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Superparamagnetic maghemite nanoparticles were prepared by chemical co-precipitation, followed by a
temperate oxidation stage, and investigated using FE-SEM, XRD, TGA, VSM, and Mossbauer spectroscopy.
Through SEM image and XRD analysis, its average particle size was found to be 13.9 nm. While VSM
magnetic measurement showed typical superparamagnetic behavior at room temperature, Mossbauer
spectroscopic investigation revealed that non-vanishing magnetic hyperfine structure were retained. Cation
distribution estimated from Maossbauer spectroscopy confirmed the formation of maghemite nanophase in

the sample.
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1. Introduction

Magnetic properties of nano-sized particles have been
of great importance in fields ranging from pure scientific
through biomedical to technological and industrial appli-
cations [1, 2]. Among various magnetic materials, spinel
type iron oxides, such as magnetite (Fe;O4) and maghe-
mite (y-Fe,O;), have attracted much attention, especially
in the field of bio-applications. Magnetite is an ideal
candidate material for biomedical use. It is ferrimagnetic
and possesses moderate saturation magnetization [3].
Most of all, it is reported to be biocompatible. However,
the magnetite nanoparticles are not stable in oxygen-
abundant applications and oxidize to ferric oxi-hydroxides,
which have different properties [4]. Rather, maghemite
nanoparticles have much better chemical stability along
with similar magnetic properties. These properties make
maghemite a suitable material for bio-applications, such
as magnetic hyperthermia or magnetic resonance image
(MRI) contrast agent. In this paper, we report the syn-
thesis of superparamagnetic maghemite nanoparticles and
discuss its structural, thermal, and magnetic properties as
a basic material for biological applications.
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2. Experimental

Nano-sized maghemite particles were synthesized by a
chemical co-precipitation method, followed by a temperate
oxidation process. Aqueous mixtures of FeCl,4H,O and
FeCl;-6H,0, with appropriate molar ratios, were first pre-
pared. Then, a NaOH solution was slowly dropped into
this solution with vigorous stirring, under the flow of Ar
gas. The solution was stirred at 80°C for one hour and
turned from red brown to black. The final pH was 11.
After adding diluted HCI to neutralize the solution, the
resulting black precipitate was gathered by pouring off
the supernatant with a strong magnet underneath and sub-
sequently rinsed 4 times with warm water. Transforma-
tion from this iron oxide to maghemite was performed by
storing the precipitate in a neutral solution and exposing it
to the air for several days on the shelf. In order to accele-
rate the rate of this transformation, an aerating oxidation
of acidified aqueous magnetite suspension was previously
proposed [5].

The particles were dried overnight under vacuum and
used for subsequent measurements. The crystallographic
and morphological characterizations were carried out by
using x-ray diffraction (XRD) and field emission scann-
ing electron microscopy (FE-SEM), respectively. The
variations of the sample weight, with heating, was moni-
tored using thermogravimetric analyses (TGA), up to
900°C, under both air and N, atmosphere. Hysteresis
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loops and zero-field cooled (ZFC) — field-cooled (FC)
magnetization curves were obtained by using a vibrating
sample magnetometer (VSM). Mdssbauer spectra at vari-
ous temperatures were collected by using a spectrometer
of transmission type with a *’Co source in a rhodium
matrix at ambient temperature.

3. Results and Discussion

FE-SEM image in Fig. 1 shows the morphology of the
v-Fe,O3 nanoparticles, in which the regular nature of the
grain was observed. It was the image for dried powder so
it showed some degree of agglomeration. The grain size
ranged from 10 to 15 nm. Powder XRD pattern of -
Fe,O3 nanoparticles is shown in Fig. 2. It consisted of
peaks for single spinel structure without any other phases.
The width of the peaks was broad, indicative of small
particle size. The average size (Dxrp) of the y-Fe,O;
nanoparticles was determined by using the Debye-Scherrer
formula [6]:
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Fig. 1. FE-SEM image of the maghemite nanoparticles.
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Fig. 2. Powder XRD pattern of the maghemite nanoparticles.
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Fig. 3. TGA profiles of the maghemite nanoparticles obtained
under air and N, gas.
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where 0.9 was the Scherrer’s constant, A was the wave-
length of the Cu Ko radiation (4= 1.5406 A), S was the
broadening in the full width at half maximum in radians,
and 6 denoted the Bragg angle. The value of Dyrp was
calculated to be 13.9 nm, which fell well within the range
observed in the SEM image.

The stages of weight loss with the increase of temper-
ature for the y-Fe,O; nanoparticles is illustrated in Fig. 3.
The first stage (I) was up to 200°C, where the evaporation
of absorbed moisture occurred. At the second stage (II),
from 200°C to 650°C, 10% of weight loss occurred
according to the irreversible reaction of y-Fe,O; — Fe 04
— 2FeO [7]. Here, 2FeO phase was meta-stable high
temperature phase and returned to hematite as soon as the
sample was cooled back [8]. When the sample was
further heated under an oxygen-free environment, 2FeO
lost one more oxygen atom, resulting in the observed
20% weight loss.

