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Sodium chemical deintercalation from the NaNi;Co,40,
phase was realized by using iodine as oxidizing agent. The
Na, 5sNiysC0,40, phase obtained was used as the positive elec-
trode in sodium batteries. Several structural transformations
were observed during discharge (intercalation reaction). The
magnetic and electrical study of the Na,NiyC0,,0, (x = 1,
0.80, 0.58) phases shows clearly that Ni™ (#e' in LS configura-
tion) is preferentially oxidized to the tetravalent state compared
to Co™ (#¢" in LS configuration). The sodium diffusion coeffi-
cient was also calculated in the solid solution domains. It shows
that the diffusion kinetics is faster when sodium ions are situ-
ated in a prismatic environment. 0 1996 Academic Press, Inc.

INTRODUCTION

Although most of the efforts in the development of non-
aqueous electrolyte secondary batteries have pointed to-
ward lithium insertion materials (1-3), a large variety of
layered NaM X, materials (M = transition metal and X =
O, S) (4-7) exhibit interesting fundamental properties,
very different from those of the homologous lithiated
phases. Even if the MX, slabs are almost identical, the
strong differences in size and electronegativity of Li and
Na induce very different electrochemical behavior.
NaNiO; (8) and LiNiO, (9) layered oxides give a typical
example of this divergence.

On the other hand, several studies have shown that so-
dium can be deintercalated chemically and electrochemi-
cally from layered NaM O, compounds at room tempera-
ture (10), leading to the formation of some Na, MO,
bronzes which are difficult to obtain at high temperature.

Previous surveys have investigated the NaNi;_,Co,O,
system (11). It has been demonstrated that the existence
of this solid solution is limited to y = 0.5 even though
NaNij 5sCoy 50, and NaCoO, phases have relatively compa-
rable cell parameters. These lamellar oxides have been

1'To whom correspondence should be addressed.

used as precursor materials to obtain oxyhydroxides which
are active materials in Ni || Cd secondary batteries (11).

As previously reported, the NaNi;_,Co,0, (0 =y = 0.2)
phases exhibit a monoclinic symmetry similar to that of
NaNiO,; (8), whereas, in the 0.2 = y = 0.5 composition
range, the materials crystallize in the a-NaFeO,-type struc-
ture with a rhombohedral unit cell. The LiNi,;_,Co,O, ho-
mologous phases exhibit a rhombohedral symmetry
throughout the whole composition range. In order to com-
pare the physicochemical properties of both ANi; ,Co,O,
(A = Na, Li) systems, we have selected the NaNij ¢Cog 40,
phase, which has a symmetry identical to that of the LiNi, _,
Co,0O; system, for this study. This paper presents the results
obtained by the electrochemical and physical studies of
the NaNig 4Cog 4O, phase. Furthermore, we will discuss the
relationship between the sodium diffusion kinetics and the
nature of the oxygen packing.

EXPERIMENTAL

The NaNij¢Coy 4O, oxide was synthesized as described
in Ref. (11) from an intimately ground mixture of Na,O,
Co30,4, and NiO, heated in pure dry oxygen for 10 h at
600°C, then for 48 h at 800°C. Because of a loss of sodium
oxide due to evaporation during the reaction, a 5% excess
of this oxide was added in order to obtain the desired
stoichiometry.

Sodium deintercalation was performed chemically
and electrochemically. For the chemical deintercalation,
NaNig6Co( 40, was oxidized using iodine in acetonitrile
solution. The oxidized product was washed with acetoni-
trile and methanol, under pure argon, to remove sodium
halides and was dried under vacuum.

For the electrochemical study, an Na/NaClO, (1 M) in
a propylene carbonate/Na,NigsCo( 40, cell was used. A
small quantity of Ketjenblack was added to the positive
electrode material in order to increase the macroscopic
electronic conductivity.

