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New iron-substituted nickel hydroxides have been prepared by chimie douce reactions from the
NaNi,_,Fe, O, precursor phases. Oxidizing hydrolysis of these materials leads to y-oxyhydroxides
which are then easily reduced to hydroxides. A c¢rystal chemical study of the three material classes
has been performed. The precursor phases crystallize in the rhombohedral system for x = 0.2, while
the lower iron concentrations lead to a monoclinic distortion due to the Jahn~Teller effect of Nil
ions. This distortion is not observed in the case of the y phases. For x = 0.2, the hydroxides also
crystallize in the rhombohedral system, whereas for smaller iron concentrations, interstratified-type
structures similar to those commonly found among the layered double hydroxide minerals family are
obtained. Chemical analysis and magnetic property siudy have shown the presence of (1 — x}NiZ*
and xFe’* ions within the slab. Anions (mainly CO§‘ ions) are inserted into the intersheet space in

order to compensate the excess positive charge due to Fe'* ions.

Introduction

Several nickel hydroxide varieties are in-
volved as positive electrode materials in the
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electrochemical cycling that occurs in
Ni/Cd and Ni/H, batteries, as shown by
the following well-known Bode diagram

()

Electrochemical
B(ID)-Ni(OH), =
1 cycling
a-Ni(OH},,zH,0 =

B(ID-NiOOH
} Cell overcharge

Fy_“NiOOHa?

The structure of the above-mentioned
phases can be described as a packing of
NiO, slabs built up of edge-sharing octahe-
dra. In commercial batteries, the classical
cycling takes place between the 8(II)- and
B(11I)-phases but long term overcharge or
floating leads to the formation of the hy-
drated v variety by intercalation of water

* To whom correspondence should be addressed.
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molecules and K* ions in the interslab
space. Such a process, if repeated during
cycling, causes mechanical strains in the
material and therefore irreversible damage
to the electrade. The stabilization of the cy-
cling between the hydrated o and y varie-
ties, as a means of inhibiting this problem,
seems very promising.

Previous works performed in our lab have
shown that the partial substitution of cobalt
for nickel leads, using chimie douce tech-
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niques, to well-crystallized hydrated o* and
v nickel hydroxides (2). As previously re-
ported, the a* notation refers to well-crys-
tallized materials while a corresponds to
turbostratic materials obtained by direct
precipitation {2). For cobalt/(nickel + co-
balt) ratios larger than 20%, the a* phase is
stable in KOH electrolyte at room tempera-
ture and the a*/y system is stabilized during
the electrode cycling in Ni/Cd batteries (3).
In thereduced «*-phase, the cobalt ions stay
in the trivalent state while the nickel ones
are divalent. In order to compensate the ex-
cess of positive charge due to the Co™ ions
within the slab, anions are inserted into the
intersheet space (¢). The composition and
the structure of these materials are strongly
related to the hydrotalcite ones (5). In the
oxidized y-phases containing up to 40% co-
balt in substitution for nickel, the nickel ions
are in the trivalent and tetravalent states
whereas the cobalt ones stay only in the
trivalent state (6). Consequently, the cobalt
ions do not directly take part in the o*/y
cycling. Hence, a similar study of the ho-
mologous iron-substituted materials has
been undertaken.

Mendiboure and Schéllhorn have re-
cently reported the study of the hydrotal-
cite-type  compounds  Ni,_, Fe (OH),
(CO3),0(H,0), (7). For x = 0.25, this for-
mula is identical to that of the mineral
reevesite (8, 9). These authors have focused
their interest on the anion exchange reac-
tions, around the x = 0.25 composition, in
materials prepared by direct precipitation
which are consequently poorly crystallized.

In order to obtain a large particle size
making the X-ray diffraction characteriza-
tion easier, we have used chimie douce tech-
niques. Moreover, all the Fe/Ni possible
compositions have been considered. The
various materials involved in the synthesis
are presented in this paper from the crystal
chemistry viewpoint. Besides, the investi-
gation of the oxidation state of the 3d cations
in the iron-substituted y-phases has proved
unambiguously the presence of tetravalent
iron ions ({0). These results will be de-

DEMOURGUES-GUERLOU, BRACONNIER, AND DELMAS

scribed in more detail in a forthcoming pa-
per. The present paper deals more particu-
larly with the characterization of the iron-
substituted a*-phases.

