
hydrolyzed aminopropyl triethoxy silane (APS) onto
their surfaces (Campelj et al. 2009). The APS
(0.1 mmol) was dissolved in ethanol (10 mL) and
added into the aqueous suspension of the silica core
nanoparticles (0.8 mmol, 50 mL), while the suspen-
sion was vigorously stirred. After the pH of the
suspension was adjusted to 10.5 with diluted aqueous
ammonia, it was heated for 6 h at 60 °C. After the
reaction was completed, the silica core nanoparticles
were washed with water and acetone to remove the
unreacted hydrolyzed APS. The APS-grafted silica
core nanoparticles were dispersed in distilled water,
where the protonated amino groups of APS produced a
high, positive surface charge below the isoelectric
point at pH ~ 9 (Figure SI1, Online Resource).

Synthesis of composite nanoparticles

The suspension of silica core nanoparticles (0.8 mmol,
50 mL) heated to a temperature of 60 °C was bubbled
with argon to expel the dissolved oxygen. Then, a
Fe’"—urea complex (rn = 0.12 mmol) and FeCl,
(n = 0.06 mmol) were dissolved into the suspension,
leading to an initial pH of 2.2. The amounts of
reactants were calculated by assuming that a 3-nm-
thick shell would form on the 25-nm-sized, globular
core nanoparticles if all the Fe precursors would lead
to the formation of the shell. After an incubation time
t1, ranging from 0 to 60 min, 0.24 mmol of Mg(OH),
was added to the reaction mixture, resulting in an
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increase of the pH 2 h; after the addition of the
Mg(OH),, the reaction mixture was cooled down. The
whole procedure was performed under an inert argon
atmosphere. Finally, the synthesized nanocomposite
products were thoroughly washed with distilled water
and dried in vacuum at room temperature for the
analysis.

To obtain further insights into the mechanism of the
spinel-ferrite formation, small volumes (approxi-
mately 5 mL) of the intermediate products were
sampled during the early stages of the synthesis. The
sampled suspensions were centrifuged immediately
after sampling to separate the formed precipitates from
the solution of the non-reacted precursors. The
precipitates were washed with distilled water and re-
suspended in the ethanol for the subsequent analyses.
For measurements of the magnetic properties, the
samples were dried in vacuum at room temperature.
Table 1 lists the conditions used for the preparation of
the individual samples. The names of the samples are
composed of “S@Sil-xx-Sy,” where “xx” denotes the
incubation time ¢; and “Sy” denotes the stage of the
process when the sample was extracted from the
reaction mixture: S1—at the end of the first hydrolysis
stage, S2—during the second stage, and S3—at the
end of the deposition process (see text for details).

Characterization

The products were characterized using transmission
electron microscopy (TEM) in combination with

energy-dispersive X-ray spectroscopy (EDXS). For
the TEM analysis, the composite nanoparticles were
suspended in ethanol and deposited on a copper-grid-
supported, perforated, electron-transparent carbon
foil. A field-emission electron-source TEM JEOL
2010F equipped with an Oxford Instruments ISIS300
EDXS detector was operated at 200 kV. The EDXS
spectra were quantified using Oxford ISIS software
containing a library of virtual standards. The room-
temperature magnetization M as a function of the
magnetic field H of the dried samples was measured
using a Lake Shore 7307 VSM vibrating-sample
magnetometer. The zeta potentials of the suspended
silica core nanoparticles were measured with electro-
kinetic measurements using a ZetaPALS Brookhaven
Instruments Corporation Zeta-meter. In situ UV-Vis
measurements were made using a Hewlett—Packard
Model 8453 spectrometer.

