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Direct electrochemical preparation of CeCos alloy from mixed oxides

DAI Lei'?, WANG Shuo', LI Yue-hua', WANG Ling', SHAO Guang-jie’

1. College of Chemical Engineering, Hebei United University, Tangshan 063009, China;
2. College of Environmental and Chemical Engineering, Yanshan University, Qinhuangdao 066004, China

Received 24 October 2011; accepted 4 May 2012

Abstract: CeCos alloy was prepared from the mixture of cobalt oxide (Co;04) and cerium oxide (CeO,) powders by
electro-deoxidation in molten calcium chloride. The effects of the cell voltage and sintering temperature on the electrolysis process
were reported. The electro-deoxidation mechanism was investigated by potentiodynamic polarization using a molybdenum cavity
electrode in conjunction with characterization of the products from constant voltage electrolysis under different conditions by XRD
and SEM. The electrochemical property of CeCos alloy was investigated by cyclic voltammetry measurements. The results show that
the electro-deoxidation rate increases with increasing the cell voltage and decreasing the sintering temperature. The pure CeCos can
be prepared by direct electro-deoxidation of mixed CeO,/Co;0, pellets sintered at 850 °C when the cell voltage of 3.1 V is applied.
The electro-deoxidation proceeds by the simultaneous reduction of Co30,4 to Co and reduction of CeO,to CeOCl, followed by CeOCl
reduction on the pre-formed Co to form CeCos alloy which shows a good cycling stability.
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1 Introduction

ABs alloys of rare earth and d-metal with CaCus
type structure are often considered to be the most
promising electrode materials for Ni-MH batteries
applications due to their high hydrogen absorption
capacity, the favorable electrochemical activation as well
as improved charge and discharge kinetic properties
[1-3]. The commonly used preparation process for above
alloys is the induction melting method, which involves
separate extraction and refining the individual metals of
high purity, followed by a prolonged annealing process
at elevated temperatures. It is obvious that the production
process is long and the cost is high [4]. An alternative
production method is necessary to create low-cost ABs
alloys.

The FFC-Cambridge process, which is a direct
electro-deoxidation of solid oxides to metals and alloys
in molten salts, seems to be the alternative process due to
its simplicity and less investment [S5]. Compared with
other extractive metallurgical processes, the main
perceived advantages of the FFC-Cambridge process
include a relatively low energy consumption, relatively

simple operation, and capability to directly reduce a
combination of different metal oxides together to form
alloys [6—8]. A significant number of laboratory studies
have been concentrated on electrochemical synthesis of
numerous metals and alloys directly from their metal
oxides [9—12].

In the present work, applying the FFC-Cambridge
process, hydrogen storage alloy CeCos was prepared
directly from mixed CeO,/Co;04 powders. The products
from electrolysis under different conditions were
analyzed by XRD and SEM. The mechanism of the
electro-deoxidation was proposed based on experimental
evidences.

2 Experimental

2.1 Pellet preparation

Commercially available powders of cerium oxide
(Ce0,) and cobalt oxide (Co3;0,) were used as raw
materials. The above oxide powders were weighed
according to the stoichiometric ratio of CeCos and then
polyvinyl butyral (PVB), (1% in mass fraction) and
acetone were added to the mixture and thoroughly milled
in a ball-milling container for 3 h. After drying, the
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mixture was pressed under 30 MPa into pellets of 10 mm
in diameter and 3 mm in thickness. The pellets were
calcined in air at 400 °C for 4 h to remove the PVB and
then were sintered at 850, 1050 and 1250 °C for 5 h,
respectively. The sintered pellets were characterized by
X-ray diffraction with Cu K, radiation (XRD, Vantage
4.0) and scanning electron microscope (SEM, S°4800).
Anhydrous CaCl, and a high pure graphite (99.9%) were
used for the electrolysis. Argon gas (99.99%) was used
as the protective gas during high temperature
experiments.

2.2 Constant voltage electrolysis

The experimental apparatus used here was similar to
that described in Ref. [13]. An alumina crucible was
filled with about 800 g of a dehydrated CaCl, and placed
at the bottom of a stainless steel tube reactor in a vertical
furnace. A thermocouple was placed between the
alumina crucible and the inner wall of the stainless steel
reactor. Subsequently, argon gas was introduced into the
reactor continuously. The temperature was increased and
kept the pre-set temperature. Electrolysis of the sandwich
oxide cathode with one or two pellets proceeded at a
constant voltage with high pure graphite used as the
counter electrode. The experiment data were collected by
a PC computer aid system. After electrolysis, the sample
was lifted from the molten salt and cooled naturally in a
stream of argon before removing from the steel reactor,
and then was immediately washed in distilled water. The
composition and morphology of the products were
analyzed by XRD and SEM, respectively.

