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Abstract

The Na0.60CoO2 phase, obtained by a classical solid-state reaction, is tested as a conductive additive in the nickel oxide electrode. Though the
process was not optimised in terms of additive repartition, the experiments show a good efficiency of the Na0.60CoO2 phase even at low cobalt
content, compared to usual additives like CoO. Moreover, it increases the stability of the electrode at low potential. The added Na0.60CoO2 phase
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s shown to transform, during the first cycles, into a �-type cobalt oxyhydroxide phase that is more stable at low potential than the usual additives.
2005 Elsevier B.V. All rights reserved.
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. Introduction

When cobalt is co-precipitated within nickel hydroxide, the
ctive material of the positive electrode of Ni–MH cells, it tends
o increase the chargeability of the battery as well as the conduc-
ivity of the active material and to reduce the positive electrode
welling, thus improving the capacity and life duration of the
attery [1–3]. When cobalt is post-added to nickel hydroxide, it
lays a key role in the improvement of the performances of the
on-sintered nickel hydroxide electrode. In such an electrode,
ow density nickel foam, with much larger pores than classical
intered substrate, plays both roles of substrate and current col-
ector. Post-added cobalt forms a conductive network within the
ores, which allows a full utilization of the active material [4,5]
y linking electronically the active material (nickel hydroxide),
ocated in the middle of the large pores, to the current collector.
y this way, the use of cobalt conductive additive has allowed the
anufacturing of high capacity nickel metal hydride batteries,

ow used in many portable devices.

The conductive network is formed during the beginning of the
first charge of the electrode, from cobalt added under the form
of CoO, Co(OH)2 or cobalt salts [4]. The so-formed conductive
phase, HxCoO2, is stable in the usual cycling potential range
(approximately 0.9–1.5 V versus Cd(OH)2/Cd) [6]. But this way
of adding cobalt exhibits some drawbacks. When held at low
potential, which could occur during a deep discharge of the cell
or a storage in a discharge state, the cobalt conductive phase is
likely to be reduced into Co(OH)2. According to Pralong et al.,
this reaction takes place at 0.67 V versus Cd(OH)2/Cd [7]. The
Co(OH)2 phase is soluble, so that the cobalt derivatives tend
to migrate into the electrode or to be redeposited as insulating
phases like stoichiometric CoOOH or Co3O4 [8,9]. Actually, this
results in a decrease in the efficiency of the cobalt conductive
network.

Research groups and battery manufacturers have proposed
new processes and new additives to overcome these drawbacks.
Conductive “Co3O4” type spinel phases were thus prepared in
specific conditions in our laboratories. The structure and the
physical properties of these derivatives will be reported in a
forthcoming paper [10]. Other conducting materials recently
∗ Corresponding author. Tel.: +33 5 4000 2725; fax: +33 5 4000 6698.
E-mail address: guerlou@icmcb-bordeaux.cnrs.fr
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proposed are �-type cobalt oxyhydroxide phases, which are
hydrated derivatives of HxCoO2 with a higher oxidation state
for cobalt, or Na containing cobalt phases [6,11–13]. All these
materials are conductive and contain cobalt at a high oxidation
378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2005.07.091
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state (Co3+ and Co4+). But these works are more focused on the
efficiency of the thus manufactured cells than on the chemistry
of the involved materials.

The following work aims at studying the potentialities of the
Na0.60CoO2 phase as conductive additive. This phase, which
was first synthesised by Fouassier et al. [14] in the 70 s, exhibits
like HxCoO2 a lamellar structure based on stacked CoO2 slabs.
Cobalt in Na0.60CoO2 has an overage oxidation state of 3.4 and
the phase exhibits metallic properties [15]. This material is there-
fore a good candidate as conductive additive. The present paper
describes the electrochemical and chemical behaviour of the
Na0.60CoO2 phase, as additive in the nickel oxide electrode.
In order to understand the processes involved, this study was
extended to the behaviour of pure Na0.60CoO2 electrodes in
alkaline batteries.