Results and discussion
Thermal decomposition of the Fe®> —urea complex

During the co-precipitation of the Fe**/Fe®" ions from
the aqueous solution, magnetic iron oxide is formed in
the chain of chemical reactions and transformations
(Cornell and Schwertmann 2003). We assumed that
the final spinel-ferrite product remains as a coating at
the core surfaces if the first solid phase that appears as
a result of the precipitation (later referred to as the

Table 1 Conditions used for the synthesis of the samples, the detected phase after the precipitation of the Fe>™/Fe" ions, and the

type of nucleation

Sample t; (min) Sampling Nucleation Precipitated phase
S@Sil-10-S1 10 End of first stage HEN L

S@Sil-10-S2 10 Second stage HEN L,S
S@Sil-10-S3 10 Final sample HEN S

S@Sil-0-S2 0 Second stage HEN, HON S

S@Sil-0-S3 0 Final sample HEN, HON S

S@Sil-60-S1 60 End of first stage HEN, HON L, G

S@Sil-60-S2 60 Second stage HEN, HON L, G
S@Sil-60-S3 60 Final sample HEN, HON L, G

S@APS-Sil 10 Final sample HEN S

HON homogeneous nucleation in the solution, HEN heterogeneous nucleation at the surfaces of the core nanoparticles, S spinel ferrite

(7-Fe,03), L lepidocrocite (y-FeOOH), G goethite (a-FeOOH)
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initial product) is heterogeneously nucleated at the
core nanoparticles. The supersaturation needed for the
heterogeneous nucleation of the initial product at the
core nanoparticles is somewhat lower than that for the
homogeneous nucleation in the solution. To favor
heterogeneous nucleation of the initial product, its
supersaturation should therefore be kept low and
homogeneous throughout the whole reaction mixture.
However, when the reactions are very fast, as in the
case of the Fe*"/Fe*™ precipitation, it is very difficult
to maintain the homogeneity, even when intensive
stirring is applied.

To ensure a low and homogeneous supersaturation,
the reactive Fe’ " ions were immobilized into a nitrate
complex with urea [Fe((CO(NH,),)6](NO3); (Fe’ -
urea complex). The Fe®" ions were released from the
complex in a controlled manner during its slow
thermal decomposition. The non-homogeneity caused
by the non-ideal mixing was reduced, since the Fe*"
ions were released homogeneously throughout the
whole volume of the reaction mixture. We also
assumed that the immobilization of the Fe’" into a
complex would postpone its precipitation to higher pH
values, closer to that of the Fe’*t precipitation,
enabling the simultaneous precipitation of the two
ions.

Dissolving the Fe’™—urea complex in water
(1.5 mmol/L) resulted in a yellow solution of pH
2.2. At room temperature, the Fe3*_urea complex
remained stable, even when the pH was raised to the
values above 10, which is well above the value of 2.8
required for the precipitation of the unbound Fe®"
ions. Only when the solution of the Fe’'—urea
complex (pH 2.2) was heated to temperatures above
48 °C did the color change from yellow to dark
orange, indicating the thermal decomposition of the
complex and the release of the Fe’" ions. The
complex’s decomposition resulted in the release of
Fe*' ions, while the urea molecules most probably
remained intact, since urea only starts to decompose at
temperatures above 65 °C (Shaw and Bordeaux 1955).
The released Fe’™ ions in the aqueous medium
initially form the hexa-aqua ions [Fe(H,0)g]*>", which
at the elevated temperatures further hydrolyze to Fe
oxide hydroxide (FeOOH) (Cornell and Schwertmann
2003). The process of the complex’s decomposition
can therefore be described with the following chem-
ical reactions:

[Fe(CO(NHz)Z) 6} (NO3),
— Fe*(aq) + 3NO; (aq) + 6(NH,),CO

Fe'*(aq) — Fe(H,0)\ " (aq)

Fe(H,0); "(aq) — FeOOH + 4 — nH,0 + 3H*.

The thermal decomposition of the Fe®'—urea
complex at elevated temperatures was studied using
in situ UV-Vis spectroscopy (Figure SI3, Online
Resource). The results showed the start of the thermal
decomposition at 48 °C, while at temperatures above
55 °C the FeOOH starts to form as a result of the
thermal hydrolysis of the [Fe(HzO)G]pr ions. First, the
formation of the y-FeOOH phase was detected,
whereas at higher temperatures and after longer times
it partially transforms to the thermodynamically
stable a-FeOOH phase.

Synthesis of the magnetic iron-oxide shell
at the core nanoparticles

To deposit magnetic iron oxide onto the silica core
surfaces, the initial product of the precipitation should
nucleate exclusively heterogeneously at the core
surfaces and, at the same time, the precipitation
should proceed under conditions enabling the forma-
tion of the pure spinel-ferrite phase.

