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Abstract High energy ball-milling methods were
employed in the synthesis of anatase-doped hematite
xTiOy(a) - (1—x)a-Fe,03 (x = 0.1, 0.5, and 0.9) ceramic
system. The thermal behavior of as obtained ceramic sys-
tem was characterized by simultaneous DSC-TG. The pure
anatase phase was found to be stable below 800 °C, but
there is a 10.36% mass loss due to the water content. Two
exothermic peaks on DSC curves of pure anatase indicate
the different crystallization rates. The pure hematite par-
tially decomposed upon heating under argon atmosphere.
Ball-milling has a strong effect on the thermal behaviors of
both anatase and hematite phases. For x = 0.1 and 0.5,
there is gradual Ti substitution of Fe in hematite lattice, and
the decomposition of hematite is enhanced due to the
smaller particle size after ball-milling. The crystallization
of hematite was suppressed as the enthalpy values
decreased due to the anatase-hematite solid—solid interac-
tion. For x = 0.9, most of the anatase phase converted to
rutile phase after long milling time. The thermal behavior
of xTiOy(a) - (1—x)a-Fe O3 showed smaller enthalpy value
of the hematite transformation to magnetite and anatase
crystallization due to the small fraction of hematite phase
in the system and hematite—anatase interaction, while the
mass loss upon heating increased as a function of milling
time due to more water content absorbed by the smaller
particle size.
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Introduction

TiO, and Fe,O5 can be found in wide applications, such as
catalysts [1] and gas sensors [2, 3]. Recently, binary mixed
oxides were reported to be good catalysts with improved
photocatalytic properties and enhancement of visible light
response. Studies with a novel TiO,—Fe,O; mixed oxide
catalyst have shown an increased photocatalytic activity for
dichloroacetic acid destruction at 450 nm [4]. The photo-
catalytic activity of TiO,—Fe,O3; mixed oxide with different
proportions of Fe,O5; and TiO,, prepared by impregnation
and co-precipitation methods, has been shown to be active
in the visible light for the photoreduction of N, [5], deg-
radation of oligocarboxylic acid [6], photodegradation of
4-nitrophenol [7], and CHCl; oxidation [8]. The catalytic
activities of TiO,-Fe,O; largely depend on preparation
methods, iron content, calcination temperature, and phase
composition. Therefore, the thermal behaviors of TiO, and
Fe,Oj3 are widely studied [9-11].

High energy ball-milling is a low cost, simple operation
method for preparing extended solid solutions and nano-
particle systems. To the best of our knowledge, there is no
literature available on the ball-milling effect on thermal
behavior of mixed oxide nanoparticles.

In this work, xTiO,(a) - (1—x)a-Fe,O3 (with molar
concentration x = 0.1, 0.5, and 0.9) ceramic system was
synthesized through high energy ball-milling. The thermal
behaviors of these as-obtained samples were studied by
simultaneous DSC-TG. The difference in thermal behavior
between ball-milled nanoparticles, original hematite, and
anatase was presented. The thermal behaviors of the
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ceramic system in connection with anatase concentration
after ball-milling were discussed.

Experimental

The details of the preparation of xTiO(a) - (1—x)a-Fe O3
ceramic system, along with the X-ray and Mossbauer
spectroscopy results have been described in [12]. Powders
of hematite and anatase were milled at different molar
concentrations (x = 0.1, 0.5, and 0.9) in a hardened steel
vial with 12 stainless-steel balls (type 440; eight of 0.25 in
diameter and four of 0.5 in diameter) in the SPEX 8000
mixer mill for time periods ranging from 2 to 12 h. The
ball/powder mass ratio was 5:1 and all ball-milling
experiments were performed in a glove box under protec-
tive argon atmosphere. The average particle sizes of
starting hematite and anatase are ~60 and ~ 10 nm,
respectively. After ball milled for 12 h, the average particle
size of hematite and anatase decreased to ~ 15 and
~8 nm, as estimated from XRD patterns using Scherrer
equation. The milling product for x = 0.1 is TiO,(a)-doped
hematite phase after 2 h ball-milling, while for x = 0.5 and
0.9, the milling products are mixtures of TiO,(a)-doped
hematite phase and hematite-doped anatase phase, as
identified from XRD and Mdossbauer measurements.

