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Abstract Combination of the surfactant-free nonaqueous
sol-gel approach with the microwave technique makes it
possible to synthesize Fe;O4, CoFe,O,, MnFe,0O4, and
NiFe,0,4 nanoparticles of about 5-6 nm and with high
crystallinity and good morphological uniformity. The
synthesis involves the reaction of metal acetates or acet-
ylacetonates as precursors with benzyl alcohol at 170 °C
under microwave irradiation of 12 min. Immersion of glass
substrates in the reaction solution results in the deposition
of homogeneous metal ferrite films whose thickness can be
adjusted through the precursor concentration. If preformed
nickel nanoparticles are used as a type of curved substrate,
the ferrite nanoparticles coat the seeds and form core—shell
structures. These results extend the microwave-assisted
nonaqueous sol-gel approach beyond the simple synthesis
of nanoparticles to the preparation of thin films on flat or
curved substrates.

Keywords Ferrite nanoparticles - Microwave chemistry -
Nonaqueous sol-gel chemistry - Thin films

1 Introduction

The study of size dependent properties is a major driving
force behind nanoparticle research, and size also plays a
dominant role in determining the magnetic properties of
nanoparticles [1-3]. Nanoparticles such as magnetite Fe;O,
and ferrites MFe,O4 (M = Mn, Co, Ni, etc.) became an
important class of materials with unique magnetic,
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magnetoresistive and magneto-optical properties. They
gave rise to a wide range of technological applications in
magnetic recording and catalysis, but also in biomedical
fields such as magnetic resonance imaging contrast agents
or magnetic carriers for drug targeting [4-8]. One of the
special features is the possibility to systematically tune
their magnetic properties by varying the composition (by
the type of the M?" cation) or by changing the crystal
morphology, i.e., size and shape. Magnetic spinels of the
Fe;0,4 and MFe,0, type have been successfully produced
by various methods ranging from mechanical to gas phase
and solution routes [9-12]. The latter include co-precipi-
tation, thermal decomposition, hydro- and solvothermal,
and reverse micelle approaches [13-25]. Whereas co-pre-
cipitation is particularly suitable for biological applications
due to the formation of nanoparticles in aqueous media,
thermal decomposition or hydrothermal methods are good
alternatives in terms of precise morphology control.
Without any doubts, nanoparticle synthesis has made
immense progress in the last few years. Remaining chal-
lenges that have to be faced are the implementation of
ecological and economic factors in the synthesis protocols.
Modern synthesis routes have to be energy efficient, i.e.,
higher yields and higher purities at less energy consump-
tion. Additionally, toxic solvents and additives should be
avoided. In this regard, microwave chemistry seems to be
particularly promising and has recently been applied to the
synthesis of ferrite nanoparticles, too [26]. Surfactant-free
nonaqueous sol—gel approaches were extremely successful
in the preparation of nanocrystalline metal oxides [27, 28].
In combination with microwave heating these routes pro-
vide a fast and energy efficient synthesis methodology to
metal oxide nanoparticles. As a matter of fact, a great
variety of nanoparticles, including ZnO [29-31], doped
zinc oxide [32, 33], CoO [30], MnO/Mn30, [30] or BaTiO3
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[30] are accessible in a very controlled manner at moderate
temperatures using microwave-assisted nonaqueous sol—
gel chemistry. Microwave heating is beneficial for non-
aqueous sol-gel chemistry in many ways. Most strikingly,
typical reaction times for nanoparticle formation are
reduced from days to minutes. In addition, microwave
irradiation results in direct volumetric and, in the case of
small reaction vessels, very homogeneous heating with
reduced wall effects [34]. These conditions are ideal for the
formation of monodispersed colloids, which require a fast
and short nucleation burst, separated from the following
growth stage [9]. Taking into account that the quality (i.e.,
high crystallinity, uniform crystal size and shape as well as
small size distribution) of the final nanoparticles is highly
dependent on the initial conditions and on the homogeneity
of the reaction, it is essential to have an efficient heating
tool.