Material Preparation

The preparation procedure consists of
exchange, oxidation, and reduction reac-
tions involving successively three material
classes:

—the NaNi,_ Fe, O, precursor phases
—the iron-substituted y-oxyhydroxides
—the iron-substituted a*-hydroxides.

Preparation of Iron-Substituted Sodium
Nickelates

These materials have been prepared by
direct reaction from the oxides according to
the reaction

(/2)Na,0 + (I — X)NiO + (x/2)Fe,0,
+ (1/4 - x/4)0, —> NaNi,_ Fe,0,.

The oxide mixture is heated at 800°C for 15
hr in an alumina beat under an oxygen
stream.

Hydrolysis Reaction: Preparation of
y-Oxyhydroxides

A quantity of I g of NaNi,_,Fe O, (so0-
dium nickelate) is introduced into 100 ml of
oxidizing hydrolysis solution (4 M KOH,
0.8 M NaClO). The mixture is stirred for 15
hr. The resulting material is then filtered and
dried at 40°C. Due to the highly oxidizing
character of the obtained material, any
washing with water is prohibited, Indeed,
the material tends to be spontaneously re-
duced by water.

Reduction Reaction: Preparation of
a*-Hydroxide

A quantity of 50 ml of a 0.5 M H,0, solu-
tion is gradually dropped into a solution con-
taining [ g of y-oxyhydroxide in suspension
in 100 mi of water. After stirring for 15 hr,
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Frc. 1. Formation of the a*-phase by chimie
douce reactions.

the obtained material is filtered, washed
with distilled water then with acetone and
dried at 40°C.

Results and Discussion

Figure I gives an overview of the compo-
sition and schematic structure modifications
involved during the chimie douce reactions
from the NaNi,_,Fe O, precursor phase.

Crystal Chemistry

The Iron-Substituted Sodium Nickelates

The crystal chemistry of these materials
is quite similar to that observed in the case of
the homologous cobalt-substituted phases
(2). A pure black phase with NaNi, _ Fe O,
formulation has been prepared for
0 = x = 0.70. For higher iron concenira-
tions, a mixture of the limit composition and
a-NaFeQ, is obtained, even after several
thermal treatments. Both materials are iso-
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typic and mareover exhibit close hexagonal
unit cell parameters:

if

a = 3.020 A and ¢ = 16.08 A for a-NaFeO,

3.000 A and ¢ = 16.00 A for

il

a
the NaNi, ,Fe, ,0; limit composition,

Similar behavior has been observed with the
NaNi,_,Co,0; system, but in this case the
upper limit of the solid solution is
NaNi; sCo, <O, (6).

A change in symmetry occurs around the
NaNi, sFe, ,0, composition. For x = 0.2,
the materials crystallize in the rhombohe-
dral system like a-NaFeQ, (S.G.: R3m),
while for x < 0.2, a monoclinic distortion
similar to that of the unsubstituted NaNiQ,
phase is observed as a result of the strong
Jahn-Teller effect of the low-spin Ni' (LS)
ions, which is guite general in layer oxides
containing more than 80% Jahn-Teller ions
(11). In these materials with layered struc-
ture, the Na* ions occupy an octahedral
environment between the (Ni.Fe)O, slabs.
The ('3 type packing of oxygen layers char-
acterizes the distorted phases whereas the
O3 type is observed for the undistorted
ones (12).

This change in symmetry is particularly
well illustrated by the variation of the
metal-metal intrasheet distance reported in
Fig. 2a. The cooperative distortion is em-
phasized for x < 0.2 by the presence of two
different M—M intrasheet distances directly
related tothe a,, and b, parameters. For
x = 0.2, the increase with x in the
metal-metal intrasheet distance, which is
equal to the hexagonal a-parameter, results
from the size difference between high-spin
Fe“a(HS) and Nil! (LS) ions {(resequs) =
0.64 A, ryitg 5y = 0.56 A} (/3). In the homoi-
ogous cobalt-substituted phases, the smatler
size of the Co'l (LS) ions in comparison
with that of the Ni'' ones implies a decrease
in the M—M intrasheet distance.