Simultaneous DSC-TG experiments were performed
using a Netzsch Model STA 449F3 Jupiter instrument with
a Silicon Carbide (SiC) furnace. Samples were contained in
a manufacturer’s alumina crucible with an alumina lid.
Experiments were performed using 12 £+ 1 mg sample
size. The atmosphere was flowing protective argon gas at a
rate of 50 ml min~'. DSC and TG curves were obtained by
heating samples from room temperature to 800 °C with a
rate of 10 °C min~". Both DSC and TG curves were cor-
rected by subtraction of baselines which was run under
identical conditions as DSC-TG measurement, with resi-
due of samples in the crucible. The Netzsch Proteus
Thermal Analysis software was used for DSC-TG data
analysis.

Results and discussion

The DSC curve of original hematite sample (Fig. la)
showed an exothermic peak at 358 °C. There is another
exothermic peak which starts at 600 °C and is not com-
pleted over the considered temperature range. The exis-
tence of double peaks in the DSC curve indicates that
hematite is not stable and undergoes a two-step phase
transformation mechanism under high temperature and
argon atmosphere. The first phase change completes below
600 °C, while the second phase change starts at 600 °C.
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These two phase transformations are completely separated,
indicating that the second phase transformation occurs after
the completion of the first phase transformation. Integration
of the first peak gives an enthalpy value of 1.2 kJ g~'. No
exact enthalpy value can be extracted for the second phase
transformation.

The thermal behavior of the original hematite sample
was also investigated using TG analysis. As can be seen in
Fig. la, the thermogravimetry of hematite reveals two
major mass losses: one is in a relatively low temperature
range from 300 to 450 °C, and the other starts above
650 °C. These two mass losses are probably due to the
thermal decomposition of hematite. The first mass loss is
possibly related to the decomposition of hematite to
magnetite. The second mass loss is mainly caused by the
further decomposition of magnetite to wiistite.

These two mass losses are in good agreement with the
DSC curve of the original hematite, which shows one
exothermic peak and with a sign of a second peak being
under development above 600 °C. The first phase trans-
formation in the DSC curve with a broad peak below
600 °C corresponds to the first mass loss, and the peak
temperature of DSC curve at 358 °C is exactly the same as
that of TG curve where the first mass loss occurs. It has
been reported that hematite completely decomposed to



The effect of ball-milling on the thermal behavior

481

magnetite in the presence of high boiling point solvent
I-octadecence under N, atmosphere at 320 °C for 28 h
refluxing [13]; this temperature is in the temperature range
of our DSC exothermic peak. Comparing with the broad
temperature range of DSC curve, the mass loss occurs in a
relatively small temperature range, indicating that the mass
loss occurs simultaneously with the crystallization of
hematite fine particles. The second mass loss starts around
650 °C, and the DSC curve shows a rising value of heat
flow.

The first mass loss determined from the TG curve of the
original hematite is 0.93%, which is much less than the
theoretical mass loss value of 3.44% as calculated from
equation 3Fe;O3; — 2Fe304 + 1/20,, indicating that only
a part of hematite decomposes to magnetite. The partial
decomposition of hematite is probably due to Ar impuri-
fications. Moreover, the possible existence of oxygen par-
tial pressure may affect the equilibrium of hematite thermal
decomposition reaction. It was also reported that hematite
partially decomposes with release of gaseous oxygen under
helium atmosphere with a pressure of 250-700 Pa [14]. All
these point to the relative stability and difficulty of
decomposition of hematite in the presence of argon. The
small mass losses up to temperatures of ~ 100 °C for all
the studied samples can be attributed to the surface
physically adsorbed water.

The DSC-TG curve of original anatase sample is
shown in Fig. 1b, in which two exothermic peaks can be
seen. The first broad exothermic peak is at ~310 °C,
while the other is at 721 °C. TG curve of anatase shows
that there is a gradual mass loss up to 500 °C. The
original anatase and anatase sample annealed at 800 °C
for 1 h under Ar atmosphere were confirmed to be 100%
pure anatase by XRD measurements. The mass loss is
assigned to the water content in the original anatase
sample, and these two exothermic peaks are not related to
the phase transformation between anatase and rutile. By
analyzing the particle size as a function of annealing
temperature obtained from XRD patterns using Scherrer
equation, it was found that the average particle size of
anatase increased slowly below 550 °C, with values of
~10 nm at room temperature and ~12 nm at 550 °C.
However, it increased sharply when anatase was annealed
at 650 and 750 °C, with values of ~18 and 27 nm,
respectively. The possible explanation of these two exo-
thermic peaks is that they are due to the crystallization of
amorphous anatase at different rates. The XRD patterns
of anatase annealed at 650 and 750 °C also confirmed a
steep enhancement in crystallinity with obvious separa-
tion of two additional peaks at 20 of 36.88° and 38.50°.
Due to the simultaneous processes of water loss and
crystallization under heating, no endothermic peak asso-
ciating with water loss was observed.

