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NiFe2O4 nanoparticles formed in situ in silica matrix
by mechanical activation
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Nanocrystalline nickel ferrite (NiFe2O4) particles were successfully synthesizedin situ in an
amorphous silica matrix by mechanical activation at room temperature. Phase development in the
amorphous precursors, derived via a modified sol–gel synthesis route, with increasing mechanical
activation time was studied in detail by employing transmission electron microscopy, x-ray
diffraction, and Raman spectroscopy. NiFe2O4 nanoparticles of 8.05 nm in mean particle size with
a standard deviation of 1.24 nm, which were well dispersed in the silica matrix, were realized by 30
h of mechanical activation. The phase formation of nanocrystalline NiFe2O4 particles involves the
nucleation of Fe3O4 in amorphous silica at the initial stage of mechanical activation, followed by the
growth of nickel ferrite by incorporation of Ni21 caions into Fe3O4. Their magnetic anisotropy,
surface spin disorder, and cation distribution are investigated by considering both the strain imposed
by silica matrix and the buffer effect during mechanical activation. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1462853#
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I. INTRODUCTION

Nanophase spinel ferrite particles have attracted con
erable attention owing to their technological importance
the application areas, such as microwave devices~microwave
absorbers and waveguides in the gigahertz region!, high
speed digital tape and disk recording, repulsive suspen
for use in levitated systems, ferrofluids, catalysis, and m
netic refrigeration systems.1–4 These applications are criti
cally dependent on the unique physical, structural, a
chemical properties of nanosized spinel ferrites. The sc
tific importance of synthesizing functional nanoparticles l
in the fact that nanosized functional particles exhibit ma
different anomalous properties. Due to the significa
surface-to-volume ratio, anomalous magnetic behaviors,
rived from surface spin disorder, have been observed in
chanically activated NiFe2O4 nanoparticles.5 Change in cat-
ion distribution upon mechanical activation of NiFe2O4

nanoparticles has also been studied previously using M¨ss-
bauer spectroscopy and extended x-ray absorption
structure.6 Noninteracting ultrafine NiFe2O4 particles of
single domain exhibit the unusual Hopkinson effect, wh
magnetization reaches a maximum just below the Curie t
peratureTc in the presence of a small external magne
field.2,7 The nature of spin structure in these nanopartic
and the physical principles of these anomalous behaviors
not fully understood. Investigations into these unique p
nomena and magnetic properties of nanophase ferrite
ticles remain a scientifically interesting topic.

a!Author to whom correspondence should be addressed; electronic
maswangj@nus.edu.sg
6010021-8979/2002/91(9)/6015/6/$19.00
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Both the technological challenge and scientific impo
tance have prompted a search for various synthesis route
nanocrystalline ferrites, including hydrothermal reactio
electrochemical synthesis, oxidative precipitation, citr
precursor method, and sonochemical decomposition.2,8–11

However, the tendency of nanocrystallites to aggregate
coarsen at elevated temperatures remains a critical obs
for most of these synthesis techniques in realizing and
sembling the required nanoparticles. Mechanical activatio
a synthesis technique for nanophase materials. NiFe2O4,
ZnFe2O4, MnFe2O4, and CoFe2O4 have been successfull
synthesized by mechanical activation from oxi
compsitions.12–15 However, the mechanically activated fe
rite phases often exhibit poor particle and crystallite char
teristics, such as a wide crystallite size distribution, irregu
crystallite morphology, and a degree of unwanted crystal
aggregation, although they show well-established nanoc
talline structures.

To avoid the unwanted crystallite coarsening and part
aggregation, attempts have been made to synthesize nan
ticles dispersed in a suitable matrix, for example, in an io
exchange resin, polymeric wax, polymer films, and sili
glass.16–21Almost all the wet-chemistry synthesis routes i
volve a calcination step at elevated temperatures in orde
convert the precursor into a designed nanocrystalline ph
In this article, we investigate the feasibility of synthesizin
nanocrystallite NiFe2O4 particles in an amorphous silica ma
trix formed in situ by mechanical activation at room tem
perature, where the nucleation and growth of nanoph
NiFe2O4 are triggered by mechanical activation, instead
by thermal activation. The silica matrix is considered n
il:
5 © 2002 American Institute of Physics
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 [This article 
only to serve as spatial nucleation sites for NiFe2O4, but also
to confine the coarsening of nanoparticles as well as to m
mize the degree of crystallite aggregation. The silica netw
can also act as a buffer to protect the nanoparticles du
mechanical activation and hence reduce the surface spin
order. There can also occur a confinement effect and sur
strain on the nanophase particles that enhance their mag
anisotropy.