The variation with x of the interslab dis-
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FiG. 2. Variation of metal-metal intrasheet distances (a) and intersheet distances (b) vs iron concen-

tration during the chimie douce reactions,

tance, equal either to ¢, sin 8 (x < 0.2)
or t0 ¢y, /3 (0.2 = x = 0.7), is reported in
Fig. 2b. The slight increase observed may
also result from the size difference between
the nickel and iron ions.

The Iron-Substituted v-Oxvhydroxides

These materials have been obtained
by oxidizing hydrolysis from the
NaNi, _ Fe, 0, phases for 0 = x = 0.5. For
larger iron concentrations, the reaction
leads to a mixture of several phases as the
presence of a large amount of iron makes
difficult the oxidation of the material. As

previously noticed in the case of the cobalt-

substituted y-phases (2), the iron-substi-
tuted materials crystallize in the rhombohe-
dral system (5.G.: R3m) with a P3 type oxy-
gen packing. The monoclinic distortion
previously described for the NaNi,_ Fe O,
phases for x < 0.2 is no more observed what-
ever the iron concentration.

Figure 2 gives evidence of the strong lat-
tice parameter modifications that occur dur-
ing the oxidizing hydrolysis reaction. The
strong increase in the interslab distance is
due to the intercalation between the slabs
(as schematized in Fig. 1) of K* ions sol-

vated by water molecules. Moreover, the
oxidation of the 3d cations induces a strong
decrease in the a-parameter (metal-metal
intrasheet distance). Besides, in the iron-
substituted y-phase, the metal-metal dis-
tance tends to increase with increasing x,
which results from the size difference be-
tween nickel and iron ions: whatever the
oxidation state of both ions (+3 or +4), the
iron ions are larger than the nickel ones (13).
Different behavior has been noticed in the
cobalt-substituted y-phases (6): no signifi-
cant variation of the g-parameter with x was
detected, whereas the values of tonic radius
should imply a decrease. This effect has to
be correlated with the fact that the a-param-
eter value of the unsubstituted v phase (2.82
A)is close to the minimal distance between
two O~ jons (rg- = 1.40 A (13)). As a
consequence, the lattice is virtually close-
packed in the plane, which prevents any
contraction upon substitution of cobalt for
nickel.

The y-phases exhibit the general formula

H,Na K, (H,0), Ni,_,Fe 0O,
L — v s ——
Interslab space Slab

but the material instability makes difficult
the exact formula determination. The exact
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bonding nature of hydrogen inserted be-
tween NiO; slabs is not known at this time.
Several hypotheses can be envisaged:

—bonding to an oxygen atom of a NiO,
slab (formation of OH group),

—bonding to an interlamellar water mole-
cule (formation of HyO™ ions),

—insertion in oxygen octahedra in the in-
terslab space as reported for hydrogen inser-
tion in y-MnQ, (14).

A study of the dynamics of hydrogen by
inelastic neutron scattering is scheduled in
order to precise this point. In Fig. 1 as well
as in the above proposed formula, we have
assumed the presence of H* species for sim-
plification. Moreover these materials do not
have a strictly defined formula as they ex-
hibit a wide composition range. The average
oxidation state of the metal cations lies in
the 3.35-3.65 range. The results concerning
the investigation by magnetic measurement
and Maossbauer spectroscopy of the oxida-
tion state of both the nickel and iron ions will
be published in a forthcoming paper (/5).

The Iron-Substituted Hydroxides

Reduction of the iron-substituted -
phases has led to the corresponding hydrox-
ides for 0 = x = 0.50. Their color varies
from pale brown to dark brown with increas-
ing iron concentration.

* For x = 0.2, a*-type phases have been
obtained. These materials are isostructural
with the unsubstituted o*-Ni{OH}),,zH,0
hydroxide previously studied in our labora-
tory (16).