2. Experimental

X-ray diffraction (XRD) patterns were collected with a
Siemens D5000 diffractometer (Cu K�). They were recorded
with a scan step of 0.02◦ (2θ) for 10 s for the pristine material
powder and of 0.06◦ (2θ) for 4 s for the electrode materials.

Electrochemical tests were performed in galvanostatic and
potentiostatic modes. Galvanostatic experiments were processed
with a homemade cycling apparatus in order to test the effect of
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Fig. 1. XRD pattern of the synthesised Na0.60CoO2 phase (indexed with an
hexagonal cell). Zoom of the (015)hex. diffraction line showing the slight mon-
oclinic distortion.

exhibiting a noticeable shoulder at low angle. As the distortion
is very weak, it was not considered in this work.

3.3. Chemical composition

The cobalt content in the sample was measured by EDTA
complexometric titration in an acidic buffer medium with
xylenol orange tetrasodium salt as indicator. The sodium amount
was determined by atomic emission spectrometry at 370.8 nm
using a Perkin-Elmer 2280 apparatus. For both previous mea-
surements, the powders were dissolved by heating in pure
hydrochloric acid. The oxidation state of cobalt was measured by
iodometric titration. For such measurements, the samples were
dissolved by a reducing KI–HCl solution in an airtight container
at 60 ◦C in order to prevent iodine evaporation.

The titration results are presented in Table 1 together with the
values calculated on the basis of the Na0.60CoO2 ideal formula.
Cobalt and sodium contents are slightly lower than expected.
The Na/Co ratio of 0.60 and the value of 3.4 for cobalt oxidation
state correspond to the expected values. The difference in sodium
and cobalt contents could mean that the phase, which is stored
in air, has adsorbed some water.

3.4. Electric properties

(
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dditive upon the nickel oxide electrode. Potentiostatic experi-
ents were processed on a Macpile (Biologic) device upon elec-

rodes containing only cobalt phases. The recorded potentials
re given versus Cd(OH)2/Cd electrochemical couple. Charge
nd discharge rates are given as C/n, meaning than 1 electron is
xchanged per nickel or cobalt in n hours.

. The Na0.60CoO2 phase

.1. Synthesis process

The Na0.60CoO2 phase was prepared by solid-state reaction
rom Co3O4 and Na2O (Aldrich 99% min, 12% excess), in a
ubular furnace at 550 ◦C during 15 h under flowing O2 [14]. The
o3O4 starting material was previously obtained by decompo-

ition of CoCO3 (Fluka 99%) at 400 ◦C for 12 h under flowing
2.

.2. XRD study

The XRD pattern of the obtained phase is presented in Fig. 1.
o significant impurity phase is observed. This phase crys-

allizes in the trigonal system (space group R3m) with a P3
xygen stacking, usual in lamellar phases. The pattern is indexed
ith a hexagonal cell. The corresponding cell parameters are
= 2.825 Å and c = 16.532 Å, in good agreement with crystal-

ographic data obtained by Fouassier et al. [14]. The interslab
istance is therefore equal to 5.511 Å. More rigorously, the phase
hould be indexed in the monoclinic system as it exhibits a slight
onoclinic distortion (P′3 oxygen stacking instead of P3), which

an be seen as an example with the (015)hex. diffraction line
Around 200 mg of the obtained material were pressed
3 t cm−2) into 8 mm diameter pellets. Conductivity measure-

able 1
eight percentages, molar ratios and average cobalt oxidation state for the
a0.60CoO2 phase, compared to the theoretical values calculated on the basis of

he ideal formula

Cobalt
(wt.%)

Sodium
(wt.%)

Na/Co (molar
ratio)

Average oxidation
state of cobalt

deal Na0.60CoO2 56.27 13.16 0.60 3.40
a0.60CoO2 (studied) 54.0 12.6 0.60 3.4
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Fig. 2. Variation of logarithm of electrical conductivity vs. reciprocal tempera-
ture for the Na0.60CoO2 phase. The variation of the resistivity vs. T is in insert.

ments were performed between 150 and 350 K using a four probe
technique [16].

