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synthesis of mono-dispersed <y-Fe,O3 nanoparticles by mechanochemical pro-
cessing was demonstrated for the first time, via the solid-state exchange reaction
Fe;(S04)3 +3NaCO3 — Fe,(CO3)3 +3Nay S04 — Fe;03 +3Na S04 +3C0,(g) and subsequent heat treat-
ment at 673 K. The nanoparticles had a volume-weighted mean diameter of 6 nm and a narrow size
distribution with the standard deviation of 3 nm. The particles showed a superparamagnetic nature with
the superparamagnetic blocking temperature of 56.6 K. The anisotropy constant was 6.0 x 10 erg/cm?,
two orders of magnitude larger than the magnetocrystalline anisotropy constant of bulk y-Fe,0s. The
detailed analysis of the magnetic properties indicated that the y-Fe,03 nanoparticles had a core-shell
structure, consisting of a ferrimagnetic core of ~4 nm in diameter having a collinear spin configuration
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and a magnetically disordered shell of ~1.2 nm in thickness.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

When magnetic Fe,03 nanoparticles become smaller than the
size of magnetic single-domain, they exhibit unique properties
such as superparamagnetism, quantum tunnelling of the mag-
netization and large coercivities [1]. As such, magnetic Fe;03
nanoparticles find potential applications in many areas including
high density magnetic information storage devices [2], ferro-fluid
[3], magnetic resonance imaging agents [4], hyperthermic treat-
ment of tumours [5], controlled drug delivery [6], bioseparation
[7], and transparent magnetic composites [8]. Fe,O3 nanoparticles
are also of particular importance in the applications as catalysts
[9], sensors [10] and photovoltaics [11]. Among many polymorphs
of Fe; 03, y-Fe; 03 (maghemite) and Fe;04 (magnetite) have strong
magnetic properties_ Although both y-Fe; 03 and Fe304 are a spinel
ferrite having similar cubit crystal structures, y-Fe; O3 is chemically
more stable and thus the most widely used material for magnetic
recording applications [12].

In the past, a variety of methods have been developed for
the synthesis of iron oxide ultrafine powders, including sputter-
ing, vapour decomposition, hydrothermal, solvothermal, sol-gel,
vy-irradiation and electrochemical processes [9,13-15]. In recent
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years, mechanochemical processing has been demonstrated as
a versatile process for the synthesis of nanoparticles [16,17].
This synthesis technique is of technological interest since the
process is relatively simple with only a few operation parame-
ters and is suitable for large quantity production at commercial
scale. Of significance is the fact that this technique allows the
formation of separated nanoparticles embedded in a solid salt
matrix, leading to ultrafine particles with a very low degree of
agglomeration [18]. Previously, the mechanochemical synthesis
of hematite ultrafine powders was attempted via the reaction
2FeCl3 +3Ca(0OH); — Fe, 03 +3CaCl, +3H,0 [19,20]. However, the
resulting particles were hard aggregates or polycrystallites of
~100 nm in diameter having grain sizes of 20-30 nm. In this study,
the production of Fe,O3 nanoparticles by mechanochemical pro-
cessing via a new reaction route,

F62(504)3 +3Na,CO3 — Fez(CO3 )3 +3NayS04 (1 )
Fez(C03 )3 — Fey03 +3C0O, (2)

was investigated. The reaction (1) has a negative Gibbs free energy
change of - 362 k]/mole at 100 °C and hence, this reaction is poten-
tially mechanically activated in a ball mill [21].

2. Experimental procedure

The starting materials used were Fe;(SO4)3-9H,0 (Ajax Finechem, >99.88%),
Na,COj3 (Fluka, >99%) and NaCl (Ajax, >99%). Fe,(SO4)3-9H,0 was dehydrated in air
at 573 K for 2 h. X-ray diffraction (XRD) measurements of the dried Fe;(S04)3-9H,0
powder showed that the dehydrated powder consisted of two polymorphs of
Fe;(S04)s corresponding to ICDD JCPDS #73-0148 and #42-0225 but hydrated
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phases were not detected. The weight loss during drying was 28.6 wt%, identi-
cal to the theoretical value expected for the complete dehydration reaction of
Fez(SO4)3-9H20.