X-ray diffraction data on the Na,NiysCoy40, phases
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FIG. 1. Open circuit voltage vs composition of the Nal[Na,Niys

C00_402 cell.

were collected on an “INEL curve position-sensitive detec-
tor” using cobalt K« radiation. It should be noted that all
these experiments were performed in sealed capillaries
(under dry argon), since the Na,Nij4Co40, phases are
very hygroscopic.

The magnetic susceptibility measurements were carried
out using a DSM 5 (Manics) susceptometer. A four-probe
method was used for the electrical conductivity measure-
ments.

RESULTS AND DISCUSSION
Electrochemical Behavior

The X-ray pattern of the nominal NaNi, 4Co, 4O, phase
was indexed in the trigonal space group R3m with hexago-
nal parameters: anex, = 2.950(1) A and chex, = 15.84(1) A.
This oxide, like isomorphous AMO, layered oxides (A =
Li, Na and M = Cr, Co, Ni) (10), exhibits an ordered
rocksalt structure in which the sodium and M cations reside
in alternate layers of a cubic close-packed oxide anion
array (O3-type structure) (12).

After chemical oxidation of this phase, a black product
with the composition Nag 5gNij C0g 40, was obtained. With
the aim of minimizing the electrolyte degradation phenom-
enon, which is generally observed in sodium batteries dur-
ing charge (9), the chemically deintercalated sample,
NajssNigsC0040,, was used as starting phase in the
Na|[Na,NiyCo, 40, cell instead of the NaNijCo40,
oxide.

Figure 1 shows the evolution of the open circuit voltage
vs composition x during the cell discharge. The thermody-
namic potential of the starting phase is 2.94 V, which cor-
responds approximately to the potential of the I/I” redox
couple vs that of Na*/Na (13). This shows the potentiostatic
character of the chemical intercalation/deintercalation re-
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actions. In contrast to the lithium homologous phases (14),
several structural transformations were observed during
discharge. As shown in Fig. 1, two potential plateaus, at
2.4 and 2.1 V, which correspond to two-phase domains,
were also observed. These evolutions in the OCV composi-
tion curve are similar to those evidenced in the Na,CoO,_,
system (15). In the latter system, the composition scale
differs from one Na|Na,CoO,-, electrochemical cell to
another, depending on the y value. Yet, for all materials,
the plateaus are obtained at the same voltages. The maxi-
mum amount of intercalation (at discharge) corresponds,
for each y value, to the O3-type phase in which the oxida-
tion state of cobalt ions is nearly +III. In the case of
mixed nickel cobalt materials, no evidence of an oxygen
nonstoichiometry has ever been reported.

X-Ray Characterization

The X-ray study has been focused on four materials: the
starting phase NagsgNipC0040,, the compositions corre-
sponding to the center of each solid solution domain (x =
0.65, x = 0.80), and the final Nag 9gNigsC0( 40, phase. The
last composition corresponds to the most intercalated
phase obtained by electrochemical intercalation. The se-
quence of the X-ray diffraction patterns of Na,NiysCog 40,
(x = 0.98, x = 0.80, x = 0.65, x = 0.58) phases is given in
Fig. 2. The two extreme phases, NagosNigC040, and
Nay 5sNipcC0¢ 403, crystallize in the rhombohedral system.
The packing types of these phases are O3 (space group
R3m) and P3 (space group R3m), respectively. As re-
vealed in previous studies (5, 16), the intensity of the
(104)py. diffraction line is stronger than that of the (015)py.
line for the O3-type structure. The opposite is observed
for the P3-type structure. The materials with intermediate
composition (O'3- and P'3-type structures) crystallize in
the monoclinic system.