II. EXPERIMENT DETAILS

A. Starting materials

The chemicals employed in this work as the starting m
terials included: iron nitrate (Fe(NO3)39H2O) of reagent
grade with purity.99% ~Fisher Scientific!, nickel nitrate
(Ni(NO3)26H2O) of purity .99% ~Fisher Scientific!, and
tetraethyl orthosilicate~TEOS! of purity .98% ~Aldrich
Chemical Company, Inc.!.

B. Experimental procedure

The composite precursors of nickel ferrite/silica we
prepared via a modified sol–gel synthesis route. TEOS
ethanol~EtOH! were slowly added into an aqueous soluti
of mixed iron nitrate and nickel nitrate. The amounts of ir
and nickel nitrates were controlled for at a Fe/Ni mole ra
of 2, while the NiFe2O4 /(NiFe2O41SiO2) weight ratio was
controlled by varying the amounts of nitrates and TEOS. T
TEOS/EtOH/H2O molar ratio was fixed at 1:1:5. The mix
ture initially appeared turbid and then turned transpar
with emission of heat upon several minutes of vigorous s
ring, indicating that the hydrolysis of TEOS had taken pla
Upon completion of hydrolysis, the clear solution was th
transferred into a plastic petrie dish with a cover and left
slow gelation, which was accompanied by a volume shri
ing. The resulting alcogels were further dried in an oven
150 and 300 °C for 3 h, respectively, at a slow heating rate
0.5 °C/min. Use of such a slow heating rate was to facilit
the establishment of a silica network, as any cracks of the
due to fast heating at this stage could cause the nitrate
to leach out and decompose into oxides upon the subseq
heat treatment. The choice of 150 and 300 °C was base
the decomposition temperatures of iron and nickel nitra
as observed in the thermogravimetric analysis~TGA!. The
TGA curves of the nitrates and alcogels are shown in Fig

FIG. 1. TGA curves for:~a! Fe(NO3)3•9H2O, ~b! Ni(NO3)2•6H2O, and~c!
mixed Fe(NO3)3•9H2O and Ni(NO3)2•6H2O in alcogels.
is copyrighted as indicated in the article. Reuse of AIP content is subject to
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The in situ formation of nickel ferrite nanoparticles in
silica matrix was attempted by mechanical activation of
as-dried gel precursor. 3.5 g of the above dried gel w
loaded into a cylindrical vial 40 mm in diameter and 40 m
in length together with 15 stainless steel balls 9.24 mm
diameter. The compositions mechanically activated for va
ous time intervals were thoroughly studied for nanocrys
line structure and magnetic behaviors. TGA of iron a
nickel nitrates and the alcogels were carried out using a
Pont 2950 thermal analyzer. A powder x-ray diffractome
~CuKa, Phillips PW1729 x-ray diffractometer! and Raman
spectrometer~Spex 1702/04! were employed to monitor the
development of nanocrystallites during the course of m
chanical activation. The Raman spectrometer was operate
backscattering geometry with a helium–neon laser opera
at 632.8 nm as the excitation source. Transmission elec
microscope~TEM! ~JEOL-100CX! was used for studies o
the particle and crystallite characteristics of nickel ferr
formed in situ in the silica matrix. Their magnetic propertie
were investigated using a vibrating sample magnetom
~Oxford Instruments!. A Fourier transform infrared~FT-IR!
spectrometer~Bio-rad, FTS 135! was used to investigate th
phase evolutions in the nanocomposites.

