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Fig. 3. SEM images of as-received C0;04, Co;04/1h BM and Co;0,-
15 wt% Fe,Os/1h BM before and after redox.

atmosphere and heating rate of 5 °C/min. It should be
noted that the oxidation reaction was not done, because
the re-oxidation reaction takes place only in oxygen

Fig. 4. X-ray map analyses of C0304-15 wt% Fe,O; sample after
redox.

containing environment. It was not possible to decide on
the synergistic effect of Fe,O; addition and mechanical
activation according to the experiments carried out
under air atmosphere, because the oxygen partial
pressure is different in the reaction medium of various
samples due to their different oxygen release.
According to Figure 5, total weight loss of the
above mentioned samples are 6.5, 6.3, and 5.8 wt%,
respectively. These values are different from the weight
decrease presented in Table 2. This is due to the fact
that argon gas dilutes the oxygen in the reaction medium
while it facilitates the reaction of cobalt oxide reduction.
In addition, the sample weight (15 mg versus 5 g) has
an effective on the weight loss/increase value. At high
sample weights, the heat transfer from outside/inside
into the sample in the reduction/re-oxidation stage
is important because it takes a long time. Moreover,
the partial pressure of the oxygen around the samples
tested under the air atmosphere is different, while it is
alike in the experiments carried out under the argon
atmosphere. Due to the above-mentioned reasons, the
onset temperature of reduction is almost the same for
the samples tested under the argon atmosphere and are
different for the samples tested under the air atmosphere.
The theoretical weight loss of the Co;0, is close to
6.64 wt%. If it is considered that only the Co,0, fraction
of Co0;04-15 wt% Fe,O; participates in the reduction
process, the theoretical loss weight of the sample will
be 5.64 wt%. However, the practical obtained oxygen
release value of the mentioned sample was 5.8 wt%
(0.16 wt% more than the theoretical value). This only
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Fig. 5. TG curves of as-received Co;04, 1 h ball milled Co;0., and
CO304-15 wt% F6203/1 h BM.
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happens when some of the Fe,O; is reduced to Fe;O,.
Therefore, it seems that in addition to cobalt oxide, Fe,O;
also participates in the reduction process. According
to the difference (0.16 wt%) between theoretical and
practical oxygen release, the amount of formed Fe;0,
will be about 5 wt%; and therefore, its XRD peaks have
low intensity. According to Figure 6, only Fe,O; phase
peaks are seen in the XRD pattern related to before
reduction; but after reduction both Fe,O; and Fe;O,
peaks exists in the XRD pattern. It should be noted that
the presence of Fe;O, after reduction is based on the
XRD patterns and TG results.

According to DSC results (Figure 7), the absorbed
heat energy for reduction of as-received Co;0,, 1 h
mechanical activated Co;0,, and 1 h ball milled Co;0,4-
15% Fe,O; are 622, 496, and 895 kl/kg, respectively.
These values were taken directly from the device
(SDT-Q600) and are proportional to the area under the
endothermic peaks in Figure 7. As it is seen, 1 h ball
milled Co;0,, in comparison with other two samples,
has absorbed low heat energy because some part of the
energy required for reduction is compensated by the
energy stored in the Co;0, structure during ball milling.
It can also be seen that the 1 h ball milled Co;0,-15%
Fe,O; has absorbed higher heat energy, even higher
than the theoretical value (717.4 kJ/kg), due to the
reduction of Fe,O; to Fe;0,. The temperature of Fe,0;
reduction to Fe;O, is about 100 °C higher than that of
Co;0, reduction to CoO [14]. The XRD patterns of
C0,0,-15% Fe,0; sample before and after redox shown
in Figure 6 confirmed the presence of Fe;O, after the
reduction. In fact, the high energy ball milling decreases
the temperature of Fe,O; reduction to Fe;O, [44,45].
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Fig. 6. XRD patterns of as-received Co;04, 1 h ball milled Co;0.,
and Co;04-15 wt% Fe,Os/1 h BM before and after reduction.
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Fig. 7. DSC curves of as-received Co;0s, 1 h ball milled Co;0., and
CO304-15 wt% Fezo3/l h BM.

Moreover, according to Figure 7, Fe,O; addition has
caused the heat energy absorption to take place in a
wide range of temperature or time in comparison with
the other two samples. This means that heat charge and
discharge processes in samples containing iron oxide
are more controllable.

3.4. Redox cyclability

The redox cyclability of the as-received Co;0, and
1 h ball milled Co;04-15% Fe,O; samples under air
atmosphere and a heating/cooling rate of 5 °C/min
for 3 cycles were investigated. Figure 8 illustrates the
cyclability results. It is seen that weight loss and weight
increase of as-received Co;0, decreased gradually
as the cycle numbers increased and reached from 3
wt% at cycle one to about 1.5 wt% at cycle three. The
cyclability of the 1 h ball milled sample disappears after
two cycles. More details about the cyclability of this
sample are found in the previous work of the authors
[46]. However, the cyclability of Co;04-15 wt% Fe,0;
is favorable in comparison with as-received and 1 h ball
milled samples. The reason the cyclability improves
with the addition of iron oxide is due to low particles
growth and sintering.

4. Conclusions

This research obtained the following results:
- Fe,O; addition from 2 to 15 wt% increased the
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Fig. 8. Cyclability of as-received Co;04 and 1 h ball milled Co;04-
15 wt% FCzO;.

oxygen release from 1.4 to 3.4 wt% and decreased the
reduction onset temperature from 1030 to 960 °C.

- Oxygen uptake value and re-oxidation onset
temperature increased from 1.5 to 3.3 wt% and from
930to 1010 °C for the samples containing 2 and 15 wt%
Fe,0O;, respectively.

- TG/DSC analysis under argon atmosphere revealed
that enthalpy of reduction reaction of as-received Co;0,,
1 h ball milled Co;0, and 1 h ball milled C0;04-15%
Fe,0; is 622, 496, and 895 klJ/kg, respectively.

- Phase identification by XRD and related TG analysis
demonstrated that Fe,O; participates in the reduction
process.

- Fe,0; addition prevented the cobalt oxide particle
growth and sintering; subsequently, it improved the re-
oxidation behavior.

- Addition of 15 wt% Fe,O; to Co;0, and ball milling
of the mixture for 1 h improved the redox cyclability.
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