The process of deposition for the magnetic spinel
ferrite onto the core nanoparticles can be divided into
three stages. In the first stage, the stable aqueous
suspension of core nanoparticles containing the iron
precursors, i.e., the Fe*™—urea complex and the Fe*"
ions, was maintained at elevated temperature for the
incubation time needed for the decomposition of the
Fe’'—urea complex. Based on preliminary experi-
ments, the optimal temperature for the complex’s
decomposition was determined to be 60 °C. After the
incubation time, solid Mg(OH), was admixed into the
suspension. Mg(OH), displays a relatively low solu-
bility of 0.01 g/L (at 25 °C), which increases with the
temperature (Greenwood and Earnshaw 2006). When
the admixed Mg(OH), was slowly dissolved, the
hydroxyl ions were relatively homogeneously released
into the reaction mixture, resulting in a gradual
increase of the pH (Fig. 1). When the pH reaches a
value of approximately 5.7, the Fe*" jons start to
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precipitate, marking the beginning of the second stage
of the process. The third stage of the process begins
when the final pH is reached. The reaction mixture was
maintained at this final pH for 1.5 h.

The deposition process was analyzed by subtracting
the samples after each stage (see Fig. 1) and analyzing
them using TEM and magnetic measurements.

First stage of the deposition process

The color of the original suspension heated at 60 °C
slowly changed from white to pale yellow-orange due
to the decomposition of the Fe*™—urea complex and
the thermal hydrolysis of the released Fe* ions at the
low pH of 2.2.

Figure 2a, b shows TEM images of the intermediate
sample S@Sil-10-S1 retracted close to the end of the
first stage (see Fig. 1). The images show that the
surfaces of the silica cores are covered with small
nanoparticles of approximately 3 nm. The nanoparti-
cles were situated exclusively at the cores’ surfaces in
agreement with their formation via heterogeneous
nucleation, while no separate, homogeneously nucle-
ated particles were detected. EDXS analyses of the
silica with the precipitate confirmed the formation of
an Fe-rich phase (Figure SI4, Online Resource).
Quantification of the spectra recorded over a large
area of the material gave an average Fe/Si mass ratio
of 0.10 & 0.03. The electron diffraction (SAED)

1S3
. & "3
=
3 D
S
e V-FeOOH '
: © spinel ferrite !
0 20 40 60 80 100 120

t (min)

Fig. 1 pH versus time curve measured during the synthesis of
the S@Sil-10 samples (S1, S2, and S3 mark three stages of the
process, circles marked with 1, 2, and 3 show the subtraction
time of the samples S@Sil-10-S1, S@Sil-10-S2, and S@Sil-10-
S3, respectively)
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pattern taken from a larger area of the sample (Fig. 2c)
shows a prevailing diffuse ring of amorphous silica
and weak, sharper rings. During the thermal hydrolysis
of the Fe*™ ions in the acidic aqueous medium, either
v-FeOOH or o-FeOOH is expected (Cornell and
Schwertmann 2003; Fu et al. 2011; Navrotsky et al.
2008). The recorded SAED pattern matched with the
calculated pattern for the orthorhombic phase of
v-FeOOH (Fig. 2c). The formation of y-FeOOH with
the thermal hydrolysis of the Fe’" released from the
complex is also in accordance with UV-Vis spec-
troscopy (see Online Resource). Due to the presence of
FeOOH nanoparticles on the surfaces of the diamag-
netic silica, the sample S@Sil-10-S1 displayed weak
paramagnetic properties (Fig. 3).