III. RESULTS AND DISCUSSION

Figures 2~a! and 2~b! are TEM micrographs togethe
with the associated selected area diffraction~SAD! patterns
showing the morphologies of nanoparticles formed in the
compositions subjected to 5 and 30 h of mechanical act
tion, respectively. A significant amount of nanocrystallit
started to nucleate in the amorphous silica matrix upon 5 h of
mechanical activation. The poor nanocrystallinity is ind
cated by the faint halo rings in the associated SAD patte
The nanocrystallites underwent a steady growth in size w
increase in mechanical activation time. Figure 2~b! shows the

FIG. 2. TEM micrographs and the associated SAD patterns of gel com
sition subjected to:~a! 5 and~b! 30 h of mechanical activation, respectivel
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coarsened nanoparticles that are well dispersed in the s
matrix after mechanical activation for 30 hs. The growth
crystallinity and crystallite size is indicated by the we
defined rings shown in the SAD pattern. Measurements
the diffraction rings confirmed that they correspond to
crystal planes of spinel structure. Figure 3 shows the s
distributions of these nanoparticles, as measured from T
micrographs using an image analyzer, giving a mean siz
8.05 nm and standard deviation of 1.24 nm for the nanop
ticles derived from 30 h of mechanical activation, compa
to the mean size of 3.74 nm and a standard deviation of 0
nm for the material derived from 5 h of mechanical activa-
tion. These observations suggest that the formation pro
of spinel nanocrystallites involve nucleation and subsequ
growth in the silica matrix by increasing duration of m
chanical activation. Apparently, the aggregation of nanop
ticles is minimized by the existence of silica matrix.

The phase formation process in silica matrix triggered
mechanical activation was monitored using x-ray pow
diffraction. x-ray diffraction~XRD! traces for the gel com
positions mechanically activated for 0, 5, 10, 20, and 30
respectively, are shown in Fig. 4. For the as-dried gel with
any mechanical activation, only a very broadened peak o
the 2u range of 20– 27° is observed, corresponding to
amorphous silica matrix. This indicates that no crystall
phase was formed during the initial drying of the precur
gels at 300 °C. Diffraction peaks started to appear upon
of mechanical activation and their sharpness and inten
were further enhanced with increasing mechanical activa

FIG. 3. Size distributions of nanoparticles in the gel compositions subje
to: ~a! 5 h and~b! 30 h of mechanical activation.
is copyrighted as indicated in the article. Reuse of AIP content is subject to
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time. Upon 30 h of mechanical activation, these peaks
well established and they can all be assigned to the sp
structure of either Fe3O4 or NiFe2O4. Intermediate crystal-
line phases, such asa-Fe2O3 or NiO were not detected in the
in situ formation process of nanocrystalline phase spi
phase.

The above mechanically activated gel compositions w
further investigated using Raman spectrometer in orde
differentiate NiFe2O4 from other possible phases, such
Fe3O4 and g-Fe2O3, which have similar spinel structure
and therefore are similar in XRD patterns. As shown in F
5~a!, the Raman spectrum for the gel composition subjec
to 5 h of mechanical activation exhibits a weak and broa
ened peak at;675 cm21, which can be assigned t
Fe3O4.22–24 In contrast, the Raman peaks at 343, 494, 6
~shoulder!, and 701 cm21, which are indicative of
NiFe2O4,25,26 are detected in the spectrum for the gel co
position mechanically activated for 30 h@Fig. 5~b!#. Studies
of Raman spectroscopy in the high wavenumber region ru
out the existence ofg-Fe2O3 in the composition subjected t
30 h of mechanical activation. In conjunction with the resu

d

FIG. 4. XRD traces of the as-dried gel containing nickel and iron nitrate
silica upon mechanical activation for different durations.

FIG. 5. Raman spectra for the gel compositions subjected to mecha
activation for~a! 5 h and~b! 30 h, respectively.
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of XRD phase identification, it is suggested that the spi
structure observed at the initial stage of mechanical act
tion was a result of the nucleation of Fe3O4 nanocrystallites
in silica. A similar phenomenon was observed by Mon
et al.27 and Xue et al.,28 who synthesizedg-Fe2O3 /SiO2

nanocomposite by thermal treatment and mechanical ac
tion of TEOS gel containing trivalent Fe ions, respective
The in situ formation of nanocrystalline Fe3O4 in silica trig-
gered by mechanical activation was due to the reducing
fect of carbonaceous species originated from TEOS.28 The
extension of mechanical activation time gave rise to the
mation of nickel ferrite by incorporation of Ni21 ions into
Fe3O4. The incorporation of Ni21 ions into magnetite par
ticles during crystallization of nickel ferrite was also o
served by Regazzoni and Matijevic.29