Comparison of the X-ray diftfraction pat-
tern we obtained for x = 0.25 with that cor-
responding to  the  Niy,sFeg,5(0H),
(CO4).125(H,0), recently obtained by pre-
cipitation by Mendiboure and Schollhorn (7)
shows a strong similarity between the two
materials. Nevertheless, as expected, the
material that we prepared by chimie douce
techniques exhibits a better crystallization
state than the precipitated one. Besides, our
material is very similar to the mineral
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TABLE 1
X-RAY DIFFRACTION DATA FOR THE a*
(x = 0.3) PHASE

hk 1 Ao, s, Intensity
00 3 7.69 7.63 100
00 6 3.84 3.83 25
01 2 2.598 2.601 16
10 4 2.421 2.417 1
01 5 2.309 2.307 5
01 8 1.958 1.961 2
1010 1.745 1.745 1
011 1.649 1.653 1
[ ] [.540 1.540 1
113 1.510 1.510 1

Nore. The indexation has been performed on a hex-
agonal unit cell with a = 3.080 A, c = 23.07 A

reevesite (8, 9), in spite of minor differences
concerning the indexation of the X-ray dif-
fraction spectra: the iron-substituted o*
phases we obtained crystallize in the rhom-
bohedral system with a P3 type-packing of
oxygen layers while the reevesite exhibits
a double hexagonal unit cell (6 slabs per
unit cell). This behavior may result from the
existence of an order in the lattice due to
the x = 0.25 value. X-ray diffraction data
obtained from the a* phase forx = 0.3 have
been summarized in Table 1.

The variations with x of the metal-metal
intrasheet and intersheet distances, both re-
lated to the parameters of the hexagonal
cell, are also presented in Fig. 2. These vari-
ations result from the oxidation state of the
cations within the slab, in other words, from
the presence of Fe’* ions substituted for
Ni?* ions, as shown by the results reported
in the following section. The metal-metal
intrasheet distance decreases with x, as a
result of the ionic radius difference between
Ni2* (r, = 0.70 Ay and Fe** (HS) (r, = 0.64
A) ions (13). Moreover, the increase in the
electrostatic charge of the slab with the iron
concentration, as improving the intersheet
cohesivness, induces a decrease in the in-
tersheet distance.

* For x < 0.2, the X-ray diffraction pat-
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Fi6. 3. X-ray diffraction spectra (CoKe)) of the
NaNi;Fe30,, v and a* phases.

terns cannot be indexed, although exhibiting
strong similarities with those obtained for
x = 0.2. The discrepancy between the ob-
served and calcuiated d,,, (! # 0) values, the
peculiar shape of the diffraction lines and
the similarities with the homologous cobalt-
substituted materials previously studied (6,
16) are characteristic of the existence of an
interstratified structure. Nevertheless, the
metal-metal intrasheet distance can be de-
termined as it remains equal to twice the
interplanar distance homologous to the 4,4
one in well-ordered materials.

Figure 2 gives evidence of the modifica-
tions in the iattice parameters involved dur-
ing reduction from the y oxyhydroxides to
the hydroxides: the metal-metal intrasheet
and intersheet distances increase as a result
of the changes in cationic oxidation state
and in interlab space respectively (schema-
tized in Fig. 1). Moreover, Fig. 3 makes it
possible to compare the X-ray diffraction
spectrum of the a® (x = 0.3) phase with
those of the NaNi,,Fe,,0, and y parent
phases. The chimie douce reactions and
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more particularly the reduction entail a ma-
terial grinding which appears on the spectra
through a line broadening.

Characterization of the Iron-Substituted
Hydroxides

The determination of the 34 cation oxida-
tion state in both the oxidized (y) and re-
duced varieties (a} holds interest since the
electrochemical activity is strongly related
toit. In the a* phases the iron ions are likely
to be trivalent, similarly to the case of cobalt
substitution (2}. This hypothesis has been
confirmed by chemical analysis and mag-
netic susceptibility measurements, as de-
scribed hereafter. In the mineral reevesite,
which exhibits the formula H,(H,0),;
(CO4y)g.125F € 25Nig 7505 (8, 9), carbonate ions
are inserted into the intersiab space in order
to compensate the excess of positive charge
resulting from the presence of Fe'* cations
within the slab. This behavior, already ob-
served in the cobalt-substituted nickel hy-
droxides (2), is also verified in the case of
iron substitution. In both cases, the CO3~
anions originate directly from CO, of air.
Indeed, the chemical analysis of the a* ma-

terials leads as an example for x = 0.30 to

the following formula:

H, 0:(H;0)0.6:(CO3)p 15 Nip 7€) 300,

. y i ,
Intersiab Space Slab

Moreover, the presence of carbonate anions
is confirmed by infrared spectroscopy (see
further).