Conductivity logarithm versus reciprocal temperature is dis-
played in Fig. 2. The value (around 40 S cm−1) at room tem-
perature is rather high. Moreover, the decrease of conductivity
with increasing temperature shows the metallic behaviour of
this phase. This behaviour results from a delocalisation of elec-
trons within the cobalt slab due to the presence of at least 30%
of tetravalent cobalt and to the small Co–Co distance. In this
edge-sharing octahedron structure, the t2–t2 orbital overlapping
through edges allows the formation of a metallic t2 band when
the Co–Co distance is smaller than a critical value, determined
by Goodenough’s formula. In the present case, dCo–Co = 2.825 Å
an Rc = 2.885 Å. Such conductivity values make the Na0.60CoO2
phase, a suitable candidate as a conductive additive for nickel
hydroxide electrodes.

4. Use of Na0.60CoO2 as additive in the nickel oxide
electrode (NOE)

4.1. Effect on the nickel utilization rate

4.1.1. Preparation of the electrodes and cycling conditions
In order to prepare electrodes for the electrochemical tests,

the NaxCoO2 phase was mixed in two different proportions
(
w
i
o
p
p
t
e
e
1
i
s
e
i

Fig. 3. Evolution of the number of exchanged electrons (NEE) per nickel atom
during a galvanostatic cycling at the C/5 rate in 8 M KOH for nickel electrodes
containing 33 or 10 wt.% of Na0.60CoO2 as conductive additive. The NEE for
electrodes containing 10 wt.% CoO or no additive are presented for comparison.

The cycling of the cells begins with a 20 h charge at the C/10
rate, followed by cycles including a discharge at C/5 with a cut-
off voltage of 0.9 V and a 6 h charge at C/5.

In the following, the capacity is given by the number of
exchanged electrons (NEE) per nickel atom during the dis-
charge. By this way, the efficiency of the additive to improve
utilization of nickel hydroxide is easy to follow.

4.1.2. Results and discussion
The evolution of the NEE for 10 and 33 wt.% of Na0.60CoO2

are presented in Fig. 3, and compared to the evolution of the NEE
for the reference cells using either 10 wt.% CoO as conductive
additive or no additive. The value of the NEE for the electrode
containing 33 wt.% Na0.60CoO2 is stable around 1.1 electron per
nickel atom, which has to be compared to 1.05 electron for the
reference electrode containing CoO and in the 0.4–0.7 electron
range without additive. With 10 wt.% Na0.60CoO2, the starting
capacity is much lower (around 0.7–0.8 exchanged electron).
But the NEE, after a significant decrease (around 0.1 electron)
during the first 10 cycles, is increasing regularly and stabilizes
at 0.9 electron exchanged around the 50th cycle. NEE values for
the various electrodes at the 35th and at 50th cycles are gathered
in Table 2. These results show that the addition of Na0.60CoO2,

Table 2
N
t
N

E

W
1
1
3

T

33 or 10 wt.%) to “industrial” spherical nickel hydroxide. One
eight percent PTFE was added as mechanical binder. Approx-

mately 200 mg of the mixture were then pasted onto a piece
f nickel foam (1 cm × 5 cm). The so-formed electrode was
ressed at 1 t cm−2, wrapped in a polypropylene separator and
laced between two over-capacitive sintered cadmium elec-
rodes (approximately 20 times the capacity of the positive
lectrode), which play both roles of reference and counter-
lectrodes. Similar cells, either without any additive or with
0 wt.% of CoO as conductive additive in the positive electrodes
nstead of NaxCoO2, were used for comparison. A 8 M KOH
olution was used as electrolyte. The theoretical capacity of one
lectrode, based on one electron discharged per nickel atom, was
n the 50–70 mAh range depending on the amount of additive.
umber of exchanged electrons (NEE) values per Ni atom for nickel oxide elec-
rodes using different conductive additives: no additive, 10 wt.% CoO, 10 wt.%
a0.60CoO2 and 33 wt.% Na0.60CoO2

lectrode NEE per nickel
atom (35th/50th
cycle)

Capacity of the pasted
material (mAh g−1)
(35th/50th cycle)

ithout additive 0.56/0.65 149/173
0 wt.% CoO 1.04/1.04 249/249
0 wt.% Na0.6CoO2 0.78/0.94 208/223
3 wt.% Na0.6CoO2 1.1/– 193/–

he resulting capacities (in mAh g−1) for the pasted materials are also displayed.
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whatever the amount, leads to a significant increase in the uti-
lization of nickel hydroxide, even not as good as with CoO for
the same weight amount.