Figure 6 shows the magnetization hysteresis loop for
gel composition mechanically activated for 30 hs. At lo
field, the loop exhibits zero coercivity and remanence.
high field, magnetization increases almost linearly with
external field and shows a lack of saturation at a field as h
as 5 T, which remains evident even at a low temperature
K ~shown by the inset in Fig. 7!, implying a very large mag-
netic anisotropy. By considering the confinement effect
silica matrix,30 this can be accounted for by the surfa
strain.31 The magnetization at 5 T as a function of mecha
cal activation time is presented in the inset of Fig. 6. It is
interest to note that the magnetization increases with act
tion time up to 10 hs, followed by a slight decrease up
further 5 h of mechanical activation. Further increase in m
chanical activation time leads to a steady rise in magnet
tion, which finally levels off at 30 h of mechanical activatio
This is consistent with the phase developments revealed
Raman and XRD studies discussed earlier. The formatio
Fe3O4 nanocrystallites contributed to the initial increase
magnetization, while the incorporation of Ni21 into Fe3O4

led to the occurrence of NiFe2O4, which exhibits a lower
magnetization than that of Fe3O4. This responded to the de
crease in magnetization observed at 15 h of mechanica
tivation. With the steady growth of NiFe2O4 nanoparticles in
crystallinity, magnetization recovers and increases with
ther increase in mechanical activation time.

FIG. 6. Magnetization hysteresis loop, measured at room temperature
gel composition mechanically activated for 30 h. Inset shows the mag
zation at 5 T as a function of mechanical activation time.
is copyrighted as indicated in the article. Reuse of AIP content is subject to
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Previous studies showed anomalous magnetic prope
of NiFe2O4 nanoparticles derived from high-energy ball mi
due to the surface spin disorder.1,5,6,32 Magnetization mea-
surements at low temperatures were performed in this w
to investigate the possible occurrence of surface spin di
der in the nanoparticles of NiFe2O4 formed in situ in the
silica matrix. Figure 7 shows the zero-field-cooled~ZFC! and
field-cooled~FC! magnetization curves obtained for the g
composition derived from 30 h of mechanical activation
an external field of 7 and 0.03 T, respectively. At the hi
field of 7 T, the ZFC and FC curves almost completely ov
lap each other. Separation between ZFC and FC, which
observed for the NiFe2O4 subjected to high energy ba
milling,5,6 is not shown at the temperature as low as 5 K in
this work. At the low field of 0.03 T, a significant differenc
is observed between ZFC and FC. At 5 K, their difference
;94%, which is too large to be accounted for by the surfa
spin canting effect. Rather, it is a result of the superparam
netic behavior of nanoparticles.33 For the ferrite particles of
6.5 nm in size, where approximately 26% cations are as
ciated with surfaces, the canted spins can contribute t
;3% difference between ZFC and FC at 4.2 K.5 Hysteresis
loop shift and high field irreversibility, both of which ar
associated with the ‘‘freezing’’ of disordered surface spin
are not detected in the FC state at 5 K in this work. These
experimental results suggest the absence of a large degr
surface spin disorder in the mechanically activated gel co
positions. Surface spin disorder in NiFe2O4 nanoparticles
subjected to high energy ball milling is accounted for by t
broken exchange bonds between surface spins, which
related to the surface roughness and effects of impu
ions.1,5,32 The absence of surface spin disorder of NiFe2O4

nanoparticles in silica synthesized in this work is a result
the matrix buffer that effectively protected the nanopartic
during mechanical activation, minimizing the surface roug
ness and spin disorder.

