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Abstract

Dodecyl sulfate and dodecylbenzene sulfonate intercalatedα-hydroxides of nickel and cobalt were synthesized by ammonia preci
tion. These solids delaminate to give a colloidal dispersion of layers in organic solvents such as 1-butanol. The dispersed layer
reassembled either by evaporation of the colloid or by coagulation by the addition of a polar solvent.
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1. Introduction

Delamination of layered solids leads to highly disper
phases, which form the basis of synthesis of novel laye
composites and mesoporous solids with unique prope
[1,2]. Usually delamination is carried out in solvents, wh
intercalation of a large number of solvent molecules betw
the layers increases the distance between the layers to
an extent that each layer behaves like an independent p
cle. By vigorous stirring, complete separation of layers co
be achieved to form colloidal dispersion of layers. This c
loidal dispersion is thermodynamically unstable with resp
to reflocculation but may be stabilized by appropriate cho
of solvent and/or pH[3].

Delamination of different types of layered solids h
been studied extensively[3]. Exfoliation of layered struc
tures such as graphite[4], MS2 (M = Mo, W, Ti) [5], layered
* Corresponding authors.
E-mail addresses: nravi@mrc.iisc.ernet.in(N. Ravishankar),
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h
-

phosphonates[6,7], and clays[8] has been achieved by m
nipulation of interlayer interactions.

Among the clays, cationic clays, also known as sm
tites, which consist of negatively charged aluminosilic
layers and interlayer cations swell and delaminate readi
aqueous medium due to their low layer charge density.
ionic clays that consist of positive metal hydroxide lay
and interlayer anionic species do not delaminate in aqu
medium due to their high layer charge density. Dense in
layer hydrogen bonding leads to tight stacking of the lay
making delamination difficult.

Exchange of interlayer inorganic anions of anionic cla
for organophilic anions takes place readily[9]. Introduction
of such species weakens the stacking of the layers and fa
interaction with organic solvents, thus enhancing delam
tion in organic media. Adachi-Pagano et al. first reported
delamination of surfactant intercalated layered double
droxides (LDHs) in organic media[10,11]. Following this
work, delamination of different LDHs in organic media b
various approaches has been reported[12–14].
We are interested in investigating the organic-delaminable
anionic clays. We have recently reported the delamination
behavior of hydroxy double salts, which are similar in struc-
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ture to LDHs[15]. In this work, we study the delaminatio
behavior ofα-hydroxides, another class of compounds t
can be considered as anionic clays.

Hydroxides of divalent metals, especially those of the fi
transition series, crystallize as layered structures. Diva
hydroxides of the formula M(OH)2 [M = Ni, Co, Fe] are
isostructural with the mineral brucite, Mg(OH)2, and con-
sist of hexagonal packings of hydroxyl ions with M2+ ions
occupying alternate rows of octahedral sites[16]. The hy-
droxides of Co(II) and Ni(II) are extensively studied as th
are widely employed as electrode materials in alkaline
ondary batteries[17,18]. Studies on the delamination beha
ior of these solids will form the basis of developing nov
composites with enhanced electrochemical properties.

The hydroxides of nickel and cobalt crystallize in d
ferent polymorphic modifications, mainly theβ- and the
α-form [19,20]. The β-form is of the formula M(OH)2
and it is an ordered stacking of neutral layers of the co
position [M(OH)2] with an interlayer spacing of 4.6 Å
The α-form is a hydroxyl-deficient compound and co
sists of a stacking of positively charged layers of com
sition [M(OH)2−x(H2O)x ]x+, which intercalate anions suc
as NO−

3 , Cl−, OAc−, SO2−
4 along with water molecules i

the interlayer region to restore charge neutrality[21]. Con-
sequently, theα-hydroxides have a larger interlayer spaci
which varies with the size of the interlayer anion.

In this paper, we describe the synthesis of surfact
intercalatedα-hydroxides of nickel and cobalt, delaminati
of theseα-hydroxides in organic solvents, and restacking
dispersed layers to recover the parent solids.

2. Experimental

2.1. Synthesis

Surfactant-intercalatedα-divalent metal hydroxides wer
prepared by the addition of 35 ml of a solution contain
metal acetate, M(OAc)2 [M = Ni, Co], and the surfactan
[dodecylsulfate (DS) or dodecylbenzene sulfonate (DBS
the mole ratio 1:0.9 in 50 ml of 0.5 M NH3 solution with
constant stirring. The solid product formed was immedia
centrifuged, washed free of anions with water followed
acetone, and dried in air at room temperature.

2.2. Delamination and restacking

The delamination of the DS or DBS intercalatedα-
hydroxide was carried out by subjecting a mixture of 25
of the sample and 100 ml of the solvent (1-butanol,
octanol, or 1-decanol) to sonication at 80◦C for 2 h. The
dispersion was then centrifuged at 2000 rpm to remove

undispersed solid and the stability of the resulting translu-
cent colloidal dispersion was studied by allowing it to stand
undisturbed for several days at room temperature.
The dispersed monolayers ofα-hydroxides were re
stacked by adding 100 ml of acetone to 100 ml of
colloidal dispersion. Coagulation occurs slowly and m
of the solid settles down within 24 h. The settled produc
washed with acetone and dried in air at room tempera
Restacking was also carried out by slowly evaporating
colloidal dispersion at 65◦C until the solvent was remove
completely.