The latter results are presenting the effect of the additive
by considering the NEE per nickel atom, but from a practical
viewpoint, the global efficiency of the pasted material should
be considered, the aim being high specific capacities. The spe-
cific capacities of the different pasted materials in mAh g−1 are
thus displayed in Table 2, even if it is clear that an electrode
with 33 wt.% of additive is only for laboratory purpose. From
that point of view, the pasted material with 10 wt.% CoO has
the higher capacity (249 mAh g−1) and the material contain-
ing 33 wt.% Na0.60CoO2, despite a high NEE per nickel atom,
exhibits a rather poor weight capacity. The pasted material with
10 wt.% Na0.60CoO2 has a relatively good capacity though not
as good as that obtained with CoO. Nevertheless, it should be
noticed that the studied material is far from being optimised.
As reported in the synthesis section, the Na0.60CoO2 phase used
in the experiments has indeed been obtained by a solid-state
reaction, which, despite a rather moderate process tempera-
ture (550 ◦C), is used to lead to relatively large particles. For
a conductive additive, whose ability to spread all over the elec-
trode is a key property, large particles are a main drawback.
The necessary amount of conductive additive will indeed be
higher in the case of large particles than in the case of small ones
[17].
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mentioned in Section 1, various papers have shown that such
decrease was due to the reduction of the conductive HxCoO2
phase into Co(OH)2 and, as a result of the solubility of this
latter phase in the electrolyte, a migration of cobalt species in
the electrode, leading to a reduced efficiency of the cobalt con-
ductive network [7,18]. The classical way to test resistance of
a cell towards such effect is to leave it after discharge during
some days shorted on a resistor. In the present case, electrodes
made with 10, 33% Na0.60CoO2 or 10% CoO are cycled dur-
ing approximately 50 cycles, then shorted for 3 days on a 10 �

resistor. Some cycles are performed in the initial conditions after
this storage in order to measure the remaining capacity of the
electrode.

4.2.2. Results and discussion
The evolutions of the NEE of the studied electrodes versus

the number of cycles are presented in Fig. 4. While the refer-
ence electrode, with CoO as additive, undergoes a 12% loss of
its capacity after storage, the electrode with 33% Na0.60CoO2
does not suffer from any significant loss of capacity. More sur-
prisingly, the electrode with 10% Na0.60CoO2 added shows an
increase of 8% of its capacity after storage, leading to a capacity
as good as with CoO. It should be mentioned that if only one
experiment is presented in Fig. 4, many similar results have been
obtained.
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From a practical point of view, the use of Na0.60CoO2 exhibits
nother attractive characteristics. Actually, the wt.% of cobalt
dded should be considered instead of the percentage of addi-
ive (Na0.60CoO2 or CoO), which includes oxygen and sodium,
ecause the price of the additive is closely linked to the amount
f cobalt. In our case, 10 wt.% of Na0.60CoO2 corresponds to
.62% of cobalt (metal), 10% of CoO to 7.86% of cobalt and
3% of Na0.60CoO2 to 18.75% of cobalt.

In the case of 10 wt.% Na0.60CoO2 added, it should also be
entioned that the capacity was much more varying depending

n the experiments than with 33 wt.%. Close to the minimum
mount of additive allowing percolation of the cobalt conduc-
ive network into the electrode, important variations in capacity
or different experiments are expected. Ten weight percent of
a0.60CoO2 should thus be close to that limit. Concerning the

ignificant increase of the capacity of such electrodes, this acti-
ation phenomenon, as also occurring for electrodes without
dditive, is probably linked for a major part to cycling condi-
ions, which involve a strong overcharge at each cycle, resulting
rom the low utilization rate of Ni(OH)2 in the previous dis-
harge (70% overcharge if NEE = 0.7 and 100% if NEE = 0.6).
ut, in this preliminary study, only two additive amounts were
onsidered. A more general study is in progress.