In order to facilate comparison of the cell parameters,
all materials were indexed in the monoclinic system. These
monoclinic cell parameters are listed in Table 1. For the
O3 and P3 phases, which have a rhombohedral symmetry,
the hexagonal lattice parameters are related to the mono-
clinic cell parameters by the following relations:

Qphex. = amon./\/g; bhex. = bmon.; Chex. = 3Cmon.Sin B

As a result, one observes that the M—M intrasheet dis-
tances, given by both amon./\/g and b, , decrease and
that the interslab distances (cyoqsin B) increase with de-
creasing sodium amount. These changes are in good
agreement with those of most A,M O, layered oxides and
can be explained by the oxidation of the transition metal
ions from M3* to M** (M = Niy¢C0y4), and by the loss of
lattice cohesion when sodium ions are removed from the
interslab space. It is important to note that the amyon/bmon.
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FIG. 2. X-ray diffraction patterns of the Na,NijsCo,,0, phases.

ratio, which reflects the magnitude of the lattice distortion,
is more distant from the ideal V/3 value (for which the
lattice symmetry is rhombohedral) in the case of the O'3
solid solid (@mon./Bmon. = 1.695 for x = 0.80) compared to
the P'3 one (amon./bmon, = 1.73 for x = 0.65). This structural
difference explains the existence of a biphased domain
(plateau at 2.25 V) between the O3 and O'3 solid solutions,
whereas the P'3 — P3 structural transformation occurs
continuously without existence of a (P'3 + P3) biphased
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domain in the OCV composition curve. Nevertheless, one
has to be prudent with the true symmetry of the Nag sgNig ¢
Cog 40, phase. From the X-ray powder pattern, a rhombo-
hedral symmetry has been found; it may be that the mono-
clinic distortion is too small to be detected.

As mentioned for the Na,CoO, system (17), the 8 value
decreases during the O3 — O'3 — P’'3 — P3 transforma-
tion, indicating that the O3 — P3 structural transition is
due to the gliding motion of the (NigC0¢40,), slabs with
respect to each other. This evolution shows also that the
O'3-type structure constitutes an intermediate stage of the
O3 — P3 transformation. A similar transformation has
been observed during the structural study of the Na,TiS,
system (5), but the O’3-type phase has never been obtained
in the case of chalcogenides (6, 7).

Physical Properties Study

The chemical deintercalation of the NaNiy¢Cog4O,
phase allows one to obtain a large quantity of product for
the physical characterization. As intermediate Na,Nigg
Cog40, (0.58 < x < 1.0) phases are difficult to prepare
using the chemical method and as the electrochemical
method does not give enough material, our physical study
was limited to one composition of each structural type:
NaNi0,6COO_4OZ (03 phase), Nao'sgNi0'6C00'402 (P3 phase),
and NaggyNiyC0y 40, (O'3 phase). The last material has
been obtained by the short circuit method from the stoi-
chiometric mixture of the NaNi,Co4O, and NajssNig g
C0(.40; (18).

Figure 3 shows the temperature variation of the recipro-
cal magnetic molar susceptibility for the Na,NijCo( 40,
(x = 1, 0.80, 0.58) phases. The linearity of the 1/x, vs T
curve is typical of a Curie—Weiss paramagnetism, showing
that the magnetic moments are localized. It should
be noted that the slight deviation from linearity of the
1/xm = f(T) curve for the two oxidized phases is due to
the TIP contribution. The fit of the y,, vs 1/T curve, ac-
cording to the x,, = C/(T — 6p) + Na equation, gives the
following values: C = 0.23, No = 200.107° emu-mol ! (TIP
contribution), p = 12 K for the NaygNigsCo0g 40, phase
and C = 0.13, Na = 100 X 10°°® emu-mol™!, gp = 10

TABLE 1
Monoclinic Cell Parameters of the Na,Ni;Co,,0, Phases (x = 1, 0.98, 0.80, 0.65, 0.58);
the Interslab Distance Is Equal to c sin 8

Xna a + 0.005 (A) b * 0.003 (A) ¢ * 0.01 (A) B =+ 0.01 () csin 8+ 0.01 (A) Symmetry
1 5.110 2.950 6.27 122.63 528 Rhombohedral
0.98 5.105 2.945 6.26 122.08 530 Rhombohedral
0.80 4.902 2.890 5.81 111.89 539 Monoclinic
0.65 4.890 2.826 570 106.44 5.47 Monoclinic
0.58 4.886 2.825 5.80 106.31 5.56 Rhombohedral
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FIG. 3. Temperature variation of the reciprocal molar magnetic sus-

ceptibility of the Na,NiyCoo40, (x = 1, 0.80, 0.58) phases.