The mixture of starting reactants Fe,(SO4)s, NaCO3 and NaCl in a molar ratio of
1:3:4.3, was milled with a shaker-type mill (Spex 8000 mixer mill). The NaCl dilu-
ent phase was added to decrease the volume fraction of Fe; 05 in the heat-treated
powder down to 10% to avoid particle agglomeration [16]. The starting powder mix-
ture was sealed in air in a hardened steel vial along with 6 hardened steel balls of
12.7mm in diameter. The ball to powder mass ratio was 10:1. Milling was per-
formed up to 4 h with the shaking action of 2500 RPM. The as-milled powders were
then subjected to isothermal heat treatment for 1 h in air above the decomposition
temperature of Fe,(CO3)3; that was determined by simultaneous differential ther-
mal analysis and thermogravimetric analysis (TG/DTA) of the as-milled unheated
powders. Following the heat treatment, the powder samples were washed several
times with de-ionised water using an ultrasonic bath and a centrifuge in order to
remove NaCl and the reaction by-product Na;SO4.

X-ray diffraction (XRD) measurements were made using a Siemens D5000 X-ray
diffractometer with Cu Ko radiation. TG/DTA of the as-milled unheated powders
were carried out using a Waters SDT-2360 thermal analysis system, in an alumina
crucible at a heating rate of 20 K/min under a constant air flow of 2 cm?/min. The
microstructure of the particles was studied using a Philips 430 transmission elec-
tron microscope (TEM). The TEM specimen was prepared by dispersing the washed
powder in methanol using an ultrasonic bath followed by drying a drop of solution
on a copper grid coated with holey carbon film.

The particle-size distribution of the powders was measured by photo correla-
tion spectroscopy (PCS) using a Nicomp ZLS 380 instrument. The optical properties
of nanoparticle suspensions were characterised using a Varian Cary 300 Bio UV-vis
spectrophotometer equipped with a Labsphere DL integrating sphere, using a quartz
cuvette having an optical path length of 10 mm. Prior to the PCS and UV-vis spec-
troscopy measurements, a 0.005wt% particle suspension in diluted HCl aqueous
solution (pH 3) was subjected to ultrasonication using an ultrasonic probe for 15 min
to ensure good particle dispersion.

The specific surface area of dried powders was measured by
Brunauer-Emmett-Teller (BET) 5-points N;-gas absorption method at 77K
using a Micromeritics Tristar 3000. Magnetic measurements were carried out using
a Quantum Design MPMS superconducting quantum interference device (SQUID)
magnetometer with a maximum field of 70kOe. For the magnetic measurements,
cold-pressed pellets of 5 mm in diameter and ~0.5 mm in thickness were made and
the field was applied parallel to the flat surface of the pellet to reduce demagnetising
effects.

3. Results and discussion

Fig. 1(a)-(e) shows XRD spectra of the powder mixtures that
were milled for up to 4 h. It is evident that the intensity of diffrac-
tion peaks corresponding to Fe;(SO4); and Na,CO3 decreased
as the milling time increased. After 4h of milling, the peaks
corresponding to Fe,(SO4)3 disappeared and the peaks associ-
ated with Na,SO4 appeared, indicating that the displacement
reaction Fe,(SO4); +3Nay;CO3 — Fey(CO3)3 +3Nay S04 took place
during milling. The peaks corresponding to Fe,(CO3); were not
detected after milling for 4 h, possibly due to the formation of amor-
phous phases.

The TG/DTA curves of the powder milled for 4 his shown in Fig. 2.
The weight loss that starts from ~630 K is associated with the ther-
mal decomposition of Fe;(CO3)3 [22]. The endothermic reaction
that starts from ~850 Kis associated with the eutectic melting of the
NaCl and Na,;S0O4 mixture. Heat treatment above this temperature
should be avoided because it will cause environmental problems
associated with the decomposition of NaCl and Na,SO4 and also
induce agglomeration of the particles [18]. Hence, in order to con-
vert Fe,(CO3); into Fe, 03, the as-milled powder was heat treated
at 673 Kfor 1 h and then washed to remove Na,; S04 by-product and
NacCl diluent. In Fig. 1(f), the XRD spectrum of the washed and dried
powders consists of broad peaks which appears to correspond to
maghemite (y-Fe,03 JCPDS #39-1346). However, due to the facts
that the XRD pattern of maghemite (y-Fe,;03) is nearly identical to
that of magnetite (Fe304, JCPDS #19-0629) and that the diffraction
peaks were highly broadened, it was not possible to identify the
maghemite phase by XRD study only.