.2. Improved stability of the electrode

.2.1. Testing procedure for low potential storage
A key test, for practical purpose, of Ni–Cd and Ni–MH cells

s the low potential storage [11]. Actually a classical NOE using
oO or Co(OH)2 as conductive additive undergoes a significant
apacity loss when stored days long in short-circuit. As already
These experiments show that Na0.60CoO2 prevents from the
echanism leading to a degradation of the cobalt conductive

etwork. This mechanism was supposed to occur via a step
f reduction of the cobalt conductive phase and a dissolution-
e-precipitation step [7,8,18], but with the present results it is
ot possible to choose which step is affected. Concerning the
ncrease of the capacity in the case of 10% Na0.60CoO2 added,
t could be addressed to an improvement of the repartition of
he conductive phase within the electrode at low potential, but
uch mechanism would implicate a migration of cobalt via the
olution, which is not compatible with the stability of highly
xidized phases, cobalt being at the oxidation state of 2 in solu-

ig. 4. Evolution of the number of exchanged electrons (NEE) per nickel atom
uring the galvanostatic cycling at the C/5 rate in 8 M KOH and subjected to
low potential storage (shorted on a resistor) for nickel electrodes using 33 or
0 wt.% of Na0.60CoO2 or 10 wt.% CoO as conductive additive.
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Fig. 5. XRD patterns of discharged nickel electrodes using 33 wt.% of Na0.60CoO2 as conductive additive (a) before cycling and (b) after 35 cycles. Reference
patterns of the Ni(OH)2 phase, of the starting Na0.60CoO2 phase and of the �-type cobalt oxyhydroxide phase are also shown. ((*) Peaks corresponding to the �-phase
in the pattern of the cycled electrode).

tion [19]. Further experiments are in course to understand this
phenomenon.

5. Chemical and electrochemical behaviour of the
Na0.60CoO2 phase used as electrode material

More attention will now be focused on the behaviour of the
Na0.60CoO2 phase as electrode material in order to understand
the positive effect of such compound.

5.1. Evolution within the nickel hydroxide electrode

The electrodes containing 33 wt.% of Na0.60CoO2 were
investigated by XRD before cycling and after 40 cycles, in the
discharge state. The XRD patterns are presented in Fig. 5a and
b. Reference patterns of Ni(OH)2, Na0.60CoO2 and a �-Co oxy-
hydroxide phase are also displayed for comparison. This �-Co
oxyhydroxide was synthesised by oxidative hydrolysis of the
Na0.60CoO2 phase in a NaClO/KOH (1:5) solution, using the
process described by Butel et al. [6].

In the case of the starting electrode (Fig. 5a), as expected, the
diffraction lines of the Na0.60CoO2 phase are observed together
with those corresponding to Ni(OH)2. After cycling (Fig. 5b),
no diffraction line characteristic of Na0.60CoO2 can be seen any
more; in particular the (0 0 3) line at 2θCu = 16.1◦ has disap-
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[6]. A similar process could occur during the charge of the elec-
trode.

5.2. Voltammetric study of Na0.60CoO2

5.2.1. Cyclic voltammetry of the Na0.60CoO2 phase
Pasted electrodes, containing only Na0.60CoO2 as active

material, were manufactured by the same process as for nickel
oxide electrodes, with only 1 wt.% of PTFE added as mechan-
ical binder. A cyclic voltammetry experiment was performed
on these electrodes using a Macpile potentiostatic controller
(Biologic). A Cd(OH)2/Cd electrode was used as counter and
reference electrode. The scan rate was 2.5 mV min−1 with
2.5 mV potential steps. The potential window was chosen in the
0.5–1.5 V range, which allows to scan the usual cycling window
(0.9–1.5 V) as well as the 0.5–0.9 V potential window, where
reduction of Co3+ ions is likely to occur. The evolutions of the
average intensity during a potential step versus potential for the
first five discharges and charges of a Na0.60CoO2 electrode are
presented in Fig. 6.