3d Cation Oxidation State

The average oxidation state of the metal
cations in the slab has been determined by
iodometry. For this purpose, the sample
(powder) is dissolved into a mixture of HCI
and KI. The iodine released during the cat-
ionic reduction to the divalent state is then
rapidly titrated by 0.1 N-Na,S,0; in the
presence of thiodene. The titration is per-
formed in air. The amount of titrated iodine
allows to easily deduce the average cationic
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TABLE II

AVERAGE OXIDATION STATE OF THE TRANSITION
IoNs IN THE NICKEL HYDROXIDES VERSUS IRON
CONCENTRATION (IN JoN g/mole}

x 010 020 030 040 050

Oxidation
state + 0.05 216 227 240 247 255

oxidation state of the material. The results
are summarized in Table 1I. The value of
the uncertainty of the oxidation state re-
ported in Table II results from the discrep-
ancies between the expenimental results.
The exact reason of these quite large uncer-
tainties 1s unknown.

Table II shows that the oxidation state
of the transition ions in the iron-substituted
hydroxides is close to 2 + x, which suggests
the presence of (1 — x)Ni** and xFe’* ions
within the slabs.

This result is corroborated by the 'Fe
Mossbauer spectroscopy study of the a*
(x = 0.3) phase reported elsewhere (10} as
well as by the magnetic susceptibility mea-
surements performed for iron concenira-
tions ranging from 0.1 to 0.5,

Magnetic susceptibility measurements
have been carried out with a DSM8 suscep-
tometer (MANICS) over the 4-300 K tem-

150.0 _'X;‘ (emu cgs) a'(X=02)." .
PR
LT ted (X=0.5)
100.0 T L
..
S50.0 [ !"
T(K)
L S S A (] PR U WA U A S S S A U B ) i
ag. o
0.0 100. 0 200, 0 200. 0

F1G. 4. Thermal variation of reciprocal magnetic sus-
ceptibility of the «* phases forx = 0.2 and x = 0.5.

TABLE III

EXPERIMENTAL AND THEORETICAL
VALUES ((] — x)Ni¥* aND xFe** lons
ASSUMED WITHIN THE SLAB) OF THE
CURIE CONSTANTS AND PARAMAGNETIC
CURIE TEMPERATURES OBTAINED FOR

THE IRON-SUBSTITUTED  a*-PHASE
SErIES (0.1 = x = 0.5)

x Cepr Cthmr. ep (K)
0 i.18 1.00 10
0.1 1.44 1.34 14
0.2 1.74 1.67 6
0.3 1.84 2.01 -8
0.4 2.10 2.35 -27
0.5 2.11 2.69 —-15
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perature range (average magnetic field of
18 kG). The sample was placed in a PTFE
crucible. The thermal variation of the xg!
reciprocal molar susceptibility is given in
Fig. 4 as an example for the a*-phases with
x = 0.2 and x = 0.5. The curve shapes
are characteristic of Curie—Weiss type laws
with small values of the Curie temperature.
Table III summarizes the experimental val-
ues of the Curie constants that have been
deduced from the linear parts of the curves
(T > 60 K) as well as the theoretical values
calculated by assuming the presence of
xFe¥* (HS)ions and {1 — x)Ni?* ions within
the slab. The experimental values are close
to the theoretical enes for iron concentra-
tions up to 0.4. Nevertheless the difference
between both values increases slightly with
x and becomes significant for x = 0.5. An
understanding of this effect has not been
achieved at this time.

The variation with x of the Curi¢ tempera-
ture shows clearly that the ferromagnetic
interactions are predominant in the unsub-
stituted phases (¢ — po — pa' — e type
interaction by correlation). The substitution
of iron for nickel leads to the appearance of
antiferromagnetic interactions thanks to the
strong 1, — I, direct overlap. Besides, as a
result of the very large interslab distance
due 10 the presence of water molecules and
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F1G. 5. Infrared spectra of the unsubstituted g(II)-
phase and the hydroxides for x = 0.1 (interstratified
phase 1*) and x = 0.3 (a*-phase).

inserted anions, no three-dimensional or-
dering has been detected.

