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Abstract: The main problem with cobalt oxide as a thermochemical heat storage material is its slow re-oxidation kinet-
ics. In addition, redox (reduction and oxidation) behavior of as-received Co 0, is degraded with increasing the number
of redox cycles. To overcome this drawback, Al,0, and Y,0, were added to Co,0,and effect of mechanical activation
time (2, 4, 8, and 16 h) on the redox behavior (weight change value/rate, redox reversibility, reduction and re-oxidation
values, and particle morphologies) of Co,0 -5 wt.% Al,O, and Co,0 -5 wt. % Y,0, composites was investigated using
thermogravimetry method. The composite powder were studied by SEM, EDS, and X-ray map analyses before and after
redox reactions. Results showed that increasing the mechanical activation time improves the redox kinetics of Co O -
Swt. % AL,0, in comparison with as-received Co,0,. Although, the alumina-containing samples, activated in short time
showed the better redox kinetics than samples activated for longer times. It was found that increasing the activation
time to more than 8 h for alumina-containing samples reduces the redox kinetics due to a decrease in the positive

effect of AL,O, in controlling the particle size growth and sintering. In the case of Co O -5wt. % Y,0,, an increase in

2y
activation time generally reduced the redox kinetics. As a result, redox reactions in a 16 h-activated Co,0 -5wt. % Y,0,

composite sample was completely stopped. In addition, results showed that weak performance of Co,0 5 wt. % Y,0,
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is related to intensive sintering and growth of cobalt oxide particles during redox reactions.
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1. INTRODUCTION

One of the factors contributing to environ-
mental pollution is the emission of greenhouse
gases from fossil fuel consumption. The amount
of these gases is increasing by the growth of in-
dustries and cars. According to industrialized na-
tion’s agreement, members are required to reduce
the amount of greenhouse gases to control the air
pollution. Therefore, changes in energy produc-
tion and cleaner energy technologies is felt more
than ever. These changes must be capable to re-
duce the fossil fuel consumption and greenhouse
gases and, as a result, reduce environmental pol-
lutions. One of these technologies that can reduce
the environmental pollutions is Concentrated So-
lar Power (CSP) plants joint with Thermal Energy
Storage (TES) technology. The most important
use of TES is to overcome the mismatch between
energy production and consumption especially in

technologies such as CSP plants that use the solar
energy as a clean energy source. Solar energy is
the most abundant source of renewable energy on
the earth [1-5]. A description of the TES based on
the chemical reduction and oxidation (redox) re-
actions, thermochemical energy storage (TCES),
is derived from the following equation:

Reactants <> Products + AH (1)

Equation (1) represents a balance between two
or more reactive factors on one side, and products
and enthalpy on the other side. In recent years,
research interests in the field of TCES system
have increased many folds due to its possibility to
achieving a high energy density and capability of
working at higher temperatures compared to other
storage methods. The operating temperature range
of the reversible reactions associated with proper
redox pairs is between 400 and 1250 °C, which is
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suitable for solar thermal power production. There
are several important factors for the selection of a
suitable material for thermochemical heat storage
through redox reactions. These factors are ther-
modynamic conditions, energy storage capacity,
material costs, reaction kinetics, toxicity, and be-
havior of materials during redox cycles [3, 6].

Attractive metal oxide redox pairs are those,
which are capable of taking up and releasing gas-
phase, O,, at conditions relevant for generation
of heat including e.g. Co,0,/CoO, BaO,/BaO,
Mn O,/ Mn,O,, CuO/CuO, and FeO,/FeO,
among others. Among them, cobalt oxide has
shown the most suitable behavior and has recently
been used in cylindrical reactors for solar thermal
energy storage. Multi-metallic redox oxides like
Fe-Co- and Ca-Mn-based perovskites have also
been tested recently. [7-9].

In Co,0,/Co0 system, CoO and Co,0, oxides
and their converting possibility into each other
during reduction and re-oxidation reactions are
used to thermal energy storage. The first stage of
the cycle is endothermic reduction of Co,0, as
follows [10]:

Co,0,+ AH ¢> 3C00+1/2 0,
AH . . =196.2 ki/mol (2)

In the second stage, a CoO oxidation cycle
occurs. This stage is accompanied by the release
of heat.

