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Layer double hydroxides (LDHs) have been obtained by chimie douce reactions from the NaNi;_,Co,0,
cobalt substituted sodium nickelate (0 =< y = (0.5). These materials exhibit the general formula
Ni_,Co,(OH), X;,, zH0, X"~ = CO3j~, NOj, CI, OH™, SO}~ . ... The X" anions and the water
molecules are inserted between the hydroxide slabs. The Ni;_,Co,0, slabs are built up during the
high temperature preparation of the sodium nickelate, while the anions are inserted later on during
the chimie douce reaction. It follows that a wider range of materials can be obtained than in the case
of classical precipitation reactions. Moreover, the materials are well crystallized. The LDHs have
been characterized by X-ray diffraction and by IR spectroscopy. The observed anion selectivity is

discussed on the basis of electrostatic interactions and steric effects.

Introduction

The Layer Double Hydroxides (LDHs)
are intensively studied for their anion ex-
change properties and for their use as pre-
cursors for the preparation of new catalytic
materials (1, 2). Several preparation meth-
ods are commonly used, which consist of
precipitation reactions in various condi-
tions.

Their formula derives from the classical
brucite one (Mg(OH),) by the partial substi-
tution of a trivalent cation (L) for the diva-
lent one (M). Therefore, in order to compen-
sate the excess of positive charge in the
hydroxide slab, anions are inserted into the
interslab space. Morcover, as these anions
do not occupy the whole available space
in the Van der Waals gap of the pristine
hydroxide, water molecules are also interca-
lated in order to increase the lattice stability
thanks to the formation of a hydrogen bond
network. The structure of these materials
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can be schematized as shown in Fig. 1. The
generat formula is M,_ L (OH), X, zH,O
(X = CO},NOy,ClIm,0H7, 807 .. ). As
the water molecules do not participate in
the charge equilibrium, their water amount
is not strictly fixed; nevertheless it is as a
rule close to 0.50, as found in the mineral
hydrotalcite: MggAlL(OH),CO;, 4H,0 or
Mgy 75Alg 2s(OH)A(CO5)g 15, (H30)g59. The
name of this material is commonly used to
designate in a general way the whole mate-
rial family. The divalent and trivalent cat-
ions can be either diamagnetic ions (Mg>*,
Zn**, APBY . .. ) or transition element ions
(Ni**, Co**, Mn?*, Cr¥*, Fe¥t, Co** .. ).

The materials obtained by precipitation
are often poorly crystallized and can exhibit
composition fluctuations. This inhomogene-
ity results from the difference in precipita-
tion pH of M(OH), and L(OH); hydroxides.
It follows that the y value in the recovered
material can be different from solution com-
position.
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FiG. 1. Schematic representation of the structure of
a LDH.

In our lab, interest has been focused for
several years on the behavior of cobalt sub-
stituted nickel hydroxides as positive elec-
trode material of alkaline batteries (Ni-Cd,
Ni-H, and Ni-MH) (3, 4). We have shown
that in peculiar conditions a LDH can ap-
pear after the discharge of the electrode. In
this case these materials are labeled o or o
according to the habit of people working on
nickel hydroxide electrodes. Therefore, we
have tried to develop new preparation meth-
ods for LDHs using chimie douce tech-
niques which simulate the discharge elec-
trode process, in order to obtain the pure
material. As in these experiments a redox
reaction occurs, these preparations are lim-
ited to materials containing at least one tran-
sition element. The results obtained for the
(Ni,Co) LDHs are reported in the present

paper.

Experimental

The material preparation consists of two
main steps:

» Classical high temperature solid state
reactions in order to get the Ni,_,Co,0,
slab. For this purpose the NaNi,_,Co,0,
sodium nickelate is prepared as previously
described (5).

» Chimie douce reactions in order to
modify the intersiab composition without
changing the slab formula.