K for the NajssNipsCop40, phase. The magnetic results
deduced from this study are listed in Table 2. The experi-
mental Curie constant of the NaNijCoy40, phase is in
good agreement with a low-spin state configuration for Ni™
and Co™ ions. For the deintercalated phase, the theoretical
Curie constants were calculated assuming either nickel or
cobalt oxidation. They show that Ni'l! (#£e') ions are oxi-
dized to Ni'V preferentially to the Co™ (#¢°) ions. This
result confirms those found for Li,Ni,_,Co,O, phases (9)
and for the cobalt-substituted nickel oxyhydroxides (19).
It shows that it is easier to remove the e' electron of the
d’ trivalent nickel ion (leading to the particularly stable
d® LS configuration) than to remove one t, electron from
the trivalent cobalt ion ().

The positive 6p values show that ferromagnetic interac-
tions predominate, as in the unsubstituted NaNiO, mate-
rial (8).

TABLE 2
Comparison of the Experimental and Calculated Curie
Constants of the Na,Ni;Co,,0, Phases

Ctheo.
X in _—
Na,Nij 6C09 40, Cops. G G, op (K)
1.0 0.30 0.23 0.23 17
0.80 0.23 0.14 0.31 12
0.58 0.13 0.06 0.39 10

Note. C; corresponds to the trivalent nickel oxidation hypothesis
(Na,Nil'y ,NilY, Cofl}O,) and C, corresponds to the trivalent cobalt oxida-
tion hypothesis (Na,Nif{sCo!™; sColY,0,).
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The variation of the logarithm of the conductivity is
plotted against reciprocal temperature in Fig. 4. For all
samples, the shape the log o = f(1000/T) curves shows
clearly that the conduction phenomenon is thermally ac-
tived. This result confirms that the Na,NigC0y40, (x =
1, 0.80, 0.58) phases have localized d electrons. Neverthe-
less, the conductivity increases with decreasing sodium
amount. As previously demonstrated, the electrical behav-
ior of the NaNiyzCo( 40, phase could be well explained
by the energy diagram proposed for the NaNiO; nickelate
(20). The activation energy of this substituted phase would
correspond to the difference in energy between the top of
the oxygen level and the Ni**/Ni** unoccupied level. For
the Na,NigCog40, (x = 0.80, 0.58) oxidized phases, the
shape of the log 0—1000/T curve is typical of a small po-
laron conduction mechanism generally observed in a mixed
valence system. The presence of Ni''! and Ni'V ions in the
Na,Nij6C0g 40, (x = 0.80, 0.58) materials, which allows an
easy electronic transfer via hopping, and the more covalent
character of the (NigsCo0(40,), sheets may explain the
increase in the electronic conductivity with decreasing so-
dium amount. The electronic localization in the Na,Nig
Cog.40, (x = 0.80, 0.58) phases confirms the absence of an
oxidation of the trivalent cobalt ions. In fact, the presence
of tetravalent cobalt ions allows electronic delocalization
as already observed in the LiNiy;Co0y 9O, system (21).

Diffusion Kinetics

In an attempt to reveal the dependence of the diffusion
kinetics on the sodium environment in the Na,Nij ¢C0 40,
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FIG. 4. Variation of the logarithm of the conductivity vs reciprocal
temperature of the Na,Nij5Co(40, (x = 1, 0.80, 0.58) phases.
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FIG. 5. Variation of AE (b) and AE’ (c) vs time, extracted from the discharge curves reported in (a), for two Na,NigCo, 40, compositions
(x = 0.60, 0.80). (As a result of the very different diffusion coefficients, the scales of the x and y axes are different for both compositions.)