The equilibrium temperature of the above re-
action is about 890 °C. This temperature is suit-
able for air-operated solar thermal tower plants
that provide a temperature range of 900 -1000 °C.
Among the various CSP technologies, air-operat-
ed solar thermal tower plants offer the potential for
high temperatures and thus high thermodynamic
conversion efficiencies together with the efficient
use of air as a heat transfer medium. Despite the
benefits of cobalt oxide, when it is subjected to
redox cycles, its particles grow and sinter result-
ing in an increase in the oxygen diffusion distance
and therefore reduction in the redox kinetics. To
overcome this problem, various oxides including
Fe,0,, CuO, and Al,O, have been added to cobalt
oxide. These additives improve thermochemical
heat storage properties by preventing the growing
and sintering of cobalt oxide particles [7, 10- 12].

6 & f o

Neises et al. [13] studied the effect of Al O,
and CuO additives on the cobalt oxide redox ki-
netics. Results showed that the addition of ALO,
has a greater effect on cobalt oxide redox kinetics
than CuO. Pagkoura et al. [14] studied two dif-
ferent mixtures of cobalt oxide containing 10 and
4.5 wt. % Al O,. These mixtures were prepared in
a honeycomb shape and were subjected to ther-
mal cycling. They found that although the addi-
tion of AL,O, decreases the heat storage capacity
of cobalt oxide, it improves the redox kinetics of
cobalt oxide by preventing the growth of cobalt
oxide particles. A mixture of cobalt oxide with
other elemental oxides such as Mn, Cu, Ni, and
Mg oxides was used to thermal energy storage by
Carrilo et al. [15]. They found the best yield in
the cobalt-manganese oxides system. Agrafiotis
et al. [16] used the cobalt oxide as a coating of
silicon-carbide foam honeycomb cells and stud-
ied the properties of thermal energy storage in this
system. They did not found a significant change
in the improvement of thermal energy storage
properties in cobalt oxide. However, cobalt oxide
coating on silicon-carbide foams can be useful for
storing thermal energy in long periods, because
these foams produce extremely high oxide stabil-
ity in thermal cycles.

Mechanical activation is a way to reduce the
particle size (increasing the specific surface area)
and uniform distribution of a secondary phase in
a matrix [17]. Recently, Nekokar et al. [18] stud-
ied the mechanical activation effect on thermo-
chemical heat storage properties of Co,0,/CoO
system without any additive. Results showed that
mechanical activation for more than 8 h, severely
degrade the thermochemical heat storage proper-
ties of cobalt oxide. In fact, mechanical activation
somewhat improves the redox kinetics of cobalt
oxide in early redox cycles, but the redox behav-
ior are degraded with increasing the number of
cycles due to the growth and sintering of par-
ticles in comparison with non-activated sample.
Another research by Nekokar et al. [19] showed
that mechanical activation along with a second-
ary phase addition (Fe,O,) improves the thermo-
chemical heat storage properties of cobalt oxide.
In fact, mechanical activation has a positive effect
on the uniform distribution of secondary phase in
cobalt oxide matrix and the prevention of the par-
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ticle growth and sintering.

The current work investigates the effect of
mechanical activation time on redox behavior
(weight change/rate, redox reversibility, and par-
ticle morphology) of Co,0,-5 wt. % Al,O, and
Co,0,- 5 wt. % Y,0, composite powder. Two
different metal oxides with similar valences (Al
and Y*), different ionic radius ( AI*: 0.0535 nm
and Y*: 0.1019 nm), and different melting points
(ALO,: 2072 °C and Y,0,: 2425 °C) were used
as additives to study the effect of type of addi-
tive on the redox behavior. In fact, novelty of this
research is investigation of mechanical activation
effect on redox behavior of cobalt oxide contain-
ing AL,O, and Y, O, as additives. To the best of the
author’s knowledge, these studies have not been
reported until now.