Fig. 3 shows TEM images of the sample after heat treatment and
washing. It is evident that the sample consisted of nanoparticles
with a low degree of agglomeration. The specific surface area of the
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Fig. 1. XRD diffraction spectra of the as-milled powder mixtures of
Fe,(S04)3 +3Na,CO5 +4.3NaCl that were milled for (a) Oh, (b) 0.5h, (c) 1h,
(d) 2h, (e) 4h and (f) the spectrum of the powder that was milled for 4h and
subsequently heat treated at 400 °C and washed.

sample was 198 m?/g, which corresponds to the spherical diameter
of 6.2 nm using the following equation:

6000
D=3

where D is the average particle diameter [nm], S is the specific sur-
face area [m2/g], and p is the density of the particle, 4.87 g/cm3 [23].
The PCS volume-weighted particle size distribution in Fig. 4 showed
a main peak at 6.3 nm and a very small peak at ~35 nm, indicative
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Fig. 2. TG/DTA curves of the powder mixture of Fe;(SO4); +3Na,CO3 +4.3NaCl that
was milled for 4 h.
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Fig. 3. TEM image of the Fe,O3 nanoparticles that was milled for 4h and subse-
quently heat treated at 400 °C and washed.

of a significantly low degree of agglomeration. The standard devi-
ation of the particle size distribution was 3.3 nm. The particle size
estimated from the results of TEM, PCS and surface area analysis
were in reasonable agreement with each other.

Fig. 5 shows UV-vis specular transmittance curve of the
sample which shows significantly high transmittance, exceed-
ing 90%, above 600nm and low transmittance below 400 nm.
The high transmittance in the visible light region is indicative
of well-dispersed nanoparticles with an extremely low degree of
agglomeration, which cause little light scattering as predicted by
Mie scattering theory [24]. In fact, the particle suspension showed
no visible turbidity at all, though strongly colored. The results
demonstrate the promising applications of the nanoparticles as a
transparent UV screening material [25].

As mentioned earlier, it was not possible to identify the
maghemite (y-Fe;03) phase only by XRD study. However, it was
possible to confirm the phase by UV-vis spectroscopy, as the
bandgap energy of y-Fe,03 and Fe3 0,4 are largely different. In Fig. 5,
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Fig. 4. Volume-weighted particle size distribution of the Fe,03 nanoparticles.
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Fig. 5. UV-vis specular transmittance curves of the Fe,03 nanoparticles dispersed
in water.

the onset of light absorption appears to start from around 600 nm,
which is close to the bandgap wavelength of bulk y-Fe; 03, 610 nm
[26]. Since Fe304 has a narrow bandgap of 0.14 eV and absorbs all
the UV and visible light, the results of the UV-vis spectroscopy indi-
cate that the sample that was heat-treated at 673 K consisted of
mostly y-Fe,03.

Fig. 6(a) shows magnetic hysteresis loops measured at vari-
ous temperatures; the same data are replotted in Fig. 6(b) with
expanded axes to show details around the origin. All the measure-
ments were made after cooling the sample from room temperature
in the maximum field of 70kOe. At 298K, the hysteresis loop is
characteristics of an S-shaped curve having no hysteresis, indicative
of superparamagnetic nature, which is expected in these samples,
having small particle sizes of 6-9nm [14]. As the temperature
is decreased from 298 to 100K, the magnetisation increases sig-
nificantly. Below 100K, the overall shape of the hysteresis loop
hardly changes but the coercivity (Hc) and remnant magnetisa-
tion (M;) increase markedly below 50K. At all temperatures, the
magnetisation is far from saturation even in the maximum field of
70kOe. Similar observations have been made in y-Fe,03 nanopar-
ticles less than 10nm in diameter produced by spray pyrolysis
[27], mechanochemical processing via a NaOH route [20], and co-
precipitation techniques [28]. The hysteresis loop measured at 5 Kis
displaced towards negative field (Fig. 6(b)), suggesting the presence
of exchange anisotropy field.