The deposition of nanoparticles on specific substrates is
another critical step in the development of devices
exploiting their unique properties. Thin film technology
making use of semiconducting, metallic, insulating or
optical properties is omnipresent in our daily lives and
plays a major role in almost all areas of industrial appli-
cations. There are numerous chemical and physical meth-
ods available to deposit materials in the form of thin films,
including atomic layer deposition [35], molecular beam
epitaxy [36] or magnetron sputtering [37]. However, thin
film formation has also been addressed by sol-gel chem-
istry. In this case, film processing involves a dip- or spin-
coating step, during which the inorganic sol is deposited
onto a substrate [38]. Having this processing technique in
mind, it is important to know that microwave irradiation
provides a selective heating tool, which means that sub-
stances with different microwave absorbing properties will
be unequally heated. For example, the surface of oxides
covered by hydroxyl groups is more susceptible to absorb
microwave energy than the bulk, leading to selective sur-
face heating [39]. Accordingly, it should be possible to take
advantage of microwave irradiation to selectively activate
the surface of a substrate, whether it is a flat substrate or a
curved particle, and to deposit another material on top of it.
As a matter of fact, several papers reported the microwave-
assisted solution deposition of metal oxides such as indium
tin oxide [40], ZnO [41], TiO, [42], BaWO, [43], or
Eu:YVO, [44], on conducting glass substrates or silicon.
Also core—shell nanoparticles have been prepared in the
microwave by coating preformed nanoparticles with
another material, e.g., CdTe/CdS [45], or Au@Ag [46].

In this paper we report the simultaneous formation of
ferrite nanoparticle dispersions and deposition of thin films
on glass substrates. The synthesis is based on a combina-
tion of nonaqueous sol-gel chemistry with the microwave
technique, involving the reaction of metal acetates and
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acetylacetonates with benzyl alcohol [28]. This simple
procedure reduces the “classical” sequential process for
thin film preparation, i.e., synthesis of crystalline nano-
particles, preparation of stable dispersions, and deposition
of films by dip- or spin-coating, into just one step. The
composition of the ferrite nanoparticles can be varied from
Fe;0, to CoFe,0,4, MnFe,0, and NiFe,0O,, and the small
crystal sizes below 10 nm together with a narrow size
distribution lead to superparamagnetic behavior. In addi-
tion to controlling the composition, the method offers the
possibility of changing the crystal size by simply varying
the experimental parameters like temperature and time.
The use of benzyl alcohol, well known to be a low toxicity
solvent [47], offers biocompatible conditions and coupled
with microwave heating provides an economic, efficient
and easily scaled up tool for the synthesis of magnetic
nanoparticles. Beside the formation of nanoparticle dis-
persions, it is also possible to achieve homogeneous films
with thicknesses of a few tens of nanometers within min-
utes by placing a glass substrate in the reaction solution.
Moreover, the process can be extended to core—shell
nanoparticles. Preliminary results on the coating of pre-
formed nickel nanoparticles with the ferrites revealed that
this technique is suitable for any size or shape of substrates
giving rise to uniform coverage with thickness and com-
position dependent on the reaction parameters.

2 Experimental procedures
2.1 Materials

Fe(IIl) acetylacetonate >99.9%, Fe(Il) acetylacetonate,
Co(Il) acetylacetonate 97%, Ni(II) acetate tetrahydrate
99.998%, and Mn(Il) acetate 98% were used as precursors
and anhydrous benzyl alcohol 99.8% as solvent. All
chemicals were purchased from Sigma—Aldrich, stored
under argon atmosphere and used as received. Glass slides
18 x 18 mm (Menzler-Gliser) were broken in half,
washed in diluted HCI and sonicated.