for
ti-

FIG. 7. ZFC and FC magnetization curves measured for the gel compos
subjected to 30 h of mechanical activation at an external field of 7 and
T. Inset is the hysteresis loop in FC state measured at 5 K.
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To study the cation distribution in NiFe2O4 nanoparticles
formed in situ in the silica matrix, samples were synthesiz
by calcination of the gel composition dried at 300 °C. Figu
8~a! shows Raman spectra for the material calcined at 900
for 3 h. All the Raman peaks observed can be assigne
NiFe2O4. When compared to the Raman spectrum shown
Fig. 5~b! for the NiFe2O4 nanoparticles derived from me
chanical activation, they are much sharpened. Howe
studies using TEM and XRD phase analysis suggest tha
NiFe2O4 nanoparticles derived from calcination and m
chanical activation exhibit similar crystallite sizes. Th
broadening of Raman peaks observed in Fig. 5~b! is thus due
to a high degree of cation disorder, instead of the crysta
size effect.22,34 It is further noted that the peak at 585 cm21

is dramatically weakened and broadened for the NiFe2O4

nanoparticles derived from mechanical activation. Since
Raman peaks over the region of 660– 720 cm21 reflect the
nature of tetrahedra in ferrites, while those in t
460– 640 cm21 region reflect the octahedra,35 this clearly in-
dicates a high degree of disorder in cation distribution in
octahedral sites of the NiFe2O4 nanoparticles. As also show
in Fig. 8~b!, cation reordering can be realized when the
composition was further annealed at 650 °C for 2 h after
mechanical activation, as confirmed by the reappearanc
the Raman peak at 585 cm21. Cation disorder in the
NiFe2O4 particles derived from mechanical activation can
further demonstrated by comparing their FT-IR spectr
@Fig. 9~a!# with that derived from calcination@Fig. 9~b!#. The
bands at 470, 806, 957, 1100, and 1185 cm21 correspond to
the silica matrix.36 First, the band at around 957 cm21, ob-
served for gel composition subjected to mechanical act
tion, is not detected for the calcined counterpart. It is kno
to relate to the nonbridging Si–O bonds in silica,36 suggest-
ing that there occurs a degree of structural defects in
silica network triggered by mechanical activation. The ch
acteristic band of NiFe2O4 at 609 cm21, corresponding to
the Fe–O bond, appears in both spectra. The other chara
istic band of NiFe2O4 at 410 cm21, corresponding to the
Ni–O bond, was only observed for the NiFe2O4 derived

FIG. 8. Raman spectra of~a! the gel composition calcined at 900 °C for 3
and ~b! gel composition mechanically activated for 30 h and then anne
at 650 °C for 2 h.
is copyrighted as indicated in the article. Reuse of AIP content is subject to
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from calcination at 900 °C. It was not observed for the g
composition derived from mechanical activation. This im
plies that Ni21 is responsible for the disorder in octahedr
sites observed. Disordering of Ni21 has been observed b
Chinnasamyet al.6 in their NiFe2O4 sample subjected to
high energy ball milling, where some Ni21 ions were ob-
served to shift from octahedral sites into tetrahedral si
The disorder of Ni21 cations observed for the NiFe2O4 par-
ticles formedin situ in a silica matrix can therefore be attrib
uted to the phase formation process during mechanical a
vation. The initial mechanical activation led to the nucleati
of Fe3O4 nanocrystallite, which is followed by the oxidatio
of Fe21 in the octahedral sites and incorporation of Ni21 into
the lattice. Some of the oxidized Fe31 cations remained in
the octahedral sites, forcing Ni21 to occupy the tetrahedra
sites and giving rise to a disordered cation distribution
NiFe2O4.

IV. CONCLUSIONS

Nanocrystalline nickel ferrite (NiFe2O4) particles are
triggered to formin situ in an amorphous silica matrix by
mechanical activation of a sol–gel derived precursor conta
ing nickel and iron nitrates at room temperature. The proc
involved the nucleation of Fe3O4 nanocrystallites in the
silica matrix at the initial stage of mechanical activation a
the subsequent incorporation of Ni21 into Fe3O4 forming
NiFe2O4. Studies of the magnetic properties of the resulti
NiFe2O4 nanoparticles show a large magnetic anisotro
which is due to the strain imposed by the silica matrix duri
mechanical activation. The NiFe2O4 nanoparticles formedin
situ in silica do not exhibit a large degree of surface sp
disorder, as a result of the buffer effect of silica matrix. D
ordering of cation distribution, i.e., Ni21 cations occupy the
octahedral sites, are shown to occur in these nanocrysta
NiFe2O4 particles, the reordering of which can be realized
an appropriate thermal treatment at 650 °C.
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