2. MATERIALS AND METHODS

In this study, Co,0, (Merck, 99.5 wt. %, parti-
cle size < 10 um), AL O, (Fluka, 99.5 wt. %, par-
ticle size < 10 um), and Y, 0, (Merck, 99.5 wt. %,
particle size < 10 pm) were used as raw materials.
Alumina content of 5 wt. % as an optimum value
was used according to previous publications [7,
8]. Also, yttria content of 5 wt. % was selected
for comparability of results. Samples of Co,O,-
5 wt. % ALO, (CA) and Co,0,-5 wt. % of Y,O,
(CY) were prepared by mixing the components.
After mixing, they were mechanically activated
for 2 (CA2), 4 (CA4), 8 (CAS), 10 (CA10) and 16
(CA16) hrs using a high-energy planetary ball mill
(Retsch model PM100). A 150 mL steel container,
steel balls (10 and 20 mm in diameter), a ball-to-
powder weight ratio of 20, at rotational speed of
300-rpm under air atmosphere. A rest time of 15
minutes were taken after each h of ball milling to
avoid the heating and undesirable reactions.

In thermogravimetric (TG) experiments, sam-
ples were poured into an alumina crucible and
placed in a tube furnace. Then, redox reactions
were carried out at a temperature range of 600-
1200 °C at a heating and cooling rate of 10 °© C/
min, an air flow rate of 1340 ml/min. The sample
weight was 3.8 g. The weight change in the sam-
ples during the redox reactions was recorded by a
digital balance linked to a laptop. More details on
the weight recording set up can be found in an ear-

lier work published by the authors [18]. To inves-
tigate the morphology and chemical composition
of powders, scanning electron microscopy (LMU
VEGA//TESCAN) equipped with Energy-disper-
sive Spectroscopy (EDS) was used. Average par-
ticle size of the samples was determined by SEM
images and MIP4 software.

3. RESULTS AND DISCUSSIONS
3.1. As-Received Cobalt Oxide Redox Behavior

Fig. 1 shows the TG curve of the as-received
Co,0, in three redox cycles. As it is shown, the
weight loss value in the first, second and the third
cycle is 4.2, 3.4, and 1.8 wt. %, respectively indi-
cating a decrease in oxygen removal capacity by
increasing the number of cycles. Weight loss and
weight increase are the same only in the first cycle
and they are different in the second and the third
cycle. In general, it is clear that redox behavior of
as-received Co,0, is non-regular and is degraded
with increasing the number of redox cycles.

= -1
= 7]
@ -3 T
g -6 T Redox oycle ssasases Temy
-7 } ; ' : I
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Fig. 1. TG curve of as-received Co,0, during

three redox cycles.

As said earlier, the main drawback of cobalt
oxide as a thermochemical heat storage material is
slow redox kinetics in high number redox cycles.
It is seen that redox reversibility of as-received
cobalt oxide (Fig. 1) is stopped after three cycles.
In this research, AL,O, and Y0, additives along
with mechanical activation were used to improve
the redox behavior of Co,0,.

3.2. Effect of Mechanical Activation on C03O 4-5wt. %
AL O, Composite Powder Redox Behavior

Fig. 2 shows the TG analysis of Co,0,-5wt.
% AlO, samples that were activated for various
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times. The results is an evidence that mechan-
ical activation along with Al,O, addition have
improved the redox behavior of Co,0,. Useful
data of Fig.2 derived and recorded in Table 1. Ac-
cording to Fig. 2 and Table 1, redox reversibili-
ty, weight change, and weight change rate of CA
samples have improved in many cases in compar-
ison with the as-received cobalt oxide.

3.2.1. Weight Change During Reduction and Re-
Oxidation

As it is shown in Table 1 and Fig. 2, the weight
loss (oxygen desorption value) in CA2 and CA4
samples is increasing with the increase in the redox
cycles. For example, CA2 sample in the first, sec-
ond, and third cycle desorbed 2.63, 4.73, and 5.26
wt. % oxygen, respectively. Oxygen desorption
value in CA8 sample is relatively constant in three
redox cycles indicating the regular redox cycles. In
CA10 sample, oxygen desorption values are less
than other samples. CA16 performance in cycle one
is better than other cycles probably due to smaller
particle size.

According to Table 1, oxygen desorption and ab-
sorption values in a cycle for a sample almost are the
same. It means that unlike as-received cobalt oxide
sample, alumina-containing samples show reversi-
bility in each individual cycle.