2.3 Potentiodynamic polarization

Foils of molybdenum (width of 10 mm, thickness of
0.5 mm, length of 20 mm, and purity of 99.9%) were
used as the substrate for making the metallic cavity
electrodes (MCE). One circular holes (1.0 mm in
diameter) were drilled through the foils by mechanical
drill. The oxide powders, such as CeO, powder, Co3;0,
powder and mixed CeO, and Co;0, powders (molar ratio
of Ce toCo of 1:5) were manually filled into the MCE
cavity by repeatedly finger-pressing and used as the
working electrode on which cathodic polarization was
then carried out potentiodynamically with 1 mV/s of
sweep rate in molten CaCl, at 850 °C. A high pure
graphite (99.9%) was used as the counter electrode. The
Kanthal wire was used as the pseudo-reference electrode
whose stability was satisfactory [14]. All electrochemical
experiments were operated under the protection of an
argon flow. Polarization curves were then recorded on
ZAHNER IMé6e electrochemical station.

2.4 Measurement of electrochemical property
The electrochemical property of CeCos alloy was

investigated by cyclic voltammetry experiments in a
classical three-electrode cell and the CeCos alloy powder
microelectrode was used as working electrode. A Pt plate
and a Hg/HgO electrode were used as counter electrode
and reference electrode, respectively. The cyclic
voltammogram curves were measured at the rate of
50 mV/s from —1100 mV to —300 mV (versus Hg/HgO
electrode) in a 6 mol/L KOH solution.

3 Results and discussion

3.1 Influence of cell voltage

The appropriate cell voltages are needed for the
electro-deoxidation process to avoid salt decomposition
but achieve relatively high electro-deoxidation speed
[15,16]. The theoretical decomposition voltages of
C0304,Ce0, and CaCl, at 850 °C are listed in Table 1. To
avoid the decomposition of CaCl,, the cell voltage during
the electro-deoxidation of the mixed oxide pellets should
be controlled at less than 3.2 V. Figure 1 presents typical
current—time plots recorded during electrolysis of the
oxide pellets in molten CaCl, at 850 °C at different cell
voltages for 20 h. The /—t plots at 2.1, 2.8 and 3.1V
exhibit similar features. The current declines with time at
beginning, reaching a trough value in the first few
minutes, which may correspond to the electrolytic cell to
reach equilibrium, and then the current increases to a
peak. The increase of the current to a peak is attributed
to the expansion of three-phase interlines (3PIs, metal/

Table 1 Theoretical decomposition voltage of Co;0,, CeO, and
CaCl, at 850 °C

. Theoretical decomposition
Reaction p

voltage/V
CaCly(l)=Ca(l)*+Cl,(g) 3.25
C0304(s)=3Co(s)+20,(g) 0.62
CeO,(s)=Ce(s)+0(g) 2.22
3.0
2.5

Current/A

21V

1 1 1 1
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Time/min

L
1000 1200

Fig.1 Current—time plots of electrolysis of pellets (sintering at
850 °C in air for 5 h) at different cell voltages for 20 h in CaCl,
molten salt at 850 °C
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oxide/electrolyte) [17]. When the oxide in contact with
the Kanthal wire is reduced to metal, new 3PIs form
amongst the newly formed metal/oxide/electrolyte. With
processes continuing, the 3PIs expand, which increases
the contact area of the metallic current collector. With
the 3PIs moving into the interior of the oxide pellet along
the depth direction, the current declines continuously,
which is mostly because of mass transfer difficulties, and
the background current is due to electronic conduction
through molten CaCl,, which may result from the drop of
the graphite particles and the impurity of the molten salt
[18,19]. It can be seen that the current increases with
increasing the cell voltage, which indicates a higher
reduction rate at the cell voltage of 3.1 V.

The electrolysis products were analyzed by XRD
and the spectra are shown in Fig. 2. When 2.1 V was
applied, the XRD pattern of the product exhibits the
CeOCl, Co and CeO, phases, but no CeCos phase is
formed. At 2.8 V, in the XRD pattern of the product only
CeOCl and Co peaks appear. It can be concluded that the
mixed oxides only can be reduced to Co and CeOCl at
2.8 V, and the formation of CeCos needs a higher cell
voltage, which is due to the individual difficulty of the
electro-deoxidization of CeO, (see Table 1). The XRD
pattern of the product after electrolysis at 3.1 V shows
that pure CeCos phase is formed.