The M-H curves for the y-Fe,O; nanoparticles are
depicted in Fig. 4. The curve measured at 300 K showed
no hysteresis without any coercivity, which meant the
sample was superparamagnetic. The saturation magneti-
zation was 68 emu/g, which was slightly smaller than that
for the bulk material (74 emu/g) [9]. At 30 K, the loop
exhibited small coercivity (Hc =100 G), as shown in the
inset. We got the particle size and its distribution by fitt-
ing the hysteresis curve to the classical Langevin function
weight-averaged with a particle size distribution function

S

M(H) = Mg [L(r, H)f(r)dr. )
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Fig. 4. The M-H curves for the maghemite nanoparticles
measured at 30 K and room temperature. The inset shows a
detailed view for small-field region.

Here, we assumed a modified log-normal particle size
distribution f{r) [10]:
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Optimum fit was obtained for o= 0.28, ry =4.63, 6=10.2,
and the result is displayed in Fig. 5. Average particle size
Dyac was the first moment of the distribution f{r) and
was estimated to be 10.1 nm, which was smaller than
Dyrp deduced from XRD analysis. For magnetic nano-
particles, the magnetic size was always smaller than that
deduced from structural measurements. This fact along
with the reduction in saturation magnetization described
above came from the core-shell structure of particles and
can be explained by the existence of shell layers with the
incomplete coordination of atoms on the particle surface,
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Fig. 5. Results of the M-H curve analysis (Eq. (2)) for the

maghemite nanoparticles. Corresponding particle size distribu-
tion function f{r) is shown in the inset.

Magnetization (emu/g)

-325-

Maghemite @ 100 Oe

Magnetization (emu/g)
[o1]
I

2 | | 1 | | |
0 50 100 150 200 250 300 350

Temperature (K)

Fig. 6. (Color online) FC and ZFC magnetization curves
under 100 Oe for the maghemite nanoparticles. The arrow
represents the blocking temperature 7Tg.

leading to the magnetic dead layer.

Figure 6 shows the FC-ZFC magnetization curves for
the y-Fe,Os nanoparticles taken under 100 Oe. Blocking
temperature 75 of a nanoparticle system was usually
defined as the bifurcation point of the two curves [11],
which was determined, from the figure, to be 240 K for
this sample.

Mossbauer spectra taken at various temperatures are
illustrated in Fig. 7. As shown in this figure, the Mdssbauer
absorption lines broaden asymmetrically as the temperature
rose, which can be explained by the multiple possible
environments of Fe ions. The y-Fe,O; was known to have
the spinel (AB,O4) structure in which there were insuffi-
cient Fe** cations to fill all the octahedral (B) and tetra-
hedral (A) sites so that the stoichiometry corresponded to
Feg311,304 where [J represented a cation vacancy [12]. If
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Fig. 7. (Color online) Mossbauer spectra of the maghemite
nanoparticles taken at various temperatures. The inner and the
outer sets correspond to the A and the B sites, respectively.
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all the vacancies were present on the B-sites, the chemical
formula would be Fes(Fes;; [ 13)p04, implying that an A-
site Fe ion was surrounded by 12 B-sites, which can be
either an Fe’* ion or a vacancy, while all the B-site Fe
ions were only surrounded by 6 A-site Fe ions. The prob-
ability for an A-site Fe ion having » Fe ions among 12
neighboring B-sites cavity became

P(n) = ,Cx"(1-x)"""

where x was the fraction of vacancies in the B-site.
Therefore, the A-site subspectra can be fitted as the
superposition of magnetic sextets with hyperfine field of
H(n)=Hy— (12 — n)AH and relative absorption intensity
of P(n). The H, was the A-site hyperfine field with no B-
site vacancy neighbors and AH was the decrement in
hyperfine field, as a result of replacing a B-site Fe neigh-
bor by a cation vacancy. Experimental absorption area
ratio A/B was found to be 0.6-0.65 throughout the
temperature range examined, which agreed well with the
assumption that most of the vacancies resided in B-site.
The isomer shift values at room temperature for the A and
the B-site were 0.24 mm/s and 0.29 mm/s, respectively,
which were typical values for Fe**.

Interestingly, the sample was paramagnetic at room
temperature from VSM measurement while the magnetic
hyperfine structure from Mdossbauer measurement did not
collapse. This result originated from different measuring
time scales for the two methods [13]. The measurement
time window for Mdssbauer spectroscopy (~10™ sec) was
extremely narrow, enough to follow up the relaxational
fluctuation of magnetic moment. On the other hand, the
time scale for VSM measurement (~10 sec) was so long
that it could only reflect the averaged value, i.e., the
vanishing magnetic moment.

4. Conclusion

Maghemite nanoparticles have been prepared by the
chemical co-precipitation, followed by a mild oxidation
process, and subjected to various physical characteri-
zations. The synthesized nanoparticles were typically
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13.9 nm in size and proved to be pure maghemite or
Fea(Fes;s[1,3)804 without the contamination from any
other forms of iron oxide. The results of the investigations
indicated that the synthesized maghemite nanoparticles
possessed all the required physical properties necessary
for bio-applications, such as magnetic hyperthermia treat-
ment or MRI contrast agent.
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