2.2 Synthesis of Fe;O,4 nanoparticles

About 1 mmol of iron(III) acetylacetonate was dissolved in
5 ml of benzyl alcohol in a glovebox under inert atmo-
sphere (O, and H,O < 0.1 ppm) and transferred into a
10 ml glass tube, sealed with a Teflon cap. The reaction
mixture was heated at a temperature of 170 °C and an
irradiation time of 12 min. After the reaction, the solution
is thermally quenched by compressed air. The resulting
suspensions were separated from the liquid phase by cen-
trifugation and the precipitate washed with ethanol and
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diethyl ether and left to dry. The powders obtained were
ground in a mortar.

2.3 Synthesis of MFe,O, nanoparticles

The nanoscale transition metal ferrites were obtained by
simultaneous reaction of Fe*t and M*' precursors in
benzyl alcohol under similar experimental conditions as
described for iron oxide. About 0.5 mmol of iron(III)
acetylacetonate was transferred in a 10 ml glass tube fol-
lowed by the addition of stoichiometric quantities of
manganese(Il) acetate, cobalt(Il) acetylacetonate or nick-
el(Il) acetate tetrahydrate.

2.4 Synthesis of Ni@Fe;0,

About 1 mmol of nickel(II) acetate was dissolved in 5 ml
of benzyl alcohol, transferred in a sealed 10 ml glass tube
and heated at 180 °C for 5 min. Once cooled, 1 mmol of
iron(II) acetylacetonate was placed in the reaction medium
and heated again at 180 °C for 5 min.

2.5 Microwave heating protocol

During a typical run the power is adjusted to heat the
sample up to 170 °C, and then the temperature is kept for
12 min with high stirring rate to allow a good dispersion of
the precursors in benzyl alcohol. The reaction is performed
in a sealed vessel of 10 ml with magnetic stirring and under
microwave irradiation. The temperature and the pressure
are controlled by an IR thermometer and a pressure sensor,
respectively.

2.6 Dispersions

Dispersions containing 0.2% w/v of the as-synthesised
nanopowders in ethanol were prepared as follows. The
organic liquid was removed from the reaction mixture by
centrifugation. The precipitate was twice washed with
ethanol and then, without drying, dispersed again using
sonication in the corresponding amount of ethanol.

2.7 Film preparation

Standard microscopy glass slides were soaked into hydro-
chloric acid solutions overnight, washed in deionised water
and dried in air. Films were prepared by immersing the
glass slides into the reaction solution containing Fe** (and
Co*™) precursors in total concentrations of 0.005-0.15 M
in benzyl alcohol. Stirring is omitted to avoid damaging of
the glass slide. The samples are heated up to 170 °C, and
then the temperature is kept for 12 min.

2.8 Instruments and characterization

The microwave experiments were carried out by using a
CEM Discover reactor operating at a frequency of
2.45 GHz. X-ray powder diffraction studies (XRD) were
performed on a Philips PW 1800 diffractometer in reflection
mode using Cu Ko 1 = 1.5406 A radiation and a post-
sample monochromator. The particle size, d, was deter-
mined from the peak broadening by Scherrer’s equation
d = kA/ (P cos 0) (where f is the peak FWHM measured in
radians and 0 is the Bragg angle and k = 0.9). Transmission
electron microscopy (TEM) and high resolution transmis-
sion electron microscopy were performed either on a Philips
CM30ST (LaBg cathode, operated at 300 kV, point reso-
lution of 2 A) or on a Philips CM200-FEG (200 kV,
Cs = 1.35 mm) microscope. The latter was used for
energy-dispersive X-ray spectroscopy (EDX). The samples
were ground and then suspended in ethanol. One drop of
this suspension was deposited on a 400-mesh carbon-coated
copper grid. To minimise agglomeration of the nanoparti-
cles the copper grid was placed on a filter paper. AFM
measurements were carried out in contact mode with a
WITec Mercury 100 AFM using a silicon nitride tip. The
vertical resolution is about 2 nm, whereas the lateral reso-
lution is 5 nm. XPS was performed on a Sigma Probe
(Thermo Scientific), using an Al Ko source operated at
200 W. Photoelectrons were detected with a hemispherical
analyzer at a pass energy of 25 eV for the detail and 100 eV
for the survey spectra and a take off angle of 90°. Data were
analyzed using the CasaXPS software (CasaXPS software
Version 2.3.15dev52, Software Ltd). A Shirley background
was subtracted before the peak areas were integrated and
corrected for the cross section using the Scofield factors
[48], inelastic mean free path, attenuation length [49] and
the energy dependent transmission function. To account for
charging effects, the binding energy of the C1 s peak was
normalized to 285.0 eV. The Fe2p*? peak was fitted with
three peaks assigned to FeOOH (BE = 711.6¢eV,
FWHM = 3.4 eV), Fe’" (BE =710.5eV, FWHM =
2.4 eV) and Fe** (BE = 709.0 eV, FWHM = 2.4 eV)
with a Gaussian:Lorenzian ratio of 45:55 [50]. UV/Vis
spectra were recorded at room temperature with a Perkin
Elmer Lambda 20. The microstructure of the thin films was
characterized using scanning electron microscopy (SEM,
Leo 1530, Germany). The top layers of the thin films were
sputtered (Bal-Tec, SCD 050, Sputter Coater) with a plati-
num coating to allow for imaging at higher resolutions.
Magnetic properties were measured using a superquantum
interference design (SQUID) magnetometer MPMS 58S in
the temperature range of 2-300 K and a field of 0-5 T.
Magnetic susceptibilities were measured between 2 and
300 K in an external magnetic field of H = 1000 Oe.
Magnetization curves were obtained at 7 = 300 K.
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3 Results and discussion
3.1 Ferrite nanoparticle synthesis and dispersions