. e — CeCos
=— CeOCl
. »— Co

eer s G253,y

N B s
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Fig. 2 XRD patterns of products from electrolysis of pellets
(sintered at 850 °C in air for 5 h) at different cell voltages for
20 h in CaCl, melt at 850 °C

3.2 Influence of sintering temperature

It has been claimed that the sintering temperature of
the pellets plays an important role in the
electro-deoxidization process [20]. In order to study the
influence of sintering temperature, the oxide pellets were
sintered at 850, 1050 and 1250 °C for 5 h in air. The
porosity and density of the pellets after being sintered at
three different temperatures are shown in Table 2. The
data demonstrate that varying the sintering temperatures
from 850 to 1050 °C influences very little on the

apparent densities and porosities of the pellets. When the
pellets were sintered at 1250 °C, the decrease of the
porosity and increase of the density are remarkable,
which may lead to decrease of electrolysis rate. Figure 3
shows the microstructures of the cross section of the
pellets sintered at 850, 1050 and 1250 °C, prior to
electrolysis. It can be seen that the microstructures of the
pellets sintered at 850 °C and 1050 °C are similar to the
pellet before sintering. But sintering of the pellets
involves both the growth of strength and the shrinkage of
the pellets, which can avoid powdering of the pellets in
the molten. When the pellets were sintered at 1250 °C, a
mass of particles were clearly seen and their particle size
was in the range of 1-10 um.

Table 2 Porosity and density of pellets after sintering at three
different temperatures

Sintering . Apparent
Porosity/% . 3
temperature/°C density/(g-cm ~)
850 36.41 4.4654
1050 35.09 4.5023
1250 16.96 6.0122

Figure 4 shows the XRD patterns of mixed oxides
sintered at 850, 1050 and 1250 °C in air for 5 h. The
pellets sintered at 850 °C still consist of the original
oxides of CeO, and Co;04 and no new oxides appear,
which means that the pellets are stable at below 850 °C.
After being sintered at 1050 °C and 1250 °C, CoO
appears, which is caused by the decomposition of Co30,
[21].

The typical constant voltage chronoamperograms of
electrolysis of the pellets sintered at different
temperatures are shown in Fig. 5. With increasing the
sintering temperature, the current becomes low. It is
understood that the electro-deoxidization
oxygen ion diffusion through the oxide/electrolyte
interface. When the pellets were sintered at higher
temperatures, the increase of the extent of the
densification means the decrease of interface areas,
which results in a slower reduction rate.

Figure 6 displays the XRD patterns of the samples
sintered at 850, 1050, 1250 °C and then electrolyzed at
3.1 V for 20 h. As seen in Fig. 6, the sample sintered at
850 °C is completely electrolyzed and pure CeCos phase
is formed. As to the pellets sintered at 1050 °C, XRD
spectrum shows that the product mainly consists of
CeCos, but a little CeOCl and Co phases exist. The
sample sintered at 1250 °C after electrolysis shows that
some CeCos is formed, but CeOCl and Co phases are
dominant. Clearly, the results further demonstrate that
increasing the sintering temperature does lead to a lower
reduction rate.

involves
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Fig. 3 SEM images of CeO,/Co0,0, pellets before (a) and after sintering for 5 h at 850 °C (b), 1050 °C (c) and 1250 °C (d)
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Fig. 4 XRD patterns of mixed CeO,/Co304 pellets sintered at
different temperatures for 5 h
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Fig. 5 Current—time plots of electrolysis of pellets sintered at
different temperatures for 5 h and then electrolyzed at 3.1 V for
20h
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Fig. 6 XRD patterns of products from electrolysis of pellets
sintered at different temperatures and then electrolyzed at 3.1 V
for 20 h

3.3 Influence of electrolysis time

In order to investigate the effect of electrolysis time
on the electro-deoxidation process, the electrolysis was
carried out at 3.1 V for different time and then the
obtained products were analyzed by XRD. Figure 7
shows the XRD patterns of the products that were
electrolyzed at 3.1 V for 1, 7, 12 and 20 h. After being
electrolyzed for 1 h, the XRD pattern of the product
exhibits CoO, CeO,, CeOCl and Co phases, but
formation of CeCos phase does not take place, which
may suggest that reactions (1), (2) and (3) occur, that is,
the Co;0, reduces to CoO and Co, and the CeO, reduces
to CeOCl.
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Fig. 7 XRD patterns of products from electrolysis of pellets
(sintered at 850 °C in air for 5 h) at 3.1 V for different time in
CaCl, molten salt at 850 °C

C0304+2e=3Co0+0*" (1)
CoO+2e=Co+0* ()
Ce0O,+CaCl,+e=CeOCIl+CaO+Cl 3)

After 7-12 h electrolysis, the product still contains
Co0O, Ce0O,, CeOCl and Co phases, but CeCos alloy
appears. With prolonging the electrolysis time, the
amount of Co;04 gradually increases and other phases
decrease. These results verify that Co;0,4 reduction takes
place to Co and then CeOCl is reduced on the
newly-formed Co surface to form the alloy that can be
expressed as reaction(4). After electrolysis for 20 h, pure
CeCos alloy can be obtained, which shows that in the

NS

course of electrolysis the mixture of Co3;04 and CeO, is
completely deoxidized.

