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Abstract We developed a simple and novel approach
for the synthesis of Fe;0,@SiO, nanoparticles with
controlled shell thickness, and studied the mechanism.
The introduction of N-methyl-2-pyrrolidone (NMP) led
to trapping of monomer nuclei in single shell and con-
trolled the shell thickness. Fe;04@SiO, controlled the
shell thickness, showing a high magnetization value
(64.47 emu/g). Our results reveal the role and change
in the chemical structure of NMP during the core-shell
synthesis process. NMP decomposed to 4-
aminobutanoic acid in alkaline condition and decreased
the hydrolysis rate of the silica coating process.

Keywords Fe;0,@Si0, - N-Methyl-2-pyrrolidone -
Binary solvent - Dispersion stability - Shell thickness -
Nanocomposites

Introduction
Recent attention in the field of nanoparticles has been

focused on Fe;0,4 nanoparticles due to their unique mag-
netic properties. These properties make these nanoparticles
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attractive candidates for ferro-fluids, electronic devices,
information storage, and biomedical applications such as
an MRI contrasting agent and in DDS and bioseparation
(Pankhurst et al. 2003; Safarik and Safarikova 2004;
Mornet et al. 2004; Tartaj et al. 2003; Shapiro et al.
2005). In order for Fe;O4 to be used in these fields,
chemical stability, uniform size distribution, and excellent
dispersion properties in suspension are required. However,
Fe;0,4 nanoparticles have shown poor chemical stability
and unstable dispersion properties because of the strong
anisotropic dipolar attraction between the Fe;O,4 nanopar-
ticles and the high surface energy of the nanoparticles,
which is attributed to a balance between Van der Waals
attractive forces and repulsive forces (Zhang et al. 2006;
Morel et al. 2008). Due to these properties, Fe;O4 nano-
particles easily aggregate, forming large clusters. The ag-
glomerates and large clusters decrease the specific proper-
ties of Fe3O,4 nanoparticles.

There have been many attempts to prevent aggrega-
tion and improve the chemical stability and dispersion
properties in the suspension of Fe;O,4 nanoparticles.
Physical treatment using ultrasound has been universal-
ly applied to improve the dispersion of Fe;0,4 nanopar-
ticles (Morel et al. 2008; Yang et al. 2005). However,
improvements of dispersion properties by physical treat-
ment are not stable, resulting in further agglomeration
and precipitation of Fe;O4 nanoparticles. In contrast,
chemical treatment that enhances steric hindrance or
electrostatic repulsion forces results in a suspension with
magnetic nanoparticles that is stable for a long time in
many liquid media. The addition of a large amount of
surfactants in suspension is an efficient chemical
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treatment approach, and this technique has been heavily
researched to improve the chemical stability of the par-
ticle surfaces and the dispersion uniformity (Lu et al.
2002; Wee et al. 2016).

Another method to improve the chemical stability and
the dispersibility is the addition of a silica coating on the
Fe;0,4 nanoparticles. The silica coating process on the
surface of the magnetic nanoparticles may prevent particle
aggregation in liquid media and improve the chemical
stability. The silanol groups of the silica are easily termi-
nated and can bind with various coupling agents. However,
trapping of multiple nuclei in a single silica shell occasion-
ally occurs by agglomerated magnetic nanoparticles prior
to or during the silica coating process. A previous report
showed that typical distributions of nuclei per shell includ-
ed mostly monomers, some dimers, and about 10% trimers
and greater than trimers. When multiple nuclei were
trapped in a single silica shell, degradation in physical
and chemical properties was observed (Lu et al. 2002).
H. L. Ding et al. (2012) reported that hydrophobic Fe;0,4
nanoparticles were dispersed and emulsified using Igepal
CO-520 (surfactant). They also synthesized Fe;0,@SiO,
nanoparticles using a reverse micro-emulsion method.
However, their process composed too many steps and the
equivalently fractionated drop method was used (Ding
et al. 2012). M. Abbas et al. (2014) studied a method for
controlling the silica shell thickness on Fe;O,4 nanoparti-
cles. However, their process involved a large amount of
surfactant and a time-consuming synthesis; thus, their
method has a high manufacturing cost, making it difficult
to apply in various industrial fields (Abbas et al. 2014).