In a typical experiment, the sodium nick-
elate (NaNig ,4C0q 10, , for instance) is hy-
drolyzed in an oxidizing medium (20 ml of
4 M NaCIO plus 80 ml of 5 M KOH for
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I g of sodium nickelate). KOH is required
within the medium as large alkali ions are
necessary to stabilize the y-type oxyhydrox-
ides. For this material the typical formula
has been obtained (5): Hy,0Nay 1,K; 5, Nij 5
Coy 3905,(H,0) 47 This material is then re-
duced to give rise to the LDH: Nig,
Coyg 3(OH),(COy)g 15.(H,0)y 5. The choice
of H,0, as a mild reducing reagent allows
the selective reduction of nickel to the diva-
lent state and of cobalt to the trivalent one.
The anions which ensure the charge com-
pensation are inserted during this reduc-
tion process.

The preparation flow chart is represented
on Fig. 2. A schematic drawing of the pack-
ing is also given for each involved material
in order to emphasize the modification of
interslab composition.

Several comments can be made on this
preparation.

« It is more convenient to use sodium
nickelate because the larger interslab dis-
tance of sodium phases (5.20 A against
5.00 A) makes easier the chimie douce reac-
tion. Moreover, in the case of the lithium
phase for low cobait contents, the materials
exhibit a departure from the ideal stoichiom-
etry which leads to the presence of nickel
ions in the interslab space (4).

» The oxidizing hydrolysis step can be su-
pressed; direct reduction of the sodium
nickelate with H,O, in presence of the se-
lected sodium salt gives the LDH. Never-
theless, as the interslab distance of the
vy-phase is intermediate between those of
sodium nickelate and of the LDH, the chem-
ical reactions are easier and give purer prod-
ucts if the oxidizing hydrolysis step is main-
tained.

» If the reduction reaction is performed
in air without special care, the inserted
anions are the CO3™ ones originating from
the atmosphere CQO,. As discussed in the
following, the carbonate inserted materials
{((CO;)LDHs) are the most stable and LDHs
inserted with other anions can only be ob-
tained under special conditions, without
CO,. If the reduction is performed in the
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F16. 2. Preparation flow chart of LDHs by chimie douce reactions (the thickness of the Ni;_,Co, O,
slab varies with the oxidation state of nickel and cobalt).

absence of anionic species SO3~, Ci™, Br™,
NO; ....) and under a CO,free atmo-
sphere the charge neutrality is ensured by
OH™ anions coming from water.

In the precipitation technique, the mate-
rial is formed in one step, so that the stability
of the overall LDHs, which depends on the
size and the charge of inserted anions, re-
stricts the values of the M"/L ratio to a
narrow domain. In contrast, in the case of
the technique reported in this paper, the
preparation is carried out in two separate
steps. The M"/LM ratio is only restricted by
the solid solution range of the NaM,_,L,0,
precursor phase. During the chimie douce
step, anions are inserted in order to compen-
sate the excess of charge due to L cations.
The amount of negative charge brought by
the anions is fixed by the slab composition
and the structure has to accommodate these
anions even if the final material is not the
most stable in the studied system.

Results and Discussion

Inafirst step, experiments have beenreal-
ized in air for 0 < y =< 0.50. The limit value

y = 0.50 corresponds to the largest amount
of cobalt which can be substituted for nickel
in the NaNiO, precursor phase. In this case
the LDH’s are mainly inserted with CO3~
anions. As it will be discussed in the follow-
ing, a special behavior is observed for y <
0.20 or y > 0.40. In the first step, materials
with interstratified structure are obtained,
while in the second one, OH™ anions are
simultaneously inserted in order to partici-
pate in the charge compensation. Conse-
quently, the main experiments have been
realized for y = 0.20 and y = 0.30 so as to
avoid the difficulties.