If only the second and the third cycle are consid-
ered, it is seen that with increasing the redox cycles,
desorbed oxygen value is increasing in all samples.
Increasing the oxygen desorption value in each sam-
ple by increasing the redox cycles is most likely due
to the decomposition of CoO.AlLO, spinel phase
during redox cycles that is formed during mechani-
cal activation. Reduction in oxygen desorption value
by increasing the activation time is also due to an in-
crease in sintering and particle growth by increasing
the activation time. In fact, mechanical activation
leads to an increase in sample specific surface area
that increases the particles sintering during redox
process resulting in an increase in the oxygen dif-
fusion distance. That is equivalent to increasing the
reaction time or reducing the reaction speed [ 18-20].

According to Table 2, it is seen that alumina ad-
dition and mechanical activation have improved the
reduction and re-oxidation kinetics of cobalt oxide
in comparison with as-received cobalt oxide. Al-

B o o

though, the samples activated for short times, show
the faster redox kinetics than samples activated for
longer times. That is in agreement with Nekokar et
al. [18] findings that showed mechanical activation
for long times degrades the TECS properties.
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Fig. 2. TG analyses of CA samples
(activated for 2, 4, 8, and 16 h) during three redox cycles.

From Fig. 3 and Table 2, it is clear that aver-
age particle size of CA16 sample is less than oth-
er samples. Therefore, the high oxygen desorption
value by CA16 in cycle one can be due to its high
surface area. But, in high number redox cycles,
the oxygen desorption value of CA16 is decreased
and reached to less than oxygen desorption value
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of CA2, CA4, and CA8 samples due to a posi-
tive effect of activation time on particle sintering.
Mechanical activation not only promotes the par-
ticles growth and sintering, but also facilitates the
formation of complex compositions that may de-
compose hardly during redox reactions. It is con-
cluded that increasing the mechanical activation
time decreases the oxygen desorption value due
to an increase in the particle size during redox
reaction and formation of hardly decomposable
compounds. On the other hands, mechanical ac-
tivation results in a more uniform distribution of
the additives in the matrix as it is seen in SEM
images (Fig. 3 and Fig.4). According to Fig.3 and
Fig.4, there is a decrease in the agglomerate size
with an increase in the activation time.

3.2.2. Weight Change Rate During Reduction and Re-
Oxidation

We consider only the results of cycle two and
cycle three because the mechanically activated
samples in cycle one are not stable and show ir-
regular behavior. According to Table 1, weight loss
rate (reduction step) of CA2, CA4, and CAS8 sam-
ples is in the range of 0.22-0.37 wt. % per min-
ute during the second and third cycle. Weight loss
rate of CA16 is less than other samples. In general,
increase in activation time from 2 to 8 h did not
have a significant effect on the rate of weight loss,
but an increase of activation time to 16 h led to a
significant decline in the weight loss rate. Reasons

for this are similar to the discussion mentioned for
weight loss. Therefore, increasing the activation
time to more than 8 h reduces the thermochemi-
cal heat storage properties of Co,0,. In the other
words, increasing the activation time to more than
8 h decreases the positive effect of Al,O, addition
in controlling the particle size and sintering. Also,
it probably facilitates the formation of compounds
that hardly decompose during redox reactions.
Table 1 shows that both of re-oxidation value
and re-oxidation rate in all of CA samples have
significantly improved in comparison with as-re-
ceived cobalt oxide. It means that Al,O, addition
along with mechanical activation especially up to
8 h was capable to improve the re-oxidation be-
havior. Although, the rate of oxygen absorption
is less than the rate of oxygen desorption in all
samples. In addition, the rate of weight increase
during first cycle for all samples is lower than the
second and third cycles. It is noteworthy that CoO
melting point is 1933 °C, while Co,0, melting
point is 895 °C. In the reduction step, a CoO layer
is formed on Co,0, particles, but the layer that
forms in the re-oxidation step is Co,0, on CoO
layer. Therefore, due to the low melting point of
Co,0,, a continuous layer can be formed on CoO
phase and therefore, particle sintering in re-oxida-
tion step take place easier than reduction step. The
larger particle size, the longer is the oxygen sorp-
tion time. In addition, the presence of un-reacted
cobalt oxide layers gradually reduces the absorp-
tion/desorption capacity and ultimately complete