In order to use Fe304 nanoparticles in various indus-
trial areas, especially biomedical fields, good dispersion
stability and chemical stability are required, and the
addition of a large amount of surfactants is severely
limited in biomedical applications. However, it is very
difficult to disperse Fe;O4 nanoparticles with good
chemical stability without surfactants because the elec-
trostatic force, steric hindrance effect, and affinity be-
tween solvent, particle, and surfactant affect the nano-
particle dispersibility. Herein, we report a method to
mass produce Fe;0,4@SiO, nanoparticles without sur-
factants and an equivalently fractionated drop method
that shows good dispersion stability and excellent phys-
icochemical properties. We used binary solvents with
various volume ratios between N-methyl-2-pyrrolidone
(NMP, polar aprotic solvent) and de-ionized water
(DIW) to change the electric charge of the particle
surface and the silica shell thickness. We also discussed
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the chemical structure change of NMP during the core-
shell synthesis process.

Experimental section
Materials

FeCl;-6H,0 (>97%, Sigma-Aldrich), anhydrous sodi-
um acetate (>98.5%, Samchun Pure Chemical), ethyl-
ene glycol (>99.5%, Samchun Pure Chemical),
tetraethyl orthosilicate (TEOS, Sigma-Aldrich), ammo-
nia solution (NH3, Samchun Pure Chemical), ethyl al-
cohol (EtOH, Samchun Pure Chemical), and NMP
(Sigma-Aldrich) were purchased from commercial sup-
pliers and were used as received.

Synthesis
Magnetic nanoparticles

The Fe;04 nanoparticles were prepared according to a
polyol method. FeCl;-6H,O (2.7 g, 0.01 mol), sodium
acetate (4.1 g, 0.05 mol), and distilled water (5.4 g,
0.3 mol) were completely dissolved in 100 mL of eth-
ylene glycol via vigorous mechanical stirring. The sus-
pension was heated and refluxed for several hours,
during which time the color of the solution turned red-
dish brown and eventually became black. After cooling
to room temperature, the black nanoparticles were mag-
netically separated by attaching a magnet to the outside
of the reaction flask and washing the solution with
ethanol and distilled water several times to eliminate
organic and inorganic byproducts.

Fe;0,@Si0, nanoparticles

The Fe;0,@SiO, nanoparticles were prepared by syn-
thesizing a silica shell using a sol-gel method. Five
grams of Fe;O4 nanoparticles synthesized using the
above method was added to various binary solvents with
different solvent volume ratios (total volume 200 mL).
The samples were named F@SA, F@SB, F@SC,
F@SD, and F@SE. Here, “F@S” indicates
Fe;0,@8Si0, nanoparticles, and the letter after the
F@S abbreviation indicates the solvent condition during
the synthesis process given in Table 1.

The solutions were ultrasonicated for 5 min, and a
solution containing 30 mL of TEOS dissolved in 10 mL
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Table 1 Abbreviations and solvent conditions for various samples

Abbreviations® Dispersed particles Solvent (condition) Initial pH®
FA Synthesized Fe;O04 Condition A: H,O 5.74

FB Synthesized Fe;O4 Condition B: H,O-NMP (3:1 in volume) 6.36

FC Synthesized Fe;Oy4 Condition C: HyO-NMP (1:1 in volume) 7.17

FD Synthesized Fe;O4 Condition D: H,O-NMP (1:3 in volume) 8.65

FE Synthesized Fe;O4 Condition E: NMP 10.13

#Meaning of abbreviations: F = Fe30,, alphabet after F = solvent conditions

® The initial pH values when Fe;O, nanoparticles were added in each condition

EtOH was added. After that, 30 mL of an ammonia
solution was added to the solution. The total reaction
time was 2 h, and the solution was mechanically stirred
at room temperature during the reaction. Then, the so-
lution was magnetically separated by attaching a magnet
to the outside of the reaction flask. The separated nano-
particles were washed with ethanol and distilled water
several times and were then collected.