The voltammogram is continuously modified during the very
first cycles, then a steady state is obtained after the fifth cycle.
During the first oxidation, no electrochemical activity is mea-
sured until 1.12 V, where a first oxidation peak takes place; a
second peak appears at 1.39 V. In the following cycles, three
p
e
o
s
c
t
t
a
e
s

eared. Besides, five narrow diffraction lines can be observed,
orresponding to a �-type oxyhydroxide, that could a priori be
ickel or cobalt oxyhydroxide from a strictly structural point of
iew. But it has been usually observed that the �-Ni phase, which
ould be seen in electrodes even in a discharge state, exhibits
ery broad peaks especially after several cycles [20]. The nar-
ow peaks observed in the present work should then correspond
o a �-Co oxyhydroxide phase. Such result is not surprising
ecause �-Co oxyhydroxide can be obtained by chemical oxi-
izing hydrolysis (in a NaClO/KOH mixture) from Na0.60CoO2
eaks are noticeable in oxidation as well as in reduction. The
lectrochemical phenomena occur at 1.01, 1.09 and 1.39 V in
xidation and 1.17, 0.93 and 0.88 V in reduction. One additional
mall and wide reduction peak can be observed only in the first
ycle at 1.32 V. Above 1.45 V, the intensity increase is only due
o irreversible electrolyte oxidation into oxygen (oxygen evolu-
ion reaction: OER). Actually, this phenomenon is likely to begin
t a lower potential but with a lower kinetic. As a consequence,
ven when the potential is decreasing, an oxidation peak can be
ometimes observed over 1.4 V (see also Fig. 8b). When com-



F. Tronel et al. / Journal of Power Sources 158 (2006) 722–729 727

Fig. 6. Evolution of intensity vs. potential during the first 5 voltammetric cycles
of an electrode whose active starting material is the Na0.60CoO2 phase.

paring the various oxidation curves, it clearly seems that the first
peak at 1.12 V concerns the same phenomenon as the 1.09 V in
the subsequent cycles. Besides, the two most important oxida-
tion peaks at 1.01 and 1.09 V combine in the first cycles to form
a wide asymmetric peak in oxidation 5. A similar phenomenon
occurs with the 0.88 and 0.93 V reduction peaks, which form a
wide asymmetric peak at 0.9 V in reduction 5. It is likely to sug-
gest that these reduction peaks (0.88 and 0.93 V) corresponds to
the same electrochemical reactions (though in reduction) than
the previous oxidation peak (1.01 and 1.09 V).

Considering that the starting material contains only Co3+

and Co4+ and that the capacity reversibly exchanged in a
charge–discharge process never exceeds 0.1 electron per cobalt
atom, the cycling probably occurs only between these two cobalt
oxidation states (3+ and 4+). But it has not been possible to link
the peaks to specific electrochemical phenomena. Besides, no
significant redox phenomenon occurs in the 0.5–0.85 V potential
range. As this latter behaviour could be accounted to the reduc-
tion at low potential of the conductive phase into an insulating
one, that would prevent any further electrochemical activity of
the material in the low potential range, similar experiments with
33 wt.% of graphite added to electrode composition were per-
formed (not presented), confirming the absence of any electro-
chemical activity at low potential. Actually, some authors have
shown that, in cycling conditions, the oxidized cobalt phases,
such as H CoO or �-Co oxyhydroxide are irreversibly reduced
i
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Fig. 7. XRD patterns of an electrode whose active starting material is the
Na0.60CoO2 phase after 5 cycles of voltammetric cycling. Reference patterns
of the �-type cobalt oxyhydroxide phase and of the �(III) type CoOOH are also
shown. ((�) Diffraction lines assigned to crystallized KOH or carbonate).

is presented as reference. Concerning the possibility for highly
oxidized cobalt phases to be reduced in HCoO2, no peak cor-
responding to this phase, whose XRD pattern is also displayed,
can be observed.