Table 1. Weight change and it’s rate during first to third redox cycles of Co,0,-5 wt.% Al,O, derived from Fig. 2

Weight change Weight change rate
wt.% (wt.% / min)

Sample Cycle 1 Cycle 2 Cycle 3 Cycle 1 Cycle 2 Cycle 3
code

Red | Oxid | Red Oxid Red Oxid Red Oxid | Red Oxid Red | Oxid
As-received

C 4,20 | 4.20 | 3.40 2.2 1.8 0 0.37 | 0.18 | 0.11 | 0.11 | 0.05 0
0.0,

CA2 2.63 | 2.63 | 4.73 4.73 5.26 | 5.26 0.33 0.26 | 0.32 0.39 0.35 | 0.26

CA4 2.50 | 250 | 4.40 | 4.40 | 5.32 | 5.32 0.42 | 0.23]0.22 | 031 | 0.37 | 0.32

CA8 5.00 | 5.00 | 450 | 4.50 | 5.00 | 5.00 033 | 041] 030 | 030 | 033|029

CA1l6 4.50 | 4.50 | 3.16 3.16 3.42 3.42 0.35 0.45 | 0.22 0.20 0.31 | 0.26
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stopping of the redox reversibility [8].

Therefore, it is concluded that addition of alu-
mina to cobalt oxide and mechanical activation
have improved the weight change rate and re-ox-
idation value of cobalt oxide in comparison with
as-received Co,0,.

3.2.3. Particle Size and Morphology

The SEM images of CA2, CAS8, and CA16 sam-
ples before and after three redox cycles are shown
in Fig. 3. The figure shows that the particle size is
decreased with the increase in the activation time
before redox process. Average particle size of CA2,
CAS8, and CA16 samples before redox process is
0.95, 0.82, and 0.63 um, respectively, while it reach-
es to 2.50, 4.20, and 3.50 after three redox cycles
(Table 2). It means that with the increase in the acti-
vation time increasing time to 8 h, the average par-
ticle size after redox has increased. It is clear that
although the average particle size of CA2 before re-
dox is larger than the average particle size of CA16,
but after the third redox cycle, the average particle
size of CA2 is smaller than CA16. It means that a

2 ',-"C;;,DA'&,% 5 AlLOz/2 h.BM/ before redox

SEN MAG: 5.00 ke ot SE
SEM HV- 1500k WD: 57728 mm
Datelmidi) 0TATHT Vac: Hivac

SEMMAG 500k Det SE VEGANTESCAN
SEMHV- 1500kv  WD; 5.8210 mm 5pm *
Date(midly) DT TIT Vac: Hivac [y /]

e .

SEMMAG 500k«  Det SE

SEMHV: 1500KY  WD: 7.3143mm 5 3
Date(middy 0TATAT Vac: HiVac roerce [l

SEN MAG: 5.00 kx . SE
SEMHV 1500k WD: 47380 mm
Date(mighy D7ATNT Vac HiVac

long mechanical activation time increases the parti-
cle size after redox reactions.

Average particle size of CA16 sample is smaller
than that of CAS8 sample after redox process. The
following two reasons are provided for the differ-
ence in behavior: Reason one, the average parti-
cle size of CA16 sample is smaller than other two
samples before redox, and therefore it requires long
cycles for growth and sintering in comparison with
CA8 samples. Reason two, AL O, has dispersed
more uniformly than other samples in the cobalt
oxide matrix due to higher activation time. These
two factors have decreased the sintering of CA16
sample in comparison with CA8 sample.

Table 2. Average particle size of CA samples before and

after three redox cycles

Sample Average particle size (um)
code Before redox | after 3 redox cycles
CA2 0.95 2.50
CAS8 0.82 4.20
CAl6 0.63 3.50

Co304+ % 5 ALO3/ 8 h.BM/ before redox

VEGAL TESCAN

p /]

GEMNAG 500k Det S&
GEM IV 1500k WO: 47078 mm
pateqmiat: 07717 Vac: Hivac rurc [l

VEGAN TESCAN

after ,‘t‘ cycles redox

b

SENMAG 500k Dot GE
S Y Sowrvisool  woresz0amm
murcl st omny vac rivae roeec [l

Fig. 3. SEM images of CA2, CA8, and CA16 samples before and after three redox cycles.
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3.2.4. Chemical Analysis of Particles

In Fig. 3 some agglomerated particles are seen
that are formed from a set of fine particles (marked
with G). These agglomerated particles are present
in all of the samples after redox. Only difference
is their size that has decreased with the increase
the activation time. For further investigation and
identification of possible compounds formed be-
tween cobalt oxides and Al,O,, CA8 sample was
analyzed by EDS and X-ray map analyses.