As illustrated in Fig. la, the microwave-assisted non-
aqueous sol-gel route can conveniently be extended to
various iron oxide spinels by reacting Fe(IIl) acetylaceto-
nate and transition metal acetates or acetylacetonates with
benzyl alcohol. Already at temperatures as low as 170 °C
uniform and nearly spherical nanocrystallites with the
composition MFe,O, (M = Fe>", Co**, Mn*™, Ni”) are
accessible. The as-synthesized nanoparticles can easily be
isolated from the organic side products and from residual
precursors by centrifugation and washing with ethanol and
diethyl ether. After drying and grinding, dark brownish to
black powders are obtained, whose magnetic properties are
visible by naked eye upon responding to a permanent
magnet (Fig. 1b). In addition to the powder, stable trans-
parent dispersions of nanoparticles in ethanol are formed
after sonicating the washing liquid during the second
washing step (Fig. 1c). Similarly, the process can be used
for thin film deposition, as shown in Fig. 1d. The mildly
etched glass slides were placed directly in the precursor
solution. After microwave heating for 12 min, the glass
slides turned brownish, indicating the deposition of ferrite
films on the surface. The films were rinsed with ethanol and
dried under ambient conditions. This technique is not
restricted to flat substrates, but can be extended to core—
shell structures, in which preformed metal nanoparticles
play the role of a curved substrate. Fe;O, nanoparticles,
supported on the surface of Ni, were obtained by having
preformed nickel nanoparticles in the initial Fe;O, pre-
cursor solution. The metallic Ni nanoparticles were
obtained by irradiating Ni(II) acetate in benzyl alcohol at
180° C for 5 min [51].

(311)
- -(440)-

(220)
--{400) - - -
(511)

Intensity [a.u.]

20 30 40 50 60 70
2 Theta [°]

Fig. 2 XRD pattern of a Fe;O4, b CoFe,O4, ¢ MnFe,O4 and d
NiFe,0,4 nanoparticles. Vertical doted lines correspond to the peak
position of cubic Fe;O4 [ICDD PDF 1-1111]

The phase and crystallinity of the different powders
were investigated by powder X-ray diffraction (XRD), as
shown in Fig. 2. All the patterns (A Fe;0,4, B CoFe,Oy,, C
MnFe,0,4 and D NiFe,O,4) correspond to just one crystal-
line phase with the inverse spinel structure. Accordingly,
they can be indexed to magnetite (ICDD PDF No. 1-1111),
cobalt ferrite (ICDD PDF No. 1-1121), manganese ferrite
(ICDD PDF No. 10-0319) and nickel ferrite (ICDD PDF
No. 3-0875), respectively. The broad reflections observed
are characteristic of small nanocrystals. The crystallite
sizes calculated from the 400 and 440 reflections using the
Scherrer equation were estimated to be in the range 5-6 nm
for all ferrites.