Characterization

Electrokinetic sonic amplitude (ESA, Zeta Finder,
Matec Applied Sciences, USA) was used to analyze
the zeta potential value at various pH values in DIW.
The pH values of the Fe;0,4 nanoparticles in DIW were
adjusted by the addition of 0.1 M HNO; or 0.1 M
NaOH.

Analysis of zeta potential values and particle size
distribution (Zetasizer Nano ZS, Malvern, UK) was
performed to estimate the dispersed particle size distri-
bution and surface charge in a binary solvent. Synthe-
sized Fe;0, was dispersed in various binary solvents,
DIW and NMP, and the zeta potential values and pH of
that were estimated. The samples were named FA, FB,
FC, FD, and FE. The last alphabet means the dispersed
solvent conditions given in Table 1. The size and mor-
phology of the nanoparticles were characterized using
transmission electron microscopy (TEM, JEM-ARM
200F, JEOL, Japan). Fourier transform infrared (FT-
IR) spectroscopy (Nicolet 5700, Thermo Electron,
USA) data were also obtained. The magnetic properties
and crystallinity of the chemically treated Fe;0,4 nano-
particles were measured using a vibrating sample mag-
netometer (VSM, Lake Share 7400, USA) in an external
magnetic field ranging from —10 to +10 kOe and X-ray
diffraction (XRD, Ultima IV, Rigaku, Japan).

Results and discussion

Figure la indicates the variation of the zeta potential
values of Fe;O,4 nanoparticles at different pH values in
DIW. The isoelectric point (IEP) of the as-synthesized
Fe;04 nanoparticles was determined to be a pH of about
7.0. Zeta potential absolute values of Fe;0, nanoparti-
cles increased in acid or alkaline conditions due to acid-
base properties. The surface charge of Fe;0, in acid was
changed to positive by H* acidity (protonation). The
surface charge of Fe;0,4 in base was modified to nega-
tive by OH ™ basicity (deprotonation or amphiprotic). It
is the acid-base properties (acid-base reaction). The
phenomenon increased the absolute value of zeta poten-
tial in acid or base condition. However, the absolute
values were very weak on a whole range of pH (between
—15 and 15 mV), which led to agglomeration of Fe;O,
nanoparticles in the suspension. Figure 1b shows the
variation in the zeta potential value of Fe;0,4 dispersed
in DIW, NMP, and the binary solvents with different
volume ratios. FA, which is the case where DIW was
used as solvent, showed a value of +4.28 mV, indicating
that the initial dispersion state in DIW was very unsta-
ble. However, as the NMP volume ratio in a binary
solvent increased, the zeta potential absolute values of
Fe;0,4 nanoparticles were enhanced. Finally, when
Fe;04 was dispersed in NMP, the zeta potential value
was —66.8 mV (FE). Table 1 shows that the initial pH
values of the sample conditions became as the NMP
volume ratio in the binary solvent increased (the pH of
FE was 10.13). However, even allowing for the alkalin-
ity as the NMP volume ratio increased, the zeta potential
value of FE is too high in comparison with that at the
same pH value in DIW. The value in DIW is—10 mVata
pH value of 10. NMP induced a negative charge on the
surface of the Fe;04 nanoparticles and reduced the
surface tension of Fe;O4 nanoparticles due to aprotic
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Fig. 1 Zeta potential variation of Fe;0, nanoparticles a at different pH values in DIW and b in different binary solvents