Figure 2a—e shows the DSC curves of xTiO5(a) - (1—x)
a-Fe,O3 samples (x = 0.1) after ball-milling for 0, 2, 4, 8,
and 12 h, respectively. At 0 h milling, the DSC curve
showed one broad peak (Fig. 2a) with the peak temperature
at 509 °C. The characteristic of this peak differs from DSC
curves of original hematite and anatase samples. The
integration of this peak gives an enthalpy value of
2.29 kJ g™, which is much higher than that of the original
hematite. This means that the manually ground mixture of
xTiO5(a) - (1—x)a-Fe,O3 (x = 0.1) shows different ther-
mal behavior from hematite or anatase alone. This may
characterize solid—solid interaction between hematite and
anatase and/or the phase transformation process of hema-
tite decomposition.

Figure 3a shows the TG curve of xTiO,(a) - (1—x)a-Fe,
O3 (x = 0.1) for O h ball-milling. 0.93% mass loss can be
observed with temperature up to 600 °C, which is similar
to that of the original hematite (0.93%). This means the
manually grounding processes does not change the phase
transformation of hematite decomposition. Comparing with
pure hematite sample, the increase in the enthalpy for this
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Fig. 2 DSC curves of xTiO,(a) - (1—x)x-Fe,O3 ceramic system at
x = 0.1 and ball-milling time of a0 h; b2 h;c4h;d8h;e 12 h
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manually ground sample must be due to the addition of
anatase.

After ball-milling for 2, 4, 8, and 12 h (Fig. 2b—e), the
DSC curves of xTiO(a) - (1—x)a-Fe,O3 samples (x = 0.1)
change dramatically compared to the 0 h milling sample,
indicating the strong effect of ball-milling on the thermal
behavior of xTiOy(a) - (1—x)a-Fe,O3 system. The DSC
curves are more likely flat and with much smaller enthalpy
values, as indicated on the graphs. From the TG curves of
xTiOy(a) - (1—x)a-Fe,O5 samples (x = 0.1) after different
ball-milling times (Fig. 3b—e), it was found there is slightly
higher mass loss for each sample than that of 0 h milling
sample, indicating hematite is less stable after ball-milling.
Comparing with the manually ground sample, XRD results
showed that the average particle sizes are smaller after
milling, which decreased the stability of hematite upon
heating under argon atmosphere. Mdssbauer results [12]
showed there are different types of magnetic species due to
the gradual dissolution of anatase into hematite, and the
thermal behavior of these hematite species is different from
that of original hematite. The dramatic decrease in the
enthalpy value is possibly due to Ti substitution of Fe in
hematite lattice after milling, which suppresses the
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crystallization of hematite and anatase fine particles. The
overall trend of decrease in enthalpy value as a function of
milling time also confirmed that the increase of Ti substi-
tution for Fe in hematite increases the Fe,O05;-TiO,
solid—solid interaction, which in turn suppresses the
crystallization of fine particles.

Figure 4 shows peak temperature extracted from the
DSC curves of xTiO,(a) - (1—x)a-Fe,O3 samples (x = 0.5)
after milling for 0, 2, 4, 8, and 12 h of milling time,
respectively. At O h milling time, the DSC curve showed
one broad peak with the peak temperature at 523 °C. The
integration of this peak gives an enthalpy value of
1.79 kJ g, which is much higher than that of the original
hematite. This means that the manually ground mixture of
anatase and hematite shows different thermal behaviors
from samples with only hematite or anatase phase. Figure 5
shows mass loss extracted from the TG curve of
xTiO5(a) - (1—x)a-Fe,O5 sample (x = 0.5) after milling
for 0, 2, 4, 8, and 12 h, respectively. A 0.81% mass loss can
be observed with temperature up to 600 °C for 0 h milling
sample, which is similar to that of the original hematite
(0.93%). However, this also indicates that more hematite
will decompose upon heating under argon atmosphere by
considering the molar concentration x = 0.5. The increase
in the enthalpy for this sample must be due to the addition
of anatase.