5Co+CeOCI+3e=CeCos+O* +Cl- 4)

Figure 8 shows SEM images of the electrolysis
products after electrolyzing for different time. The SEM
image of the product electrolyzed for 1 h, as seen in
Fig. 8(a), is similar to the pre-electrolyzed one in Fig.
3(b), which shows compact structure, but the particle
size seems to be large. After 7—12 h electrolysis, the
pellets become porous and the particles seem irregular
(shown in Figs. 8(b), (c)). After electrolysis for 20 h, as
seen in Fig. 8(d), the precursor was transformed into
final product which shows spongy and porous with the
nodular particles. The reduced pellets can easily be
ground into powder with pestle and mortar.

3.4 Potentiodynamic polarization

To further understand the electro-deoxidation
process mechanism, the cathodic polarization behavior of
samples on the MCE were measured in a molten CaCl, at
850 °C. Figure 9 shows the cathodic polarization curves
of pure CeO, powder, pure Co;04 powder and mixed
CeO, and Co030,4 powders recorded in molten CaCl, at
850 °C. In the absence of oxide, the polarization curve of
the bare MCE shows a reduction peak c2 formed at —1.2
V which can be attributed to the reduction of CaCl,
[13,15]. The polarization feature of the pure CeO,
powder at 0 to —0.6 V is similar to that of the bare MCE.
Then the current becomes larger than that of the bare
MCE until the peak c2 appears, which may suggest in

P
Fig. 8 SEM images of products from electrolysis of pellets (sintered at 850 °C in air for 5 h) at 3.1 V for different time in CaCl,
molten salt at 850 °C: (a) 1 h; (b) 7 h; (¢) 12 h; (d) 20 h
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Fig. 9 Cathodic polarization curves of MCE in the absence and

presence of CeO, powder, Co304 powder and mixed CeO, and

Co03;04 powders in CaCl, molten salt at 850 °C (Scan rate:

1 mV/s)

reaction (3) that the CeO, reduces to CeOCl. The
polarization curve of the pure Co;04 powder exhibits a
reduction peak cl at —0.23 V which does not appear in
polarization curves of the bare MCE and the pure CeO,
powder. This peak ¢l can be attributed to the reduction
of Co30, into Co metal. The polarization features of the
mixed CeO, and Co;0, powders are similar to those
observed on the polarization curve of the pure Coz;04
powder, but value of the reduction peak c1 is larger than
that of the pure Co;04 powder, which is likely caused by
the formation of the Ce—Co compound resulting from the
reduction of CeO, or CeOCl on the newly formed Co
metal particles.

3.5 Electrochemical property of CeCos powders
Cyclic voltammetric measurements were done in
the potential range of —1100 to —300 mV (versus
Hg/HgO electrode) to investigate the electrochemical
property of CeCos powders. Figure 10 illustrates the
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Fig. 10 Voltammogram curves of CeCos alloy microelectrode

in 6 mol/L KOH solution (potential scanning rate: 50 mV/s)

cyclic voltammograms of the CeCos alloy microelectrode.
The number on the curves represents the cycle number.
The anodic peak observed is due to the oxidation of the
desorbed hydrogen atoms on the surface, which is used
for evaluating the discharge processes of the CeCosalloy.
The discharge capacities were calculated based on the
anodic peak areas after different cycles, as shown in Fig.
11. The activation of CeCos is almost complete after 50
cycles and the maximum discharge capacity obtained is
183 mA-h/g. It can be seen that after 140 cycles the
capacity retention is approximately 92.8%.
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Fig. 11 Discharge capacity of CeCos alloy versus cycle number
4 Conclusions

The hydrogen storage alloy CeCos can be prepared
via direct electro-deoxidation of sintered pellets of mixed
Ce0,/Co30,4 powders sintered at 850 °C in molten CaCl,
when 3.1 V was applied. As to the pellets electrolyzed at
lower cell voltages, the product includes CeOCl, Co and
Ce0,, but no CeCos phase. Raising the sintering
temperature leads to the decrease in the porosity and
increase in the extent of the densification, which
decreases the electro-deoxidation rate. The mechanism of
the electro-deoxidation process was observed using XRD
and potentiodynamic polarization, which was found to be
split into two steps: the reduction on the mixed oxide
starts from Co;04 to Co and CeO,to CeOCl, followed by
that of CeOCl on the surface of newly-formed Co to
form the CeCos alloy. The CeCos alloy has a maximum
discharge capacity of 183 mA'h/g and the capacity
retention is approximately 92.8% after 140 cycles.
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