The size and shape of the synthesized MFe,0O,4 nano-
crystals were investigated using transmission electron

Fig. 1 a General reaction a F N 's
e(acac

scheme displaying the metal @) ( )s OH F9304
oxide precursors used, the
solvent, the experimental Co(acac), + 2 Fe(acac), Mw CoFe,0,
conditions, and the final >+ —_— >
composition of the Mn(ac), + 2 Fe(acac), T=170°C MnFe,O,
nanoparticles. Photographs of b t=5 min
magnetite nanopowder under . . .
the influence of a permanent Ni(ac); 4H,0 + 2 Fe(acac), ) \ NiFe,0,
magnet, ¢ CoFe,O, dispersion

; d CoFer (b) (©) (d)

in ethanol, and d CoFe,O, film
on a glass substrate
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microscopy (TEM) and high resolution transmission elec-
tron microscopy (HRTEM). A drop of the transparent
brownish ethanol solution, as described in the experimental
section, is deposited on a carbon coated copper grid. Fig-
ure 3 shows representative overview images of A)
CoFe,0, C) MnFe,0, and D) NiFe,O,4. All the ferrites
exhibit a nearly spherical (i.e., isotropic) shape, a low
degree of agglomeration and a narrow size distribution
typically in the range 4-8 nm. These results underline the
importance of microwave irradiation in reducing the
agglomeration of the nanoparticles by a fast heating, thus
allowing the preparation of stable dispersions without the
use of any surfactants. The TEM images confirm that the
particles are well below 10 nm in size, which is in good
agreement with the XRD data. Figure 3b shows a HRTEM
image of CoFe,0,. The clearly visible lattice fringes give
additional evidence for the high crystallinity of the nano-
particles. The chemical composition was investigated by
energy-dispersive X-ray spectroscopy (EDX) and is sum-
marized in Table 1. The different MFe,O,4 nanoparticles
display a ratio of M/Fe of about 0.5. To evaluate the
compositional homogeneity, we carried out several EDX

T

5 W

Vgeaiin
o )

S5 %m0

317
Table 1 Stoichiometry according to EDX in at %
MF6204 M Fe (0] M/Fe
CoFe,04 88+ 18 174+£31 74848 051 +0.04
NiFe,04 132+ 16 276+31 592+£47 048 +£0.02
MnFe,04 13.0 £ 03 2894+21 588+21 045+0.03
Calculated  14.29 28.57 57.14 0.50

analyses at different locations of the samples. Deviations of
less than 0.05% support the high compositional uniformity.
The oxidation states of the different transition metals in the
MFe,O,4 nanocrystals were elucidated by XPS (Fig. 4). The
2p*? binding energy of Co (780.1 £ 0.3 eV) and its
satellite around 785.7 eV, characteristic for Co>* [52-54],
the binding energy of Mn (641.1 £ 0.1 eV) and Ni
(854.4 & 0.2 eV) [53, 55, 56], and the Ni 2p"”* peak shape
[52] indicate that all these transition metals are twofold
positively charged, as expected for a spinel structure.
Furthermore, iron is predominantly in a Fe®" oxidation
state as indicated by the Fe 2p** peak which is centered at
710.5eV and the satellite peak around 719 eV

Fig. 3 TEM overview images of a CoFe,0,4, ¢ MnFe,0, and d NiFe,O,4 nanoparticles. b HRTEM image of CoFe,O,
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Fig. 4 XPS spectra of the as-
synthesized nanopowders. a Co ] (a)
2p of CoFe,O4, b Mn 2p of
MnFe,0,, ¢ Ni 2p of NiFe,Oy,.
d Fe 2p of a) CoFe,O4, b)
MnFe,0,, ¢) NiFe,04 and d)
Fe;0, nanoparticles