After ball-milling for 2, 4, 8, and 12 h, the DSC curves
of xTiO,(a) - (1—x)a-Fe,O3 samples (x = 0.5) change
dramatically, the peak temperature shifted to higher values
(Fig. 4), indicating the strong effect of ball-milling on the
thermal behavior. Comparing to 0 h milling sample, the
DSC curves are more likely flat and with much smaller
enthalpy, with values of 60 and 226 J g~ ' after 2 and 12 h
milling time, respectively. From the mass loss of
xTiO,(a) - (1—x)a-Fe,O5 samples (x = 0.5) after different
milling times (Fig. 5), it was found that the mass loss for
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Fig. 4 Peak temperature extracted from DSC curves of xTiOy(a) -
(1—x)a-Fe,O3 ceramic system at x = 0.5 as a function of ball-milling
time
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Fe,O3 ceramic system at x = 0.5 as a function of ball-milling time

each sample is slightly higher than that of 0 h milling
sample, indicating the enhancement of hematite decom-
position in these samples after milling, compared to the
manually ground sample. XRD results showed that anatase
gradually evolved into hematite lattice, and Mdssbauer [12]
results showed there are different types of magnetic spe-
cies. The thermal behavior of these samples is different
from that of original hematite. The dramatic decrease in
enthalpy value is possibly due to Ti substitution of Fe in
hematite lattice after ball-milling, which suppresses the
crystallization of hematite and anatase fine particles. The
overall trend of decrease in enthalpy values as function of
milling time also confirmed that the increase of Ti substi-
tution of Fe in hematite lattice (as shown by Mossabuer
spectra) increases the Fe,03;-TiO, solid—-solid interaction,
which in turn suppresses the crystallization of fine
particles.

Figure 6 shows peak temperature extracted from the
DSC curves of xTiO»(a) - (1—x)a-Fe,03 (x = 0.9) samples
as a function of ball-milling time for 0, 2, 4, 8, and 12 h,
respectively. At O h milling time, the DSC curve is similar
to that of pure anatase, but with a lower peak temperature
at 653 °C and lower intensity of heat flow, indicating the
effect of small amount of hematite on the thermal behavior
of anatase. The integration of this peak gives an enthalpy
value of 1.2 kJ g~'. The smaller enthalpy value and lower
peak temperature in the DSC curve may characterize solid—
solid interactions between hematite and anatase. Figure 7
shows mass loss extracted from the TG curve of
xTiO5(a) - (1—x)a-Fe,O5 sample (x = 0.9) as a function of
milling time. For O h ball-milling sample, 0.57% mass loss
can be observed with temperature up to 600 °C, which is
much smaller than that of the original anatase (10.36%).
Compared to original anatase, the decrease in mass loss in
the TG process for this sample is possibly due to the water
loss during manually mixing and grinding process of
hematite and anatase.
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Fig. 6 Peak temperature extracted from DSC curves of xTiOy(a) -
(1—x)a-Fe,0O5 ceramic system at x = 0.9 as a function of ball-milling
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After ball-milling for 2, 4, 8 and 12 h, the DSC curves
of xTiO(a) - (1-x)a-Fe,O3 ceramic system (x = 0.9)
change dramatically compared to the sample for O h mill-
ing, indicating the strong effect of ball-milling on the
thermal behavior of xTiO,(a) - (1-x)a-Fe,O5 system. The
DSC curves show smaller enthalpy values, with values of
118 J g ' and 61 J g after 4 h and 8 h milling time,
respectively. While the peak temperature extracted from
DSC curves showed the increasing trend with the milling
time (Fig. 6), from the mass loss as a function of milling
time (Fig. 7) it was found that the mass loss increased as a
function of milling time. The increase in mass loss is
possibly due to the decrease in particle sizes of samples
after long milling time, which will absorb more water when
exposed to air. The decrease in particle size is in agreement
with the XRD results [12] that the diffraction peak is
broadened, although most of the anatase phase converted to
rutile phase after 12 h milling time.
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Conclusions

Anatase-doped hematite xTiO5(a) - (1—x)a-Fe,O3 (x = 0.1,
0.5 and 0.9) ceramic system was synthesized by ball-milling
methods. The simultaneous DSC-TG investigation has
demonstrated that there is a strong effect of ball-milling on
the thermal behavior of xTiO,(a) - (1—x)a-Fe,O5; ceramic
system. For x = 0.1 and 0.5, due to the gradual Ti substitu-
tion of Fe in the hematite lattice and smaller particle size after
ball-milling, the decomposition of hematite is enhanced,
while the crystallization of hematite was suppressed and
exhibited a drop in the enthalpy values, due to the anatase-
hematite solid—solid interaction. For x = 0.9, the thermal
behavior of xTiO,(a) - (1—x)a-Fe,O; showed smaller
enthalpy value of anatase crystallization due to the
enhancement of hematite—anatase interaction after the
milling process; the mass loss upon heating increased as a
function of milling time since more water content was
absorbed by samples with smaller particle sizes.
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