According to X-ray map and EDS analysis
presented in Fig. 4, the agglomerated particles
(A and B points) are rich in AL O,, most likely
part of the spinel phase which reduces the oxy-
gen absorption/desorption values. As mentioned
earlier, the spinel phase does not decompose in
the redox reaction temperature. Also, X-ray map
analysis shows that in addition to the concentra-
tion of aluminum in some places, this element
has distributed in other parts of the sample and
among cobalt oxide particles that can prevent the
sintering of cobalt oxide particles during redox

SEM MAG: 3.00 kx WiD: 24 54 mm

L | vEGALTESCAN
-

process. Rod shape particles in Fig. 4, marked
with C point, are free from Al and close to Co,0,
composition. These rods probably grow during
the re-oxidation step.

3.3. Effect of Mechanical Activation on C03O 4-5wt. %
Y203 Redox Behavior

Results of TG analysis of the yttria-containing
samples are presented in Fig. 5. According to Fig.
5, the cycles are irregular and mechanical activa-
tion has significantly decreased the weight change
value. As it is seen, the weight change of CY2 ,
CY8,and CY16 is close to 2 wt. % , 1 Wt. %, and
zero, respectively. It means that heat storage prop-
erties of CY samples are significantly less than
as-received cobalt oxide. Information extracted
from Fig. 6 are shown in Table 3. It is seen that
with the increase in the activation time, the ox-
ygen absorption/desorption values decrease, and
finally the values reaches to zero in CY 16 sample.
Generally, according to Fig. 5 and Table 3, it is
clear that increasing the activation time has led to

After three redox

After three redox

Date(michy. 09125117 Vac: Hivac e ron [l
Point A B
(wt. %)
Oxygen 26.56 | 25.33 | 29.25
Aluminum 29.84 | 28.96 | 0.08
Cobalt 43.58 | 45.70 | 69.89

Fig.4. X-ray map and EDS analyses of CA8 sample after three redox cycles.
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the loss of thermochemical heat storage properties
of CY samples in comparison with as-received co-
balt oxide. Most probably, the weak performance
of yttria-containing samples is related to morphol-
ogy and structure of particles.
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Fig. 5. TG analysis of CY2, CY8 and CY 16 samples.

Fig. 6 illustrates the SEM images and Table 4
shows the average particle size of CY2, CY8, and
CY 16 samples before and after three redox cycles.
Average particle size of CY2, CYS, and CY 16 be-
fore redox is 0.55, 0.98 and 0.63 pm, respectively.
Average particle size of mentioned samples after
redox is 6.00, 7.40, and 5.25 pm, respectively. Al-
though, the average particle size has decreased by
mechanical activation, but it intensively increases
the sintering of the samples after redox (Fig.6).
This increase in sintering reduces the absorption
and desorption of oxygen as shown in Fig. 5. As
a result, oxygen absorption and desorption in the
CY 16 sample was completely stopped.

Table 4. Average particle size of CY samples

before and after redox

Average particle size (um)
Sample before 3 after 3
redox cycles redox cycles
CY2 0.55 6.00
CYS8 0.98 7.40
CY16 0.63 5.25

There are spherical particles (D points) in
SEM images presented in Fig. 6. EDS and X-ray
map analysis were used to investigate the particles
composition and various element distributions.
Results of the X-ray map and EDS analysis of
CY8 sample after three redox cycle are shown in

Table 3. Weight change and it’s rate during first to third cycles for yttria containing samples

Weight change Weight change rate
wt.% (wt.% / min)
Sample Cycle 1 Cycle 2 Cycle 3 Cycle 1 Cycle 2 Cycle 3
code
Red | Oxid | Red | Oxid | Red | Oxid | Red | Oxid | Red | Oxid | Red | Oxid