solvent properties and solvation effect (Lin and Zhang
2012). The aprotic solvent properties and solvation ef-
fect of NMP as well as the alkalinity provided the Fe;O4
nanoparticles with a high zeta potential value resulting
in good dispersibility. The improved initial dispersibility
and the alkaline conditions are also advantageous for the
preparation of the Fe;0,@Si0O, composite nanoparti-
cles because the growth of the silica layer on the surface
of the magnetic cores is usually performed under alka-
line conditions, and the dispersibility affects the forma-
tion of monomer nuclei (Lu et al. 2002; Philipse et al.
1994). The crystalline structures of the as-synthesized
Fe;0,4 and Fe;0,@Si0, synthesized in different binary
solvents were determined by XRD (Fig. 2). The peaks of
Fe;0,4 and Fe;0,@Si0O, nanoparticles appear in the
crystal planes of (220), (311), (400), (422), (511), and
(440). These data match well with the JCPDS-
International center for Diffraction Data (JCPDS card:
75-1610) for magnetite. An obvious diffraction peak at
25° in the curves of F@SA-F@SE was observed, which
is indicative of the amorphous SiO; shell on the surface
of the Fe;0,4 nanoparticles. The peak intensities de-
creased from F@SA to F@SE. This trend may be due
to differences in shell thickness. The XRD patterns
indicate that Fe;O4 cores are very crystalline and the
surface functionalization did not change the surface of
the Fe;04 phase.

The structural morphology of Fe;04 and
Fe;0,@8Si0, nanoparticles was studied by TEM. As
shown in Fig. 3, the morphology of the as-synthesized
Fe;0,4 nanoparticles was spherical, and the particles are
flocculated. The synthesized Fe;O,4 nanoparticles were
nearly 180 nm in size with a uniform size distribution
(Fig. 3a). Figure 3b—f shows TEM images of
Fe;0,@8Si0, nanoparticles, which revealed that silica
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shells were coated on the Fe;O,4. As the volume ratio of
NMP in the binary solvent increased, the silica shell
thickness decreased as follows: 115 nm for F@SA,
99 nm for F@SB, 81 nm for F@SC, 36 nm for
F@SD, and 10 nm for F@SE. As shown in Fig. 3b, c,
Fe;0,@Si0, nanoparticles were severely aggregated
because of the strong attractive force between Fe;O,4
nanoparticles caused by their high surface energy and
low absolute zeta potential values during the synthesis
process (Wee et al. 2016). As the NMP content in-
creased in the binary solvent, the flocculation of
Fe;0,@8Si0, nanoparticles is decreased (Fig. 3d, e).
F@SE was uniformly mono-dispersed and had a uni-
form size distribution (Fig. 31).

The particle size distribution and hydrodynamic ra-
dius of the synthesized Fe;O4@SiO, nanoparticles are

F@SE

F@SD

F@SC

F@SB

F@SA SO,

Fe,0,

020 30 40 50 60 70 80
2theta (Degree)

Fig. 2 The XRD pattern of synthesized Fe;O4 and Fe;0,@SiO,
nanoparticles synthesized in various binary solvents
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Fig.3 TEM images of a Fe;0,4 and Fe;0,@SiO, synthesized in binary solvents with different volume ratios. b F@SA. ¢ F@SB. d F@SC.
e F@SD. f F@SE

shown in Fig. 4 as a function of binary solvent volume
ratio. The mean size of F@SA was 1106 nm, and the
size distribution was broad due to flocculation and an
increase in the hydrodynamic radius by adsorption of
molecular H,O. SiO, shell easily absorbs the water
molecule. At this time, the whole size distribution peaks
become broad by absorbed water molecule. The appa-
ratus of size distribution analysis measured the particle
size including absorbed water molecule. The poor
dispersity of Fe;O,4 during the silica coating process
led to trapping of multiple nuclei in a single silica shell
and very weak surface charge, which caused the floccu-
lation of Fe;0,@Si0O, nanoparticles. The particle size
distributions shift to the left in Fig. 4 as the ratio of NMP
in the binary solvent increases from F@SB to F@SE.
The mean sizes were as follows: 995.4 nm for F@SB,
825 nm for F@SC, and 531.2 nm for F@SD. However,
some agglomeration of Fe;0,@SiO, nanoparticles was
still observed for these samples, and their size distribu-
tion curves were relatively broad. In contrast, the size
distribution curve of F @ SE was sharp and the mean size
was 220.2 nm, which was very similar to that of the
synthesized Fe;O,4. The particle size distribution and
TEM image of F@SE indicates that mono Fe;O, was
trapped in single silica shell.