In Fig. 6(c), the same hysteresis loops are replotted as a func-
tion of reduced field (H/T), where H is the magnetic field and T is
the temperature. The data points for T=298 and 100K are super-
imposed on a single curve, indicating that the y-Fe, 03 particles are
indeed superparamagnetic at these temperatures. The magnetisa-
tion (M) of a system consisting of superparamagnetic particles is
given by an equation involving the Langevin function [29]:

M = M (cota - é) =Ms - L(a) (4)

where L(«) is the Langevin function, o =vMspH/[kgT, M is the sat-
uration magnetisation, v the volume of a particle, p the density of
the material and kg the Boltzmann constant. By fitting Eq. (4) to
the data points for T=298 and 100K in Fig. 6(c), the Ms and v were
determined to be 20.5emu/g and 3.24 x 10720 cm3, respectively.
For a spherical particle, the value of v corresponds to a diameter
of 4.0 nm, which is considerably smaller than the particle size esti-
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Fig. 6. (a) Hysteresis loops of y-Fe, 03 nanoparticles, measured at various tempera-
tures. (b) Enlargement of the hysteresis loops around the origin. (c) Hysteresis loops
replotted as a function of reduced field (H/T). Dashed line: Fit of Eq. (4) to the data
points for T=298 and 100 K.
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Fig.7. Solid curves: particle-size (D) dependence of normalised saturation magneti-
sation (Ms/My ) for various values of shell thickness (t), calculated on the basis of Eq.
(5); Mo denotes the saturation magnetisation for bulk material. Filled circle: data
point for y-Fe;03 sample heat treated at 400 °C (present work). Open circles: data
points for MnFe,04 nanoparticles [31]. Values of 87 and 80 emu/g were assumed
as My of y-Fe; 03 and MnFe, 04, respectively. Inset: schematic picture of a particle,
consisting of a ferrimagnetic core (shaded region) and a spin-glass shell.

mated from the BET and PCS measurements (6.2-6.3 nm). The value
of M; is also much smaller than that of bulk y-Fe; 03, 87 emu/g [30].

These discrepancies in particle size and saturation magnetisa-
tion can be explained with a model in which it is assumed that
each particle consists of a ferrimagnetic core having a collinear spin
configuration and a magnetically disordered shell that makes lit-
tle contribution to magnetisation [31]. According to this model, M;
will vary with particle size (D) as follows [31]:

Ms (D-2t) 5)
My~ D3

where My is the M for bulk material and t is the thickness of
the shell. A series of theoretical Ms/Mgy vs D curves, correspond-
ing to different values of t, are shown in Fig. 7. The data point (D,
M;s[/Mgo)=(6.2nm, 20.5 emu/g) that was measured in the present
study (filled circle) falls on the curve for t=1.2 nm. This thickness
is indeed close to half the difference between the particle size
determined from the BET/PCS measurement (6.2-6.3 nm, which
represents the size of a whole particle) and that from the magnetic
measurement (4.0 nm, which represents the size of the ferrimag-
netic core).

It is suggested that electrostatic disorder, i.e., the perturbation
of crystal field, is primarily responsible for the surface spin disorder
in spinel ferrites [31]. Since there are no ions outside the crystal,
electrostatic potential near the particle surface is different from
that deep inside the bulk, particularly in a crystal of primarily ionic
character such as ferrites. This situation creates the perturbation
of crystal field near the surface and affects the on-site Coulomb
energy and the charge-transfer energy on ionic sites, resulting in
the imbalance of the exchange coupling interaction and hence mag-
netic disorder [31].

For comparison, the data points (x, y)=(D, Ms/Msy) for man-
ganese ferrite nanoparticles, another crystal of primarily ionic
nature [31], are also plotted in Fig. 7 (open circles). It is evident
that the thickness of magnetically disordered shell in manganese
ferrite nanoparticles is close to that of y-Fe,03 prepared in this
study, indicating the universality of the model.

While the hysteresis loops for T=298 and 100K in Fig. 6(c) are
reasonably well fitted by Eq. (4), the slope of the curve at high fields
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appears to be greater than the theoretical prediction. This may be
due to the contribution of the disordered spins in the shell to the
magnetisation, neglected in the model. The disordered spins in the
surface layer of spinal-ferrite nanoparticles can have a relatively
large susceptibility in high fields [32].

Fig. 8 shows the temperature dependence of H¢, M; and the
exchange anisotropy field (H,). It can be seen that both H. and M;
become non-zero at 50 K and increase rapidly with decreasing tem-
perature, while the H; becomes non-zero at 20 K and increases with
decreasing temperature. These features, also observed in nanopar-
ticles of various spinel ferrites including y-Fe, 03, are explained in
terms of exchange coupling between the spins in the ferrimagnetic
core and those in the magnetically disordered shell, assumed to
be spin glass [14,28,31,33]: The spins in the shell become frozen
below the spin-freezing temperature, making coherent rotation of
the core spins more difficult, because of the core-shell exchange
coupling; coolingin a field establishes a shell-spin configuration for
which magnetisation of the core parallel to the field is energetically
favourable, resulting in an exchange anisotropy field.