Infrared Spectroscopy

The spectra have been recorded on a Per-
kin-Elmer 983 spectrometer. In a first step,
the measurements have been performed on
powders dispersed in Nujol in the 200-4000
cm~! range, but as the main carbonate vi-
bration band was overlapped by a Nujol
band, other experiments have been carried
out using hexachlorobutadiene in the
1000-4000 cm ™! range. The infrared spectra
of the nickel hydroxides are given in Fig. 5
for x = 0.1 and x = 0.3 in comparison with
the well known spectrum of the g(1I)-phase
(18). The latter exhibits:

—a narrow band at 3650 cm~! due to the
v(OH) stretching vibration

—bands at 520 cm ™" and 350 ¢m~! corre-
sponding to the hydroxyl group §(OH) lat-
tice vibration and 1o the out-of-plane v(OH)
vibration respectively

—the weak Ni-O lattice vibration band
around 460 cm ™! (19).

The substitution of iron for nickel entails
strong modifications of the spectrum; one
has to notice:

—the appearance of large bands around
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3300 ¢cm~! and 1650 cm~! corresponding re-
spectively to the stretching (»(H,0)} and
bending {§(H,0)) modes of water molecules

—the disappearance for x = 0.3 of the
narrow band at 3650 cm~! that is character-
istic of free OH groups (/%)

—a band at 1360 cm ! which is due to
carbonate ions.

For x = 0.3, the first two points suggest the
presence of water molecules inserted in the
interslab space, so that OH groups are hy-
drogen bonded with water molecules. For
x = 0.1, the infrared spectrum shows strong
similarities with that of the a* — (x = 0.3)
phase. Meanwhile the simultaneous pres-
ence of the narrow »(OH) band at 3650 ¢cm ™!
and the large ones around 3300 cm~! and
1650 cm ™' emphasizes the existence of two
types of interslab spaces (hydrated a*-type
motives and unhydrated 8(II)-type motives)
that characterize the interstratified structure
(I*) (6).

The spectra of a*-phases withx = 0.2 and
x = (.4 have been reported in the 4000~ 1000
cm™~! range in Fig. 6. In both spectra, the
band at 1360 cm ™! characterizes the v, vibra-
tion of carbonate anions in D, symmetry
(19). Meanwhile, as previously discussed in
the case of the cobalt-substituted a*-phases
(20), the difference between this value and
the v, vibration frequencies of CO}~ ions in

Relative
abs-orbunc_e

a*(x=0.4)

a’(x=0.2)

v(cm_')
R
1000

L
1500

PSS N S B |

3000 2000

4000

F1G. 6. Infrared spectra of the a*-phases forx = 0.2
and x = 0.4.
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F1G. 7. Schematic representation of the interslab
space for an iron-substituted a*-phase.

CaCO, (1429 and 1492 cm™') suggests that
the carbonate ions are not in a ‘‘free’” con-
figuration, but are fully and symmetrically
hydrogen bonded with water molecules in
the interslab space. A schematic representa-
tion of the interslab structure is given in Fig.
7. Moreover, the increase in intensity of the
v,(CO3 ™) vibration band on the spectra from
x = 0.2 to x = 0.4 evidences an increase
in the carbonate concentration with the iron
amount. This evolution is fully consistent
with the fact that the charge compensation
requires, in accordance with the general hy-
drotalcite formula, a carbonate concentra-
tion equal to x/2,

From a general point of view, in this fam-
ily of materials as well as in the Layer Dou-
ble Hydroxides (LLDHs), around 0.50 H,O
molecule per formula unit stays in the in-
tersheet space (5, 9). Taking into account
that at most one oxygen site per (Ni,Fe)
cation is available in the interslab space, at
most 0.17 CO3™ ion can be intercalated. This
is corroborated by the chemical analysis
performed on the hydroxide series (0.1 =
x = 0.5) since the largest carbonate con-
centration experimentally found is equal to
0.18. As a consequence, for iron concentra-
tions higher than the 0.34 theoretical value
the amount of carbonate ions is not suffi-
cient to compensate totally the positive
charge excess due to Fe’t jons. The residual
charge excess may be neutralized by OH~
ions also inserted in the intersheet space
replacing some CO3§~ ions (6).
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