X-Ray Diffraction Characterization

Contrarily to the material obtained by pre-
cipitation, the LDHSs obtained by the chimie
douce technique are well crystallized, as
shown by the shape of the X-ray diffraction
patterns, reported as an example in Fig. 3,
for LDHs inserted with CO3~ and SO~
anions. These phases crystallize in the
rhombohedral system (S.G.: R3m) with the
P3 structural type (3). The hexagonal pa-
rameters of CO%~, NO;, and SO;~ LDHs are
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FiG. 3. X-ray diffraction patterns of LDHs inserted
with CO¥~, NO§~, and SO}” anions (the amount .of
cobalt (y) is equal to 0.30).

reported in Table 1. The interslab distances,
which are equal to one third of the ¢ parame-
ters, are also reported.

The variation of the a parameter reflects
rather the interactions between the anionic
species: the g parameter increases with the
charge of the inserted anions.

The variation of the interslab distance re-
sults from the competition between steric
effects (the larger the anions, the larger the
distance) and electrostatic ones (the higher
the anion charge, the higher the electrostatic
attraction to the (Ni?*, Co**) layer and the
lower the interslab distance). The difference
in interslab distance for CO3}~ and NO; re-
sults from the high cohesiveness of the
structure in the case of the CO3™ inserted
LDHs. As CO}~ and NOj; anions both have
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planar structures, the difference in size be-
tween them can be neglected in first approxi-
mation. In contrast, the steric effect ac-
counts for the very important increase of
the interslab distance observed when SO~
ions are inserted. Since the free SO}~ anion
exhibits a tetrahedral structure, whatever
the SO} anion orientation, two layers of
oxygen atoms are locally inserted between
the OH layers. Nevertheless the increase in
the interslab distance when SO3~ anions are
inserted leads to discuss about their orienta-
tion. As shown in Fig. 4, two main orienta-
tions between the (Ni,_,Co,)(OH), slabs
can be assumed. From geometrical consid-
erations, provided that the 5-O bond length
is equal to 1.50 A, the thickness of SO2~
anions is equal to 4.8 A according to the
first hypothesis and 4.5 A according to the
second one. Schematically, the interslab
distance can be considered as the sum of
the thickness of a (Ni;_,Co, (OH), slab and
of inserted species. Assuming the Ni(OH),
thickness to equal 4.6 A (7), the interslab
distances of (S0,) LDH are expected to be
equal t09.40r9.1 A depending on the model
considered (Fig. 4). These values are con-
siderably larger than the experimental one
(8.50 A)(Table I). In fact, the oxygen layers
are not exactly superposed as the triangular
lattices are shifted; moreover the 'SO3 -
(Nij?,Col*) attraction tends to decrease the
interslab distance. Consequently the model
with 9.1 A as interslab distance seems more
convenient than the other one.

TABLE 1

VARIATIONS OF THE HEXAGONAL PARAMETERS oF Ni-Co LDHs (y = 0.30) vs
THE NATURE OF THE X"~ ANICN

M-M intraslab distance

Interslab distance

X" anions a + 0.005 A ¢+ 0.03 A d+ 0.01 A
coi- 3.046 23.07 7.69
NO; 3.016 23.55 7.85
S0 3.058 25.50 8.50
SO (160°C) 3.060 23.70 7.90
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Fi1G. 4. Possible orientations of a SO}~ anion in the
interslab space.

Thermal treatment of the (SO,)LDH's.
The Niy;Coy:(OH)(SOy)y,5. zH,0 phase
studied previously has been heated at 160°C
for 4 h in air. The X-ray diffraction pattern
of the recovered material shows strong simi-
larities to the original one but with a strong
decrease in the interslab distance. It can be
indexed in the hexagonal system with the
following parameters: a = 3.060 A, ¢ =
23.70 A. The interslab distance (7.90 A),
close to that found for (CO;) LDHs and
(NO,} LDHs (Table 1), suggests that only
one oxygen layer arising from the SO
anions is located between the (Ni;_,Co,)0,
slabs. Consequently the SOZ~ ions must be
directly linked to the metal cation, the apical
oxygen atom of the sulfate anion replacing
one OH group of the hydroxide (8, ).