The characteristic bands of the as-synthesized Fe;O,
and Fe;0,4@SiO, nanoparticles were obtained through
the FT-IR spectra for various binary solvents (Fig. 5).
The absorption peak at about 565 cm ' matched the
vibration band of the Fe-O functional group, which is
a characteristic peak of Fe;0,4. The Si-OH vibration
peak at around 955 cm ' and the Si-O-Si vibration peak
at around 1080 cm™ ' were also observed; these peaks
were associated with the SiO, shell. As the NMP ratio in
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Fig. 4 Particle size distributions of F@SA, F@SB, F@SC,
F@SD, and F@SE
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Fig. 5 FT-IR analysis data of Fe304 and Fe;0,4@SiO, nanoparti-
cles synthesized at various binary solvent conditions

the binary solvent increased, the intensity of the absorp-
tion peak related to the silica decreased because the shell
thickness decreased. Considering the FT-IR spectra,
particle size distribution, and XRD and TEM results, it
is clear that the SiO, homogeneously coated the Fe;O,4
surface, and the shell thickness and dispersity were
controlled by adjustment of NMP ratio in the binary
solvent.

The magnetic hysteresis loops of the prepared
Fe;0,@Si0, nanoparticles are shown in Fig. 6. The
saturation magnetization values of Fe;0,@SiO, were
as follows: 36.58 emu/g for F@SA, 39.29 emu/g for
F@SB, 42.68 emu/g for F@SC, 54.87 emu/g for
F@SD, and 64.47 emu/g for F@SE. The VSM values
increased with decreasing nanoparticle shell thickness.
The decrease in the saturation magnetization value after
coating was attributed to the incorporation of a nonmag-
netic silica shell around the core Fe;O,4 nanoparticles.
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Fig. 6 VSM curves of synthesized Fe;0,4 and Fe;0,@SiO, syn-
thesized at various binary solvent conditions
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Another possible cause is the formation of chemical
bonds between Fe, Si, and O ions resulting from the
surface functionalization with SiO,. When SiO, coated
the Fe;0y, Fe ions at the surface tended to bond with
Si0,, eliminating the magnetic moment of these Fe ions
(Dang et al. 2010). Similar decreases in magnetic mo-
ment after functionalization with SiO, have been report-
ed (Singh et al. 2012; Kolhatkar et al. 2013). Generally,
the saturation magnetization values of Fe;0,@SiO,
nanoparticles were less than half of the value of non-
coated Fe;04 (85.02 emu/g). In spite of the disadvan-
tage that the silica shells decrease the saturation magne-
tization values, we achieved a very high magnetization
value by controlling the shell thickness (64.47 emu/g for
F@SE).

Figure 7 shows the relationship between the zeta
potential values and the silica shell thickness of
Fe;0,@8Si0, nanoparticles for different volume ratios
of the binary solvent. As the NMP ratio in the binary
solvent increased during the coating process, the silica
shell thickness decreased from around 115 to 10 nm (red
circle in Fig. 5), and the corresponding zeta potential
values were —90.1 to —56.8 mV. The surface charge of
Fe;0,@8Si0, was affected by the amount of whole SiO,
shell (Jang 2012). Consequently, the technique using
binary solvents provided very high zeta potential values
of Fe;0,@Si0, nanoparticles in spite of very thin SiO,
shell thickness.