5.2.2. Low potential domain
To look more precisely to the low potential zone in

usual cycling conditions, a specific cycling program was per-
formed upon a similar Na0.60CoO2 electrode. Five cycles of
oxidation–reduction at 2.5 mV min−1 between 0.9 and 1.5 V
were processed to reproduce a classical cycling. Then the poten-
tial was decreased by steps of 2.5 mV down to 0.2 V. The change
to the next potential step is imposed as soon as the current has
decreased down to a value corresponding to a C/450 rate. Such
conditions ensured that no significant electrochemical process
is occurring when the next potential step begins. In this experi-
ment, the electrode remains below 0.5 V for 4 h. Five additional
cycles between 0.9 and 1.5 V are then performed, identically to
the first five cycles, in order to look for differences. The evo-
lutions of intensity versus potential are displayed in Fig. 8a for
all charges, Fig. 8b for all discharges. The variation of poten-
tial versus number of exchanged electrons for the low potential
discharge is presented in Fig. 8c.

During the first five cycles (Fig. 8a and b) the evolution is
globally identical to that observed in Fig. 6, but slower, proba-
bly because of the higher reduction cut-off voltage (0.9 instead
o
t
a
c
t

x 2
nto the HCoO2 phase, which is further reduced at 0.67 V, leading
o soluble Co2+ responsible for degradation of the cobalt conduc-
ive network [17,18]. From that point of view the Na0.60CoO2
hase seems to be more stable, since no significant reduction
eak appears in that potential range.

The XRD pattern of an electrode, recovered after the fifth
ischarge, is presented in Fig. 7. The observation of the XRD
attern thus confirms unambiguously the observation of Fig. 5:
o diffraction line of Na0.60CoO2 is observable and the pat-
ern corresponds to a �-Co oxyhydroxide, whose XRD pattern
f 0.5 V). Note that, between the end of the fifth discharge (down
o 0.9 V) and the beginning of the reduction scan down to 0.2 V,
short relaxation period has taken place, leading to slight rein-

rease of the potential up to 0.97 V. During the reduction scan of
he electrode from 0.9 down to 0.2 V, approximately 0.025 elec-



728 F. Tronel et al. / Journal of Power Sources 158 (2006) 722–729

Fig. 8. Evolution of intensity vs. potential during the 10 cycles of voltammetric cycling of an electrode pasted with the Na0.60CoO2 phase, with a deep reduction
down to 0.2 V between cycle 5 and 6: (a) in oxidation, (b) in reduction and (c) variation of the potential vs. the molar ratio x of injected electrons in the electrode
during reduction down to 0.2 V after the fifth voltammetric reduction.

tron per cobalt is discharged between 0.9 and 0.2 V (Fig. 8c) and
no plateau corresponding to a significant reduction reaction is
observed, in accordance with the results of the previous part, that
show no significant electrochemical activity in reduction in the
0.9–0.5 V range. Moreover, the voltammogram after this reduc-
tion scan (Fig. 8a and b) has a shape similar to that observed
before. The studied material has thus not been transformed, at
least from an electrochemical point of view, by the low potential
reduction.

5.3. Discussion

In electrochemical cycling conditions, the Na0.60CoO2 phase
transforms into a �-Co oxyhydroxide phase, which is known as
so good a conductor as the pristine phase [6]. The so formed
phase cannot be reduced at low potential and does not trans-
form into HCoO2, which is usually responsible for the damage
of the conductive network. These results seem in contradiction
with those previously obtained by Butel about �-Co oxyhydrox-
ide, which showed a progressive transformation of this phase
into HCoO2 during cycling [17]. In this latter work, the �-Co
oxyhydroxide, which contained a very small amount of remain-
ing sodium, was tested. The presence of sodium in the starting
material, in our case, could possibly address the differences in
stability. Additional in situ cycling experiments are in course to
clear this point.
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The active cobalt phase within the electrode was shown to be
a �-type cobalt oxyhydroxide, in which the Na0.60CoO2 phase
transforms during the first cycles. The improved stability at low
potential of electrodes, using Na0.60CoO2 as conductive addi-
tive, is probably linked to the fact that this �-type phase cannot
be reduced at low potential.

Additive experiments are in course in order to answer the
remaining questions upon the structure of the formed phases
and the possible role of sodium towards the stability of the �-
type phase in discharge.
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