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Growth of nano-a-Fe2O3 in a titania matrix
by the sol–gel route
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Nano-a-Fe2O3 in a titania matrix was prepared by the sol–gel route. The nanocomposites
containing various sizes of a-Fe2O3 were precipitated by the heat treatment of the dried gel in
a temperature range 100–1200 °C. Differential thermal analysis of the TiO2–Fe2O3 system
showed peaks at 325, 390 and 730 °C. The formation of anatase as well as the rutile phase of
TiO2 and the growth of a-Fe2O3 were predicted from the above peak analysis. These results
were in agreement with the X-ray diffraction studies. The sizes of the nanoparticles were
analysed by transmission electron microscopic studies. The Mössbauer spectra of
TiO2–Fe2O3 nanocomposites showed paramagnetic and superparamagnetic doublets for all
the specimens containing nanoparticles of a-Fe2O3. The electron paramagnetic resonance
study indicated the presence of a paramagnetic phase in the nanocomposite samples.
 1998 Chapman & Hall
1. Introduction
Nanocomposite materials have recently been studied
extensively [1—6] because of their potential use in
technology, such as high-density magnetic recording
media, ferrofluids, catalysts, and so on. Various tech-
niques, such as vapour deposition [7], r.f. sputtering
[8], reducing from metal oxide [9], hydrothermal
precipitation [10], etc., have been employed to pre-
pare ultrafine particles. Among the variety of means to
prepare nanocomposite materials, the sol—gel method
has already proved to be an effective and economical
way of fabrication [11,12]. The improved character-
istics of these materials are, in fact, due to the presence
of a very large number of grain interfaces. Recently,
we have made a systematic study of the growth of
nanosized a-Fe

2
O

3
in a silica glass matrix prepared by

the sol—gel route [13]. The Mössbauer spectrum of the
dispersed system of magnetic nanocrystals is a super-
position of a Zeeman sextet corresponding to large-
size ferromagnetic particles and a superparamagnetic
doublet, corresponding to particles of smaller size
[13]. Such characteristic features of the nanoparticles
are dependent on the heat treatment of the gel. It has
thus been possible to study the growth kinetics of
nano-a-Fe

2
O

3
in various glass matrices. In the present

study, we report the preparation of the Fe
2
O

3
—TiO

2
nanocomposite system by sol—gel method and its in-
vestigation by several measurement techniques. The
crystallographic structures of the samples were
0022—2461 ( 1998 Chapman & Hall
determined by X-ray diffractrometry (XRD) and dif-
ferential thermal analysis (DTA). Transmission elec-
tron microscopy (TEM) observations were performed
to determine the particle-size distribution. The room-
temperature Mössbauer spectra were obtained and
the electron paramagnetic resonance (EPR) spectra
were recorded. To our knowledge, this is the first time
that the growth of nano-a-Fe

2
O

3
in a titania matrix

by the sol—gel route has been reported.

2. Experimental procedure
The composite system investigated was TiO

2
—Fe

2
O

3
.

The precursor compounds used for preparation of the
samples were FeCl

3
) 6H

2
O and C

12
H

28
O

4
Ti (tetra-

isopropyl orthotitanate). First, a sol (a) of titania was
prepared by the hydrolysis of 10 ml tetra-isopropyl
orthotitanate in a 40 ml mixture of acetic acid and
ethyl alcohol in a volume ratio of 25 : 75. Mixture (a)
was stirred for 1 h. Another solution (b) of 0.6 g
FeCl

3
) 6H

2
O in 10 ml water was prepared and poured

into mixture (a). The resulting mixture was then stir-
red for 1 h to get the final sol. The sol was then kept at
room temperature for 72 h for gelation. The gel was
then slowly heated in a controlled oven up to 100 °C
and was kept there for 7 d. The gel was divided into
several parts. For the precipitation of Fe

2
O

3
the gel

pieces were subjected to the scheduled heat treatment
summarized in Table I.
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TABLE I Summary of heat-treatment schedule for specimens in
the TiO

2
—Fe

2
O

3
system

Heat Sample Phase identified Phase identified
treatment by X-ray by TEM

200 °C/2 h A Anatase TiO
2

Anatase TiO
2

300 °C/2 h B Anatase TiO
2

Anatase TiO
2

400 °C/2 h C Anatase TiO
2

Anatase TiO
2

600 °C/2 h D Anatase TiO
2

Anatase TiO
2

800 °C/2 h E Rutile TiO
2

Rutile TiO
2

and a-Fe
2
O

3
and a-Fe

2
O

3
1000 °C/2 h F Rutile TiO

2
Rutile TiO

2
and a-Fe

2
O

3
and a-Fe

2
O

3
1150 °C/2 h G Rutile TiO

2
Rutile TiO

2
and a-Fe

2
O

3
and a-Fe

2
O

3

The DTA analysis of the 100 °C (oven dried) gel
was carried out in a Shimadzu DT—40 thermal ana-
lyser at a heating rate of 5 °C min~1 with a sensitivity
of 20 lV in~1.