Second stage of the deposition process

The first, hydrolysis stage of the process ends after the
addition of Mg(OH), gives rise to an increase in the
pH resulting in the precipitation of Fe*". At that point
in the process, the color of the suspension turns
brownish. The length of time allowed for the thermal
hydrolysis (the incubation time #;) influences the
initial slope of the pH versus time curve and the final
pH reached. In the case of a #; of 10 min, a pH of 5.7,
required for the Fe® precipitation, was obtained
within 9 min after the addition of the Mg(OH),
(Fig. 1). As the hydroxyl ions released with the
dissolution of Mg(OH), are consumed for the precip-
itation reaction, the slope of the curve decreased
(Fig. 1), marking the beginning of the second stage.
The second stage finishes after another 10 min, when a
final pH of 6.8 was reached (Fig. 1). Figure 2d shows
a representative TEM image of the sample S@Sil-10-
S2 extracted from the mixture immediately after the
pH reached 5.7 (Fig. 1). The size and the surface
concentration of the small nanoparticles on the silica
increased. Quantification of the EDXS spectra
recorded over a large area of the material gave an
average Fe/Si mass ratio of 0.20 &+ 0.05. A detailed
TEM examination revealed the absence of any homo-
geneously nucleated nanoparticles. The nanoparticles’
size increased from approximately 3 nm after the first
stage (sample S@Sil-10-S1), to approximately 5 nm
in the sample S@Sil-10-S2, and with the increased
size, the crystalline order also improved (Fig. 2e). The
periodicity of the lattice fringes marked in the image
of the nanoparticle in Fig. 2e corresponds to the (111)
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Fig. 2 Representative TEM images, HRTEM images, and the
corresponding electron diffraction patterns of the samples
extracted from the reaction mixture after different stages of
the deposition process: (a—c) sample S@Sil-10-S1 extracted at
the end of the first stage (the experimental SAED pattern is
compared with the calculated ones for the y-FeOOH structure
with nanoparticle sizes of 5 nm (fop right) and 3 nm (bottom

interplanar distances of the spinel structure. The
corresponding SAED pattern (Fig. 2e) reveals reflec-
tion rings that can be ascribed to two phases: spinel
ferrite and y-FeOOH.

The M versus H curve for the sample S@Sil-10-S2
shows a weak superparamagnetic behavior. The
deviation from a linear, paramagnetic curve is very
small because of the small amount of spinel-ferrite
nanoparticles. The slope of the linear part of the curve
(susceptibility) at high H is larger than that of the
sample extracted after the first stage (sample S@Sil-

right)), (d—f) sample S@Sil-10-S2 extracted during the second
stage (the experimental SAED pattern is compared with the
calculated ones for the 5-nm nanoparticles of the cubic spinel
structure (bottom right) and the 5-nm nanoparticles of the
orthorhombic y-FeOOH structure (fop right)), and (g—i) final
sample S@Sil-10-S3 (the SAED pattern is indexed according to
the spinel structure)

10-S1), because of a larger content of the deposited
iron species.

The results clearly show that spinel ferrite forms as
part of the reaction of the precipitating Fe** ions with
the y-FeOOH formed during the thermal hydrolysis at
the surfaces of the core nanoparticles. In general, the -
FeOOH-to-spinel ferrite transformation can proceed
along different pathways. The transformation proceeds
either with the dissolution—recrystallization process at
pH values below 4 and above 10, or with in situ
dehydration and a local structural rearrangement at pH

@ Springer
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Fig. 3 Magnetization M versus magnetic field H for silica core
nanoparticles (a) and samples extracted from the reaction
mixture after the first stage (b), after the second stage (c), and at
the end (d) of the deposition process. The diamagnetic
contribution of the silica was subtracted from the magnetiza-
tions of the samples

values between 4 and 10 (Cudennec and Lecerf 2005;
Jolivet et al. 2004). The solid transformation with a
structural rearrangement is initiated with the adsorption
of Fe’* on the y-FeOOH surfaces. Since in our
experiments the Fe*" ions precipitated close to the
neutral pH, it can be concluded that the y-FeOOH-to-
spinel transformation proceeds with the dehydration
and the local structural rearrangement initiated by the
precipitated Fe?". The described mechanism is also
favorable in terms of retaining the final spinel-ferrite
product as the coating on the core nanoparticles after
the transformation from y-FeOOH.

Third stage of the deposition process

In the third, final stage of the deposition process, the
v-FeOOH-to-spinel transformation is completed.
TEM analyses of the final sample S@Sil-S3 (Fig. 2g,
h) show that the nanoparticles on the surfaces of the
silica core nanoparticles grow to 5-7 nm in size during
the final stage of the process. The EDXS analyses
showed the average composition with an Fe/Si mass
ratio of 0.23 £ 0.05. The corresponding SAED pat-
tern matches with the cubic spinel structure (Fig. 2i).
Taking into consideration the experimental conditions
used during the synthesis under an inert atmosphere,
the first spinel-ferrite phase formed is most likely
magnetite (Fe;04). However, the small magnetite
nanoparticles are prone to oxidation into maghemite
(7-Fe,O3) when exposed to the ambient air.