In Fig. 6(c), the data points for T=50K noticeably deviates from
the common curve, suggesting that superparamagnetic blocking
starts to occur at a temperature between 50 and 100 K. For non-
interacting magnetic nanoparticles, the temperature dependence
of Hc is described by the following equation [34]:

He(T) T\ /2
rr=0=1" (%) )

where Ty is the superparamagnetic blocking temperature. From Eq.
(6),a linear relationship is expected between H and T'/2, As shown
in Fig. 9, the variation of H. with T'/2 is indeed well fitted by a
straight line, and from its slope and intercept at T'/2=0, H(T=0)
and Tg were calculated to be 4150 Oe and 56.6 K, respectively.

The superparamagnetic blocking temperature is related to the
anisotropy constant (K) and the particle volume (v) via the following
equation [14]:

KV

Te = 25kg

(7)

Using the numerical values Tg=56.6 K (derived immediately
above) and v=3.24 x 10720 cm3 (determined from the analysis of
the hysteresis loops), K is estimated to be 6.03 x 108 erg/cm3. This
value is of the same order of magnitude as, but considerably greater
than, the value derived by Sreeja and Joy from similar analysis,
1.32 x 108 erg/cm?3 [14]. The major reason for this discrepancy is
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Fig. 8. Temperature dependence of coercivity, exchange anisotropy field and rema-
nent magnetisation for the y-Fe, 03 nanoparticles.
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that the latter value was derived using the volume of the whole
particle including the magnetically disordered shell, resulting in
an underestimate of K. In fact, the use of the whole particle volume
corresponding to the particle size of 6.3 nm in our analysis leads to
K=1.49 x 10 erg/cm?3.

The estimated K value is two orders of magnitude larger
than the magnetocrystalline anisotropy constant for bulk y-Fe;03
(4.6 x 10* erg/cm3) [30], suggesting that the exchange field orig-
inating from the magnetically disordered shell is almost entirely
responsible for the high Tg as well as the high Hc at low temperature.
The dominance of exchange anisotropy over magnetocrystalline
anisotropy is likely to be the case with nanoparticles of all
spinel ferrites except CoFe,04 and its derivatives, which are
known to have exceptionally large magnetocrystalline anisotropy
(K=1.8-3.4 x 10% erg/cm3) [30] comparable to the K value derived
above. It should be noted, however, that magnetocrystalline
anisotropy, no matter how weak it may be, is necessary for the
exchange field to be effective in preventing magnetisation rever-
sal [32], without magnetocrystalline anisotropy the core and shell
spins would be free to rotate coherently, keeping the relative spin
configuration in the whole particle unchanged, and H. would be
zero.

4. Summary

In this study, magnetic properties of mechanochemically syn-
thesised y-Fe,03 nanoparticles were investigated. By using a new
reaction route, well-dispersed y-Fe, O3 nanoparticles with a mean
diameter of <10nm and a narrow size distribution were syn-
thesised, for the first time by mechanochemical processing. The
v-Fe;03 particles showed a superparamagnetic nature. By fitting
the hysteresis loop with the Langevin function, the saturation mag-
netisation and effective particle diameter were determined to be
20.5emu/g and 4 nm, respectively. The effective magnetic diam-
eter of the particle was smaller than the physical diameter of
~6nm that was estimated by TEM, PCS and surface area analysis.
The discrepancy was described with a model where each particle
consists of a ferrimagnetic core having a collinear spin configura-
tion and a magnetically disordered shell. The coercivity, M; and
the exchange anisotropy field increase rapidly with decreasing
temperature below 50 K. The y-Fe;03 nanoparticles had the super-
paramagnetic blocking temperature of 56.6 K and the anisotropy
constant of 6.0 x 106 erg/cm? which is two orders of magnitude
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larger than the magnetocrystalline anisotropy constant for bulk
v-Fe,03. These results were explained in terms of exchange cou-
pling between the spins in the ferrimagnetic core and those in the
magnetically disordered shell, assumed to be spin glass.
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