As-received
420 | 420 | 3.40 | 2.20 | 1.80

0 037 | 0.18 | 0.11 | 0.11 | 0.05 0

Co,0,

CY2 1.84 | 1.84 | 2.09 | 2.09 | 1.58 | 1.58 | 035 | 0.07 | 035 | 0.02 | 0.17 | 0.03
CYS8 115 | 115 | 132 | 1.32 | 1.05 | 1.05 | 0.04 | 0.04 | 0.04 | 0.09 | 0.14 | 0.05
CYl16 0 0 0 0 0 0 0 0 0 0 0 0
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Fig. 6. SEM images of CY2, CY8 and CY 16 samples before and after three redox cycles.

After three redox

After three redox

SEM MAG: 3.00 ke WO 25.02 mm L 1 | vEGARTESCAN
SEM Hy: 20.00 k¥ Det. BSE 10 pm -
Daate(ridiy): DB/26M 7 Wac: Hivac RAZI u

Point A B
Element (wt. %)

Oxygen 14.70 25.84
Cobalt 62.22 58.29
Yttrium 23.07 15.86

Fig. 7. X-ray map and EDS analyses of CY®8 sample after three redox cycles.
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Fig. 7. It is seen that yttrium oxide has distribut-
ed throughout the sample, but its concentration is
higher at some points. These points are the same
spherical particles shown with D points in Fig. 6
and they are a phase that is rich in yttrium oxide. It
seems that yttrium oxide reacts with cobalt oxide
and forms a new compound. Weak performance
0f Co,0,-5 wt. % Y0, in view of thermochemical
heat storage properties is related to intensive sin-
tering, growth of cobalt oxide particles, and for-
mation of new phases that do not decompose. In
fact, Y,O, addition has intensively increased the
sintering and growth of cobalt oxide particles. It
seems that due to smaller ionic size of Co™ and
Co™ relative to Y™ ions, there is diffusion of co-
balt ions into Y0, surface and structure and Y,0,
has not played any role in the prevention of cobalt
oxide particles sintering.

3.4. Comparison of Y,0, and Al,O, Additives Performance

The addition of Al,O, improves the redox be-
havior of cobalt oxide, while the addition of Y,0,
severly degrades the redox process. This differ-
ence in AL O, and Y,0, performance is related to
their effect on growth and sintering of cobalt oxide
particles and also the formation of new phases. In
fact, Y™ cations due to higher atomic radius can-
not diffuse to cobalt oxide structure, while Co™ or
Co™ cations can diffuse into yttrium oxide struc-
ture. Al cations due to smaller atomic radius can
easily diffuse into the cobalt oxide structure. For
this reason, as shown in SEM images (Fig. 3 and
Fig. 6) the Y,O, particles unlike AL,O, particles
not only do not disappear during redox process,
but also their sizes have increased after redox re-
actions.

4. CONCLUSIONS

The following conclusions were obtained from
this research work:

1. Alumina addition and mechanical activation
have improved the reduction and re-oxida-
tion kinetics of cobalt oxide in comparison
with as-received cobalt oxide. Although, the
samples activated for short time show bet-
ter redox kinetics than samples activated for
longer time.

B o o

2. Increasing the activation time to more than
8 h for alumina-containing samples reduces
the thermochemical heat storage properties
of Co,0, due to decrease in positive effect
of additive in controlling the particle size
growth and sintering.

3. X-ray map and EDS analysis showed that ag-
glomerated particles in alumina-containing
samples are rich in Al,O,, most likely part of
the spinel phase which reduces the oxygen
absorption/desorption values.

4. Oxygen absorption and desorption in yt-
tria-containing sample activated for 16 h was
completely stopped.

5. Weak performance of Co,0,-5 wt. % Y, 0O, in
view of thermochemical heat storage prop-
erties is related to intensive sintering and
growth of cobalt oxide particles.

6. The addition of Al,O, and mechanical activa-
tion up to 8 h improves the redox behavior of
alumina —containing samples, while the addi-
tion of Y, O, and mechanical activation severe-
ly degrades the thermochemical heat storage
properties of yttria-containing samples.
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