@ Springer

Due to the transformation of all the FeOOH into the
magnetic spinel ferrite and due to the growth of the
spinel-ferrite nanoparticles, the ferrimagnetic contri-
bution to the M versus H curve for the sample S@Sil-
10-S3 is larger than that for the sample S@Sil-10-S2
(Fig. 3). Also, the susceptibility at high A (linear part
of the curve) was somewhat larger than that for the
sample S@Sil-10-S2, because of the small increase in
the content of the iron ions.

Influence of the duration of the thermal hydrolysis
stage on the final product

An analysis of the deposition process showed that the
nanoparticles of the y-FeOOH precipitate with the
thermal hydrolysis at low pH even before the addition
of Mg(OH),. The effect of the thermal hydrolysis on
the appearance of the final product was studied by
examining the samples synthesized without the ther-
mal hydrolysis stage (1, = 0) and by maintaining the
reaction suspension at 60 °C for a long incubation
time #; of 60 min (Table 1).

The synthesis under the reaction conditions where
the thermal hydrolysis was almost absent was con-
ducted by the addition of Mg(OH), into the suspension
of the silica cores together with the Fe precursors
(sample S@Sil-0-S3). As is evident from the pH vs.
time curve (Fig. 4a), the increase in the pH of the
suspension was much steeper than that measured
during the synthesis of the S@Sil-10-S3 sample,
where the Mg(OH), was admixed after 10 min. The
pH reached a value of 5.7 after 3 min, and it further
increased to a value of 8 after another 3 min. The
intermediate product S@Sil-0-S2 sampled immedi-
ately after the pH reached a value of 5.7 and consisted
of two types of particles: the larger amorphous silica
core nanoparticles, covered with smaller crystalline
nanoparticles, and the agglomerates of smaller spher-
ical crystalline nanoparticles, 3-5nm in size
(Fig. 4b). The EDXS analysis confirmed the formation
of the Fe-rich phase, while the SAED pattern (Fig. 4c)
showed weak diffraction rings that can be indexed
according to the spinel structure. A detailed TEM
observation revealed the absence of other Fe phases.
Obviously, the agglomerated spinel nanoparticles
lying separately from the silica cores (marked with
arrows in Fig. 4b) were nucleated homogeneously in
the solution. The rapid increase in the concentration of
the hydroxyl ions increased the supersaturation of the
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Fig. 4 a pH versus time

curve measured during the

synthesis of the S@Sil-0 8
sample (HEN heterogeneous

nucleation, HON

homogeneous nucleation), 6 -
b representative TEM image

of S@Sil-0-S2 sample, and

c the corresponding electron 4]
diffraction pattern indexed

according to a spinel

structure
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initial product to above the value required for homo-
geneous nucleation.

Also in the case when the first stage of the synthesis
was long, allowing a long time for the decomposition
of the complex and for the thermal hydrolysis of the
released Fe* " ions, the pH increased sharply after the
addition of the Mg(OH),. During the synthesis of the
S@Sil-60-S3 sample (t; = 60 min), the pH of 5.8
required for the Fe®" precipitation was reached in
3 min, while the final pH of 7.2 was reached in another
10 min (Fig. 5a). Figure 5b shows a TEM image of
the intermediate sample S@Sil-60-S1 extracted at the
end of the first stage. The TEM revealed that the
surfaces of the silica core nanoparticles were partially
covered with small nanoparticles of sizes between 3
and 5 nm. The electron diffraction pattern recorded
from the large area reveals the diffuse rings that can be
ascribed to the a-FeOOH structure; however, the two
rings can also be ascribed to the y-FeOOH structure.
Separate, homogeneously nucleated FeOOH nanopar-
ticles were never observed in the sample. The
formation of both phases is consistent with the
employed reaction conditions (Cornell and Schwert-
mann 2003; Fu et al. 2011; Navrotsky et al. 2008) and

with our study of the thermal decomposition of the
Fe’"—urea complex (see Online Resource).