The X-ray analyses of all the samples were per-
formed in a Phillips PW 1877 apparatus using CuKa

radiation.
The microstructures of the samples which had

Fe
2
O

3
precipitates were analysed by TEM using a

JEM 200 CX transmission electron microscope.
The room-temperature EPR spectra of the samples

were recorded by using a Varian E-112 EPR spec-
trometer operating at X-band frequencies (m"9.45
GHz) having a 100 kHz first modulation and a phase-
sensitive detection to obtain a field-derivative signal.
DPPH was used as an internal standard (g"2.0036).

The Mössbauer spectra were obtained on a conven-
tional time-mode spectrometer (Wissel 1000 model)
with constant acceleration drive and a triangular ref-
erence signal. A 10 mCi 57Co in Rh matrix was used as
radiation source. The data were collected in 256 chan-
nels and velocity calibration was performed with
a natural iron foil of 25 lm thickness supplied by
Amersham International plc. The absorber consisted
of the finely ground samples spread out over the
support in a uniform thickness of approximately
5mg cm~2. Spectra were run until an off-resonance
count of nearly 5]106 was reached. The spectra were
analysed by least-squares fittings [14] of Lorentzian
lines to the data.

3. Results and discussion
3.1. DTA analysis
Fig. 1 shows the DTA curve of the oven-dried sample.
The curve showed two exothermic peaks at the tem-
peratures 325 and 390 °C and one valley around
730 °C. The first peak was attributed to oxidation of
the alkyl groups present in the gel because of an
incomplete polycondensation reaction. The second
one was due to the crystallization of anatase phase of
TiO

2
. This was evident from X-ray data and TEM

analysis. The peak around 730 °C was believed to be
due to the growth of a-Fe

2
O

3
and TiO

2
rutile phases,

respectively. This was also evident from the study of
transmission electron micrographs.
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Figure 1 DTA curve for the oven-dried TiO
2
—Fe

2
O

3
specimen.

Figure 2 X-ray diffraction pattern of TiO
2
—Fe

2
O

3
specimen heated

at 1000 °C for 2 h. (s) a-Fe
2
O

3
, (d) TiO

2
.

3.2. X-ray diffractometry
The X-ray diffraction of the samples heated up to
600 °C showed the presence of anatase phase of TiO

2
whereas the rutile phase of TiO

2
and a-Fe

2
O

3
ap-

peared in the samples heated to higher temperatures,
as summarized in Table I. The X-ray diffractrogram of
sample F is shown in Fig. 2.

3.3. TEM analysis
Fig. 3 shows a transmission electron micrograph of
the TiO

2
—Fe

2
O

3
sample heat treated at 1000 °C/2 h.

Fig. 4 is the electron diffraction pattern of Fig. 3. The



Figure 3 Transmission electron micrograph of sample TiO
2
—Fe

2
O

3
heat treated at 1000 °C for 2 h (]100 000).

Figure 4 Electron diffraction pattern of Fig. 3.

TABLE II Comparison of interplanar spacings, d
h k l

, for a speci-
men TiO

2
—Fe

2
O

3
heat treated at 1000 °C/2 h with standard ASTM

data

d
hk l

(nm) ASTM standard ASTM standard
Observed a-Fe

2
O

3
TiO

2
(rutile)

0.1697 0.1690 0.1687
0.1477 0.1452 0.1480
0.1375 — 0.1360
0.1190 — 0.120
0.1060 0.1055 —
0.0941 0.0931 —

observed interplanar spacings, d
hk l

, and standard data
are compared in Table II. This confirms the presence
of a-Fe

2
O

3
and TiO

2
(rutile) phases, respectively.

TEM of the samples heat treated at lower tempera-
tures ((800 °C) do not show the presence of any
crystalline phase of iron, only confirms the presence of
TiO

2
anatase phase which is evident from the diffrac-

tion ring analysis. In the sample heat treated above
800 °C, anatase TiO

2
phase is transformed to rutile

TiO
2

phase. This is predicted from the corresponding
diffraction ring analysis. These particles of TiO

2
are

also of nanometre dimensions and are embedded in
Figure 5 Histogram of nano-a-Fe
2
O

3
grown in a titania matrix at

1000 °C for 2 h.