Infrared Study

All these materials have been character-
ized by infrared spectroscopy in the 200 to
4000 ¢m! frequency range. The experi-
ments were performed on a Perkin—-Elmer
983 spectrometer, the materials being dis-
persed, either in Nujol or in hexachlorobuta-
diene.

The infrared spectra of these materials are
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reported in Fig. 5 in comparison with that
of the B(II) Ni(OH), hydroxide. A detailed
infrared study of the (CO,) LDH has been
previously reported (10), so that interest is
mainly focused in this paper on the anion
bands. Nevertheless, it should be noticed
that the appearance of large bands at 3350
and 1650 c¢cm™' (v(H,0) stretching and
v(H,0) bending modes of water molecules)
emphasizes the presence of water in all
LDHs in contrast with g(I1) Ni{OH),.

The strong similarity between the IR
spectra of the (NO,) and (CO;) LDHs shows
that both inserted anions have the same
symmetry (Dy,) in the interslab space. As
in the case of the (CO,) 1.DHs, the shifting
of the frequency vibration shows that the
NO; anions are symmetrically hydrogen
bonded with the interlamellar H,O mole-
cules and the hydroxyls of the hydroxide
slabs.

Comparison of the IR spectra of both
(50,) LDHs shows clearly the infiuence of
the 160°C thermal treatment on the linking
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F1G. 5. Infrared spectra of some LDHs in comparison
with that of g(II)-Ni(OH),.
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TABLE 11
SOF™ ANION VIBRATIONS vs ITS SYMMETRY

Material

Symmetry v, vy vy vcm™) Ref.
Free SO}~ anion T, 1104 613 (n
[Co(NH,);80,]Br Cs, 970 438 1032-1044 645 n
1117-1143 604 (a1
NH, Cs, 995 462 1050-1060 641
((NH;,Co S 0' Co(NH)MNO); 1170 610
4 1105 571
(S0,) LDH T, 1100 610
(50, — 160°C) LDH Cy 950 440 1040 600
1140 650

between the SO}~ anion and the lattice. Two
different configurations have to be con-
sidered:

¢ If the SO3~ anions are free in the lattice
(7T, symmetry) two vibrations are IR active
(v; and »,).

+ If the anions are linked to the lattice by
one oxygen, the symmetry becomes C,, and
both v, and v, bands are split into two sub-
bands respectively.

The various vibration frequencies of sul-
fate anions according to the anion symmetry
are compared in Table 11 (10, /1}in compari-
son with the v, frequency of both (S0O,) and
(8O, — 160°C) LDHs. The comparison of
the overall data shows clearly that the SO~
anions are in T, symmetry in (SO,) LDHs
and in C,, symmetry in the thermally treated
material. This change in symmetry agrees
with the direct bonding of the anion with a
metal cation as suggested by the X-ray
study.

As previously discussed in the case of the
(CO,) LDHs, the hvdrogen bonding be-
tween the CO3™ anion and the H atoms be-
longing to OH or H,0 leads to an important
modification of the vibration frequency. In
the case of the (SO,) LDHs, the v, (SO
band is only slightly displaced in compari-
son with the theoretical value of a free sul-
fate ion (Table II). This result suggests that
the SO3~ orientation is not compatible with
the formation of a strong network of hydro-
gen bands as in the case of the (CO;) LDHs.

Anion Selectivity

We have previously shown that the (CO,)
LDHs are the most stable materials as they
are always obtained if no special care is
taken during the reduction step. This point
has been reported by several authors (12,
13) and particularly by Mendiboure ef al.
who have proposed the following stability
scale for the anion insertion in the
Fey 75Nig ;5(OH),(CO4)g 155,(H,0) 5 reeve-
site related material:

COf{™ » SO > Cl” > NO7 > CH,COO™.