The TEM of the intermediate sample S @Sil-60-S2,
extracted after the addition of Mg(OH),, which
increased the pH of the reaction mixture to a value
of 5.7, showed the presence of larger, sheet-like
particles (marked with arrows in Fig. 5d) in addition to
the silica core nanoparticles covered with the small
nanoparticles of approximately 3-5 nm (Fig. 5Se). The
corresponding SAED pattern (Fig. 5f) indicated the
presence of two different phases: the diffraction rings
originating from the nanoparticles at the surfaces of
the cores match to the spinel structure, while the
discrete reflections originating from separate sheet-
like particles match to the y-FeOOH structure. The
detailed TEM observations revealed that all the spinel-
ferrite nanoparticles are located exclusively at the
surfaces of the silica cores.

The TEM of the final S@Sil-60-S3 sample
(Fig. 5g) revealed that apart from the silica core
nanoparticles covered with the spinel nanoparticles,
large rod-like particles, approximately 300 nm long
and 50 nm thick, were present. The size of the spinel
nanoparticles located at the silica cores increased to
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6v~FeOOH s 0-FEOOH (a)
L0 spinel fe:rite

PH )

Fig. 5 apH versus time curve measured during the synthesis of
the S@Sil-60 samples (S1, S2, and S3 mark three stages of the
process, HEN heterogeneous nucleation, HON homogeneous
nucleation), b representative TEM image of the S@Sil-60-S1
sample, ¢ corresponding electron diffraction pattern indexed
according to the y-FeOOH structure (L) and the a-FeOOH

5 nm (Fig. 5h). The SAED pattern (Fig. 5i) recorded
for the area with the rod-like particles reveals a well-
crystallized phase with discrete reflections that can be
indexed according to the a-FeOOH structure.

The examination of the intermediate sample S @Sil-
60-S1 revealed that the y-FeOOH nanoparticles,
formed at the core surfaces through heterogeneous
nucleation during a prolonged thermal hydrolysis,
partially transformed to the o-FeOOH phase. The
transformation between the two FeOOH modifications
is influenced by the size of the formed nanoparticles,
which depends on the concentration of the Fe™ ions,
temperature, and time. The y-FeOOH phase forms
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structure (G), d and e representative TEM images of the S@Sil-
60-S sample, f corresponding electron diffraction pattern
indexed according to the y-FeOOH structure (L) and the spinel
structure (S), g and h representative TEM images of the final
S@Sil-60-S3 sample, and i corresponding electron diffraction
pattern indexed according to the a-FeOOH structure (G)

initially as smaller nanoparticles, with sizes below
approximately 5 nm. However, as the y-FeOOH
nanoparticles grow, they transform to the thermody-
namically stable o-FeOOH phase. The lower forma-
tion enthalpy makes the a-FeOOH phase more stable in
comparison to the y-FeOOH phase. However, for very
small nanoparticles, the hydration enthalpy becomes
an important parameter, making y-FeOOH the
stable phase due to the increased surface-to-volume
ratio (Fu et al. 2011; Navrotsky et al. 2008). The a-
FeOOH phase formed after the prolonged thermal
hydrolysis step does not react with the Fe* precipi-
tated after the addition of Mg(OH), to form the
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magnetic spinel ferrite. Instead, the precipitation of
Fe? " results in the formation of the sheet-like particles
of the y-FeOOH phase. During aging at 60 °C, these
sheet-like particles transform into the rod-like particles
of a-FeOOH present in the final S@Sil-60-S3 sample.