CPS [a.u]

810 800 790

BE [eV]

CPS [a.u)]

880 870

BE [eV]

characteristic for Fe>* [57]. Deconvolution of the Fe 2p3/ 2

peak of magnetite, centered at 710.2 eV into three peaks
assigned to Fe** (710.5 eV), Fe*™ (709.0 eV) and FeOOH
(711.6 eV), respectively, reveals a molar ratio of Fe’t to
Fe?* of 0.6. Furthermore, with time, magnetite oxidized to
Fe,0s, which was reflected in a shift of the Fe 2p*? peak
towards 710.5 eV and the appearance of a more pro-
nounced Fe*" satellite peak. The Fe’™ satellite peak is
convoluted with the Fe* satellite peak for freshly syn-
thesized magnetite nanoparticles (Fig. 4d).

The magnetic properties of the different MFe,O, pow-
ders were measured by a Quantum Design SQUID mag-
netometer. Figure 5 shows the magnetization curves at
300 K. At H = 50 kOe the magnetization is found to be
19.7, 30.6, 47.0 and 48.0 emu/g for MnFe,O, (Fig. 5a),
CoFe,0, (Fig. 5b), Fe;0, (Fig. 5c¢) and NiFe,0,4 (Fig. 5d),
respectively. The observed values are within the range
reported in the literature for such nanoparticles [16, 18, 25,
58]. The temperature dependence of the magnetization was
measured using zero field cooling and field cooling (ZFC—
FC) procedures from 2 to 300 K in an applied field of 1000
Oe (Fig. 6). With increasing temperature the ZFC magne-
tization increases, before reaching a maximum value, i.e.,
the blocking temperature Ty, at about 40 K for Fe;Oy4
(Fig. 6a), 146 K for CoFe,0, (Fig. 6b), 25 K for MnFe,O,4
(Fig. 6¢) and 19 K for NiFe,O,4 (Fig. 6d). At temperatures
higher than Tp, the thermal energy is larger than the
magnetic energy barrier and the material becomes super-
paramagnetic. The FC magnetization increases steadily
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Fig. 5 Magnetization curves measured at 300 K for a MnFe,Oy4, b
CoFe,0,, ¢ Fe;04 and d NiFe,O, powder

from 300 to 2 K and deviates from the ZFC curve below
Tp. Field-dependent magnetization measurements show
low coercivities with no remanence giving additional proof
for the superparamagnetic behaviour.

3.2 Thin film deposition

Morphological studies of the as-deposited CoFe,O, thin
films were performed by SEM and AFM. The CoFe,O,
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Fig. 6 Temperature 28] ]
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layers were prepared from reaction mixtures with various
total precursor concentrations ranging from 0.005 to
0.15 M. Figure 7a (overview image at low resolution) and
7b (higher magnification) display the SEM results obtained
for 0.005 M. The surface topology is quite smooth and
homogeneous over the whole area, although a few

Fig. 7 a-d SEM images of
CoFe,0, films prepared at
0.005 M total precursor
concentration (a and b) and at
0.15 M (c and d).
Corresponding AFM
measurements e 0.005 M and f
0.15M

spherical agglomerates are visible, too (Fig. 7a). On the
other hand, the layer synthesized at 0.15 M (Fig. 7c, d)
exhibits a more inhomogeneous morphology with the
presence of microcracks. The AFM images (Fig. 7e, f)
complement the SEM study, allowing an estimation of the
layer thickness to be around 80 nm for an initial condition

0.15 0.15
€ o010 € 010
] £
= =)
f 0.05 4 :" 0.05 -

0.00 4 0.00 -

-0.05 . : - -0.05 : . ; :

10 20 30 40 50 10 15 20 25 30 35

Lateral distance pm

Lateral distance pm
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of 0.15 M total precursor concentration (Fig. 7f). Upon
decreasing the total precursor concentration to 0.005 M, a
step height of about 25 nm could be measured (Fig. 7e).
Section analysis gives evidence of the film homogeneity
with a low surface roughness.