Figure 8 illustrates an explanation of the structure
change of NMP during the core-shell synthesis process.
The structure change of NMP to pyrrolidone chemical
structure mixed in DIW was a general phenomenon. We
supposed that NMP could change to 4-aminobutanoic
acid directly or via a pyrrolidone chemical structure
under strong alkaline conditions by added NH,OH
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Fig. 7 The relationship between zeta potential values, binary
solvent volume ratios, and silica shell thickness
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(Fig. 8a). As shown Fig. 8b, the black line is the FT-IR
spectroscopy result of pure NMP, the red line is that of
NMP with NH4OH, and the blue line is that of Fe;04
particles dispersed in NMP with NH4OH. FT-IR spec-
troscopy results indirectly show the present of 4-
aminobutanoic acid. Firstly, N-H peak was not observed
in pure NMP, while it was appeared in NMP with
NH4OH. It revealed that NMP with NH4,OH
decomposed to 4-aminobutanoic acid or pyrrolidone
chemical structure. Secondly, the presence of C=0 of
Fe;0, particles dispersed in NMP with NH,OH (blue
line) revealed the existence of carboxyl group on Fe;04
surface. Because there is no additive without NMP,
NH4OH, and Fe;04 nanoparticles, the source of C=0
peak on Fe;0, is attributed to NMP combined with
Fe;04. In order to combine with Fe;Oy, the pentagonal
molecular structures of NMP may be cut off. Fe;O4
nanoparticles have a negative charge under alkaline
conditions. Thirdly, the C=0 peak shifts to right in
Fig. 8c (black line 1681 cm ™, red line 1652 cm ™', blue
line 1633 cm ™). The C=0 peak of pyrrolidone ring is in
1750~1650 cm ', and the peak of carboxyl group is in

Fe;O,in NMP

1650-1550 cm . It is strong evidence that the pyrrol-
idone ring was decomposed. As a result, the amine
functional groups of 4-aminobutanoic acid moved to
the nanoparticle surface and were bonded by electrical
attraction. This resulted in the carboxyl group of 4-
aminobutanoic acid facing the solvent (Fig. 8d), which
induced a negative surface charge that improved the
dispersion due to electrostatic forces and solvation ef-
fects. Furthermore, NMP acts as a surfactant under
strong alkaline conditions due to increased steric hin-
drance effect and affinity by change of NMP chemical
structure and solvation effect (Lin and Zhang 2012).
The enhanced electrostatic repulsion force and re-
duced surface tension with increased NMP in the binary
solvent improved the dispersibility of Fe;O4 nanoparti-
cles during the silica coating process. Furthermore,
NMP decreased the hydrolysis rate of the silica coating
process due to a deprotonation reaction. As a result, the
NMP ratio in the binary solvent was used to control the
hydrolysis rate, which resulted in a decreased shell
thickness (Rao et al. 1999). Consequently, a combina-
tion of the salvation effect, aprotic properties, and

@ Springer



143 Page 8 of 8

J Nanopart Res (2017) 19: 143

alkalinity of NMP improved the dispersity of nanopar-
ticles and monomer trapping phenomenon in single
silica shell as well as controlled the shell thickness by
adjusting the hydrolysis rate.

Conclusions

In conclusion, we have demonstrated a simple and
novel approach for the synthesis of Fe;0,@SiO,
nanoparticles via a novel sol-gel method without
surfactants. We functionalized Fe;O, nanoparticles
with uniform silica shells using NMP, and we con-
trolled SiO, shell thickness by a novel and simple
method. Fourier transform infrared (FT-IR) analysis
revealed the structure change of NMP under strong
alkaline conditions. NMP also decreased the hydro-
lysis rate of the silica coating process due to a
deprotonation reaction, which resulted in a de-
creased shell thickness. Fe;0,@SiO, nanoparticles
were homogeneously synthesized with trapping of
monomer nuclei in single silica shell and excellent
magnetization values (64.47 emu/g). Our results
provide not only the novel sol-gel method to mass
produce Fe;0,@Si0, nanoparticles with excellent
magnetization value, but also the role of NMP that
can be applied to disperse and synthesize other core-
shell nanoparticles.
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