Influence of the surface charge of the core
nanoparticles on the coating

To evaluate the influence of the surface charge of
the core nanoparticles on the heterogeneous nucle-
ation of the product, the synthesis was also
performed in a colloidal suspension of positively
charged silica nanoparticles APS-Sil. This experi-
ment is also important to exclude the possibility that
the spinel nanoparticles were formed after homoge-
neous nucleation in the solution and subsequently
adhered to the silica nanoparticle surfaces only due
to the electrostatic attractions. The iron-oxide
nanoparticles display a positive surface charge in
the acidic aqueous suspension, whereas the pristine
silica nanoparticles used as the cores in the synthesis
exhibited a highly negative zeta potential across the
whole pH region where the reaction proceeds (pH
2-7) (see Figure SIl1, Online Resource) (éampelj
et al. 2009). Thus, the formed iron-oxide nanopar-
ticles and the silica core nanoparticles would be
oppositely charged and might fuse together due to
the electrostatic attractions. However, when the
sample (S@APS-Sil) was synthesized using the
positively charged, APS-grafted, silica core nanopar-
ticles, its appearance was not significantly different
(see Figure SIS, Online Resource) from the sample
S@Sil-10 prepared with the pristine, negatively
charged silica cores. The charge at the cores’
surfaces had no noticeable influence on the nucle-
ation. The experiment proves that the spinel-ferrite
nanoparticles really deposit onto the cores after the
heterogeneous nucleation of the precipitating species
at the surfaces of the silica cores.

Final discussion

We demonstrated the chemistry behind a new method
that can be used for the synthesis of composite
nanoparticles combining a core nanoparticle of dif-
ferent functional materials with a magnetic shell. The
method is based on coating the magnetic spinel-ferrite
shell onto the core nanoparticles with the co-

precipitation of Fe**/Fe?" in the aqueous suspension.
The key is in the close control of the supersaturation of
the precipitating species resulting in an exclusively
heterogeneous nucleation and growth of the magnetic
shell, which was achieved by the controlled release of
the reactive Fe* " ions with the thermal decomposition
of an Fe’"—urea complex. The synthesis is conducted
in aqueous media, using simple raw materials; it is also
environmentally friendly, inexpensive, and appropri-
ate for scaling up to mass production.

The method could be especially important for the
synthesis of new composites, where the functional
properties of the two components are coupled. As the
coating of the magnetic shell onto the core nanopar-
ticles is conducted at a relatively low temperature
(60 °C), no chemical reactions or the inter-diffusion of
atoms between the two components are expected. It
was shown (Juhin et al. 2014) that the inter-diffusion
between the two components of the composite
nanoparticles severely diminishes the coupling. This
inter-diffusion is a large problem in composite
nanoparticles synthesized by the thermal decomposi-
tion of organometallic compounds conducted at tem-
peratures close to 300 °C (Juhin et al. 2014).

With some adaptations, the method can also be
applied for the synthesis of a shell made of other spinel
ferrites, when Fe?™ is exchanged with other two-valent
metal ions, e.g., Zn>", Co®™, Mn**, Ni*™, etc.

Conclusions

The coating of a magnetic spinel-ferrite iron-oxide
shell onto core nanoparticles was studied as a method
for synthesizing new, multifunctional, composite
nanoparticles. The shell forms with the heterogeneous
nucleation and growth of the product of the co-
precipitation of Fe**/Fe®" ions in an aqueous suspen-
sion of core nanoparticles. The low and homogeneous
supersaturation required for the exclusively heteroge-
neous nucleation of an initial product during the
precipitation of the Fe®" ions was enabled by the slow
thermal decomposition of an Fe®—urea nitrate com-
plex ([Fe((CO(NH,),)6](NO3)3). First, the suspension
of the core nanoparticles containing the dissolved
complex and the Fe*" ions (pH ~ 2.2) is maintained
at elevated temperature (60 °C). The reactive Fe’*
ions released from the complex slowly hydrolyze and
v-FeOOH is formed exclusively on the surfaces of the
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core nanoparticles. After the addition of solid hydrox-
ide Mg(OH),, the pH increases, and at pH ~ 5.7 the
Fe>* precipitates. The precipitated Fe*" reacts with
the y-FeOOH on the surfaces of the core nanoparticles
to form a magnetic spinel ferrite. If the thermal
hydrolysis step is omitted, a part of the y-FeOOH
nucleates homogeneously, forming separate nanopar-
ticles. When the time allowed for the thermal hydrol-
ysis is too long, the y-FeOOH at the surfaces of the
core nanoparticles partially transforms into thermo-
dynamically stable a-FeOOH, which does not further
transform into the magnetic spinel ferrite.

As it proceeds at a relatively low temperature, the
proposed method for the synthesis of the composite
nanoparticles is capable of forming well-defined
interfaces between the two components, important
for the coupling between different properties. It is
environmentally friendly, inexpensive, and appropri-
ate for scaling up to mass production.
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