determined using Honder’s method (22), in the solid solu- S D)
tion domains. This method utilizes the relaxation periods
after long discharge times of the Na|[Na,Nij¢Co, 40, cell.
In these solid solution domains, the variation of potential
upon relaxation is essentially due to the homogenization
of the sodium concentration within the grains. It can be A is a constant;

expressed according to Fick’s second law: k. is the Darken factor defined by k, = dlna/dinc;

phases, chemical diffusion coefficients of Na* ions were AE ( Akt) [ ( 4t )1/2 t}

where
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S is the contact area of the electrode with the electrolyte;

D is the chemical diffusion coefficient of the intercalated
species; and

é is the electrode depth (the electrode being considered
as a homogenous block in which semi-infinite diffusion
takes place).

For the small values of time (for which #/§ is negligible
compared to the (4¢/mD)"? term), the AE = f(V) curve
is linear (D,) with a p; = (2Ak,)/S(7D)'? slope. It should
be noted that the extrapolation of the D, straight line for
t = 0 yields the true ohmic drop of the cell which is due
to the electronic resistance of the positive electrode mate-
rial and the ionic resistance of the electrolyte.

The fact that the IR drop is measured at the circuit
opening, i.e., in a nonhomogeneous electrode, leads to
questionable interpretations. However, in the present case,
a clear variation is seen. Whereas the IR drop is approxi-
mately constant within each of the three solid solution
domains, it increases clearly from P’'3 (6 mV) to O’3 (10
mV) and again to O3 (40 mV), which correlates well with
the conducitivity data shown in Fig. 4.

Obviously, p; contains the D coefficient, but also k, and
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S. Nevertheless, the difference (AE") between AE and D
(Fig. 5¢) can be described by AE’ = (Ak,/SS)t. Thus, the
AE' = f(t) curve is a straight line, for larger values of
time, with a slope p, = (Ak/S§5). The chemical diffusion
coefficient can then easily be deduced from the ratio of
the two slopes: D = (2p,6)*/@p, . Figure 5 shows the curves
representing the various steps, described above, necessary
for the chemical diffusion coefficient calculations of two
selected phases: NaggNipC0p40, and NaggNig6C00 40,
belonging to the P’3 and O’3 solid solution domains, re-
spectively.

Note that, in the present case of an electrode consisting
of grains wetted by the liquid electrolyte, the electrode
depth is best represented as the grain size. However, since
the latter is not precisely known (6 has been measured as 5
pm from SEM pictures), the values of the sodium chemical
diffusion coefficients cannot be considered the absolute
values. Nevertheless, we can reasonably discuss and inter-
pret their changes with sodium amount in Na,Nij 4C0 40,
phases, since the results were carried out with the same
electochemical cell. It should be note that the application
of Honder’s method requires an important condition: the
discharge duration must be larger than (0.258%*/D). As this
condition can virtually not be reached in the narrow O3
solid solution, we have not reported the D values calculated
in this composition domain in Fig. 6. However, one can
conclude from such behavior that D is particularly low in
this domain.

Figure 6 reports the variation of D coefficients vs x for
some Na,NiysCog 40, compositions. In the P'3 and O'3
solid solution domains, the diffusion coefficient remains
almost constant. Yet it is clear that the sodium chemical
diffusion coefficient is higher in the case of the P’3 solid
solution. A similar evolution was shown by Maizaz (23)
and Trichet and Rowel (24) in their studies on the relation
between structural aspect and ionic conductivity of alkali
metal in layered oxides and the Na,In,Zr,S, system, respec-
tively.

Our result can be explained if we consider the diffusion
pathway in the two cases. In the O'3-type structure, the
diffusion of sodium from one octahedron to another re-
quires a transit via one tetrahedron, i.e., via two triangular
faces. In contrast, in the P’'3-type structure, the transit
occurs through one rectangular face. It is evident that in
the first case (O’3-type solid solution), the steric repulsions
are stronger than in the second case. Hence, the sodium
chemical diffusion coefficient is lower in the O’3 solid
solution domain.
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