TABLE III Average particle size for different samples in the
TiO

2
—Fe

2
O

3
system

Sample Median particle Geometric standard
diameter (nm) deviation (nm)

E 4.0 1.5
F 6.2 1.6
G 10.0 1.2

a glassy matrix. The results are summarized in Table I.
Therefore, the samples heat treated above 800 °C are
true nanocomposites containing both TiO

2
and a-

Fe
2
O

3
of nanometre dimensions. Fig. 5 is a typical

histogram showing the particle-size distribution. The
particle sizes analysed by the log normal distribution
function [15] for different specimens, are given in
Table III.

3.4. EPR study
EPR spectra showed the presence of paramagnetic
phase in all the samples. This was also evident from
the Mössbauer study. EPR spectrum of sample F is
given in Fig. 6. The peak having g"3.3922 is typical
of Fe3` in a high-spin state.

3.5. Mössbauer analysis
Fig. 7 gives the Mössbauer spectrum for a sample
subjected to a heat treatment at 600 °C for 2 h and
Fig. 8 shows that for a sample heat treated at 1000 °C
for 2 h. The continuous lines in these figures represent
the computer-fitted results, whereas the dots represent
the experimental data. The spectrum of sample D
(Fig. 7) exhibits a symmetric quadrupole doublet
showing the paramagnetic phase of the sample. The
spectrum is fitted with one doublet resulting in the
values of isomer shift and quadrupole splittings as 0.28
and 0.81 mms~1, respectively. This indicates that
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Figure 6 EPR spectrum of Fe
2
O

3
—TiO

2
nanocomposite heated at

1000 °C for 2 h.

Figure 7 Room-temperature Mössbauer spectrum of sample
TiO

2
—Fe

2
O

3
heat treated at 600 °C for 2 h.

Figure 8 Room-temperature Mössbauer spectrum of sample
TiO

2
—Fe

2
O

3
heat treated at 1000 °C for 2 h.

ferric ions prefer tetrahedral co-ordination in the
amorphous iron titanate with high-spin configuration.
We also took Mössbauer spectra of the samples A,
B and C, but the data obtained did not show any
1762
significant difference with respect to that of sample
D reported in Fig. 7. The spectrum of sample F (Fig. 8)
shows an asymmetric doublet indicating the paramag-
netic and superparamagnetic phase of nano-a-Fe

2
O

3
in the sample, respectively. The spectrum is fitted with
two doublets. It is to be noted that the Mössbauer
spectrum of a magnetic nanocrystal is usually a super-
position of a sextet corresponding to ferromagnetic
particles with a superparamagnetic doublet corres-
ponding to particles of smaller size. The particle size of
the samples E, F and G increases with increasing heat-
treatment temperature (Table III). The six magnetic
lines of haematite are not present in the Mössbauer
spectra of these samples. The value of isomer shift for
the superparamagnetic doublet in the Mössbauer
spectrum of the sample F (Fig. 8) is 0.34 mms~1,
which is larger than those of the amorphous samples
(A—D). These findings indicate the segregation of
iron ions or finely divided superparamagnetic Fe

2
O

3
particles as seen in the results from TEM.

4. Conclusions
Gel to glass transition was studied in the system
TiO

2
—Fe

2
O

3
by thermal analysis. With increasing

heat-treatment temperatures, larger particles of cry-
stalline phases rutile and a-Fe

2
O

3
, respectively,

precipitated within the glass medium. The particle
diameter increased from 4 nm to 10 nm as the temper-
ature was raised from 800 °C to 1150 °C. The nano-
composites exhibited superparamagnetic behaviour.
The Mössbauer spectra of the samples consisted of
paramagnetic and superparamagnetic doublets. We
can conclude that there exists a critical size less than
10 nm in the case of a-Fe

2
O

3
, at which it becomes

superparamagnetic in nature. Because of the large
number of nucleation sites at the TiO

2
/glass interface,

the a-Fe
2
O

3
particles grow to small sizes, i.e. diam-

eters less than 10 nm. These a-Fe
2
O

3
particles thus

exhibit a superparamagnetic behaviour. But in the
SiO

2
—Fe

2
O

3
system [13], the size of the a-Fe

2
O

3
particles becomes larger with the same schedule of
heat treatment and behave like a normal ferro-
magnetic species.
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