In all these materials, the anions are in-
serted between two hydroxyl layers, and the
electrostatic interactions between the nega-
tively charged anion and the L3 cation
within the slab are weak as a result of the
long distances beween these ions (larger
than 4 A). These very weak ionic bonds lead
to an anion lability emphasized by the facil-
ity with which these anions are removed by
oxidation of the LDHs, as occurs during the
charging of the a-nickel hydroxide electrode
of a nickel-cadmium battery. Hence, it fol-
lows that, if several ions are present in the
solution, anion exchange reactions occur
spontaneously in order to oblain the most
stable material even if the energy difference
is small.

Two main parameters seem to play an
important role with regard to the stability
of the interslab space: steric effects and
charge distribution.
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As about the 0.5 H,O molecules lies the
interslab space, the inserted anions must
have a thickness as close as possible to that
of the water molecules. From this point of
view, CO3~ and NOj ions seem to be the
most favorable. OH™ and X~ (Br~, Cl7) ions
are significantly larger than H,0, while SO~
ions are considerably larger. If the inserted
anions exhibit a size different from that of
H,O a puckering of the (M,L)OH), slabs
must occur and this deformation costs en-
ergy. Nevertheless, the case of big organic
anions must be considered separately; in-
deed, as the negative charge is localized,
the ionic bonding can occur with one or two
slabs depending on the anion orientation.

The charge distribution on the anion also
plays an important role. According to the
second Pauling’s rule the charge compensa-
tion must occur locally. As the L3* cations
are statistically distributed in the (M,L)
layer, the anions that ensure the charge
compensation between two (M,L)(OH),
slabs must have delocalized negative
charges in order to facilitate the compensa-
tion, Therefore anions like NO7 and COj~
seem to meet this requirement. For the most
classical LDHs (with 0.2 = y = 0.30) the
CO3~ amount varies from 0.1 to 0.13, which
is consistent with the presence of 0.5 H,0
molecules in the interslab space. In the case
of the (NO,) LDHs, the single negative
charge of NOJ requires an anion concentra-
tion varying in the 0.2-0.3 range, which con-
siderably restricts the amount of water mol-
ecules. All these results account for the
preferential stability of (CO,) LDHs.

Anion Distribution

The previous point clearly shows that the
nature of the anions, their distribution in
the interslab space, and the amount of L3*
cations in the (M,_,L }OH), slabs are di-
rectly interrelated.

The relation between the anion distribu-
tion and the amount of L7* cations has been
investigated only for materials prepared in
air, i.e., inserted with carbonate anions. As
previously mentioned, interstratified struc-
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tures are obtained for y < 0.20. When the
amount of carbonate anions (y/2) is low,
these anions are not able to occupy the
whole interslab space, so that a segregation
phenomenon occurs. This behavior will be
discussed in detail in a forthcoming paper
(14).

In the 0.20 < y < 0.50 range, which is
reached in the nickel-cobalt system, a com-
petition takes place between the steric ef-
fects, the charge carried by the anions, and
the anion selectivity. It is interesting to dis-
cuss this point in detail.

Let us consider one interslab space situ-
ated between two OH planes belonging to
two adjacent (Ni,_,Co,)(OH), slabs. If
OH", CO;", and H,0 are the only species
available for insertion, from the steric point
of view, the interslab space can be consid-
ered as a plane of oxygen atoms in a triangu-
lar lattice (Fig. 1). As 0.5 H,O molecules
are generally found in the interslab space
0.5 sites for oxygen atoms remain for CO}~
or OH ™ anions. If only CO%™ anions are pres-
ent, their maximum amount is equal to 0.167
which means that the maximum additional
charge carried by the cobalt ions is equal to
0.33 (¥pax. = 0.33). For y = 0.50, the charge
compensation can be completely ensured by
0.50 OH ™. Forintermediate cobalt amounts,
both OH™ and CO% ™ species are inserted.

Experimentally, the amount of carbonate
anions is found to be equal to y/2 for 0 < y
< 0.35. For higher values of v, it decreases
slowly but it is not equal to 0 for y = 0.50,
as the higher stability of the LDHs inserted
with CO3~ anions vs those with OH~ ones
leads to a smaller amount of water.
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