XPS spectra of as-deposited CoFe,O, films (Fig. 8)
were well in agreement with those measured on CoFe,Oy4
powder. The survey spectrum of these films (Fig. 8a)
revealed carbon as the only impurity present in the films. Si
from the underlying substrate could not be detected.
Obviously, the deposited CoFe,O, film is thicker than
10 nm, which is the XPS sampling depth. It can be seen
that neither cobalt nor iron underwent changes in the oxi-
dation state during film deposition (Fig. 8b, c).

The optical spectrum of cobalt ferrite nanoparticles is
generally dominated by an absorption in the range of 300-
350 nm [59]. A series of experiments were performed to
monitor the film thickness evolution by UV/Vis spectros-
copy. The absorbance of the films deposited on glass
substrates were measured in the wavelength range 300-—
1000 nm by subtracting the absorbance of the glass sub-
strate, which was taken as a reference. As shown in Fig. 9,
the absorbance in the 300-350 nm range increased with
increasing concentration (0.005-0.15 M) as expected. The
increase of the absorbance at 320 nm with the reaction
concentration can be linearly fitted, indicating that the
reaction conditions, i.e., the precursor concentration,
directly affect the layer thickness (Fig. 9, inset). Mea-
surements performed at different positions of the layers
gave similar absorbance values, suggesting that the depo-
sition is quite uniform. These are perfect conditions for a
precise control of the layer thickness simply by adjusting
the experimental conditions.

3.3 Ni@Fe;0,4 synthesis

Ni@Fe;0, core—shell nanoparticles were prepared via the
deposition of Fe;O, on preformed Ni particles. Fig-
ure 10a shows a TEM overview image of such a
Ni@Fe;0, configuration with larger Ni nanoparticles as
core (dark contrast) and smaller Fe;O4 nanoparticles as
surrounding shell. The XRD pattern in Fig. 10b indicates
that the as-prepared nanoparticles are highly crystalline,

1.25 r
— 1.0+ "
; 4
1.00 1 %08-
£ 06
=] 2 04 >
S, 0.754 < 0.2-',.
c ]
Re] 00— 71T
5 00 01 02 03 04 05
o 0.504 Concentration [M]
8
<
0.25
0.00

660 800
Wavelength [nm]

400 1000

Fig. 9 UV/Vis spectra of CoFe,O,4 films obtained with different
initial precursor concentrations ranging from 0.005 (bottom curve) to
0.15 M (top curve). Inset: Linearly fitted trend of A(;=320nm) Versus
solution concentration. In all cases the spectra have been corrected for
the absorption of the bare glass substrate

consisting of face-centred cubic nickel (JCPDS file No
04-0850) and cubic magnetite (ICDD PDF No. 1-1111).
The particle sizes determined from the Scherrer equation
are 20 nm from the 200 reflexion of Ni and 7 nm from
the 220 reflexion of Fe;O4 and agree well with the TEM
results.

4 Conclusions

The results presented here demonstrate the great potential
of combining the microwave technique with nonaqueous
sol-gel chemistry not only to produce various transition
metal ferrite nanoparticles with high crystallinity and
morphological uniformity, but also homogeneous metal
ferrite films on flat and curved substrates. The film thick-
ness on glass substrates can easily be varied in the range of
about 20-80 nm by adjusting the precursor concentration.
The fact that the ferrite nanoparticles can also be deposited
on preformed metal nanoparticle seeds opens up new
prospects for the preparation of multi-component core—
shell materials.

Fig. 8 XPS spectra of CoFe,0,4
films deposited on SiO, glass. a
Survey spectrum, b Co 2p and ¢
Fe 2p spectra

CPS [a.u]

BE [eV]
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Fig. 10 a TEM image of
metallic Ni in Fe;O, dispersions
and b the corresponding XRD
pattern with cubic Ni [ICDD
PDF 4-0850] and * Fe30y4
[ICDD PDF 1-1111]
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