2.3. Characterization

All the samples were characterized by chemical analy
powder X-ray diffraction (Philips X’pert Pro, CuKα radia-
tion, secondary graphite monochromator, 2◦ 2θ per minute),
infrared spectroscopy (Nicolet Impact 4000 FTIR spectro
eter, KBr pellets, resolution 4 cm−1), and thermogravimetry
(Mettler Toledo STARe SW 7.01, under N2 flow, 5◦C per
minute). The as-prepared and restacked samples were
characterized by transmission electron microscopy (JE
200CX) operated at 160 kV. In situ X-ray diffraction of th
colloidal dispersions was carried out in order to underst
the nature of the colloids.

3. Results and discussion

The pXRD patterns of the as-prepared surfactant-inte
latedα-hydroxides are shown inFig. 1. DS and DBS interca
latedα-cobalt hydroxides (Figs. 1a and 1b) are moderately
ordered along the layer stacking direction, as we observ
a number of 00� reflections. The basal spacings calcula
from these reflections are 25.82 and 30.19 Å, respectivel
DS and DBS intercalatedα-cobalt hydroxides. These value
confirm the incorporation of the surfactant anions. The a
Fig. 1. pXRD patterns of the as-prepared DS (a) and DBS (b) intercalated
α-cobalt hydroxides and DS intercalatedα-nickel hydroxide (c).
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chains of the anions are approximately perpendicular to
slabs and these chains of adjacent layers interpenetrate
other. DS intercalatedα-nickel hydroxide (Fig. 1c) shows
only two 00� reflections, unlike the cobalt analogue, su
gesting that this sample is very poorly ordered along
stacking direction. All efforts to improve the crystallini
failed. The basal spacing is 31.5 Å, which is∼6 Å larger
than the cobalt analogue. It is possibly due to stacking di
ders and presence of extra water molecules in the interl
region. The wet chemical analysis of the samples yields
nominal formula M(OH)1.67(surf)0.33·mH2O, where M= Ni
or Co, surf= DS or DBS, andm = 1.1 for Co samples an
1.5 for Ni samples.

Fig. 2 shows the IR spectra of DS (Fig. 2a) and DBS
(Fig. 2b) intercalatedα-cobalt hydroxides. In both the case
we observe strong and broad absorption at 3500 cm−1 due
to hydrogen-bonded hydroxyl groups. C–H stretching vib
tions of alkyl chains of the surfactant and S=O stretching
vibrations of the sulfate group are observed around 28
2920 and 1200 cm−1, respectively. The absorption bands
1000, 1010, and 1100 cm−1 are due to thepara disubsti-
tuted aromatic ring in case of the DBS intercalatedα-cobalt
hydroxide. The nature of the C–H stretching absorption b
suggests that the alkyl chains take up an alltrans confirma-
tion [22]. We observe strong peaks at 2850 and 2920 cm−1.
If the chains were disordered, the peak at 2920 cm−1 will be
broad and almost absent.

The thermogravimetric curves along with the respec
derivative curves for the DS and DBS intercalatedα-cobalt
hydroxides are shown inFig. 3. The DS intercalated sam
ple (Fig. 3a) shows a four-step weight loss pattern. The fi
step, which occurs from 50 to 150◦C, may be attributed to

the loss of adsorbed and interlayer water and the remaining

Fig. 2. IR spectra of the as-prepared DS (a)
h

r

hydroxide (Fig. 3b) shows three steps, the first step cor
sponding to the removal of adsorbed and interlayer w
and the other steps corresponding to the decompositio
the hydroxyl lattice and the interlayer surfactant anion. T
net weight losses observed in both cases match well the n
inal formulae of the compounds.

Delamination of the surfactant anion intercalatedα-
hydroxide in organic solvents such as 1-butanol, 1-octa
and 1-decanol was observed after sonication at 80◦C. The
translucent colloids thus obtained were found to be st
for a few weeks. About 0.25 g of the layered solid could
dispersed through delamination in 1 L of 1-butanol. The
tent of delamination and the stability of the colloid obtain
were the same for both the DS and DBS intercalated Ni
Co hydroxides. Though the extent of ordering along thec-
direction is different for Ni and Co hydroxides, these sol
showed identical delamination behavior, indicating that
order or the lack of it along the stacking direction does
influence the delamination behavior strongly in these s
tems. Similar colloids were obtained when either the sam
was stirred at room temperature for 24 h in the solven
when the sample was refluxed in the solvent for 4 h. Tho
the extent of dispersion in these methods was compar
to that in sonication, the colloids obtained were less sta
While the colloids obtained through sonication are stable
a few weeks, those obtained through refluxing in the solv
or stirring with the solvent at room temperature are sta
only for a few hours. The in situ XRD of the colloid ob
tained by dispersing DS intercalatedα-cobalt hydroxide is
shown inFig. 4a. The complete absence of 00� reflections
confirms that the layers have come apart and behave a
dependent particles.
The parent layered solid could be obtained from the col-
by
ce-
steps correspond to the decomposition of the hydroxyl and
the surfactant. The thermogravimetric curve for theα-nickel

loidal dispersions either by evaporation of the colloid or
flocculation through addition of a polar solvent such as a
and DBS (b) intercalatedα-cobalt hydroxides.
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Fig. 3. Thermogravimetry curves (along with the derivative curves) o

Fig. 4. In situ XRD pattern of the colloidal dispersion of DS intercala
α-cobalt hydroxide (a) and the pXRD patterns of the reassembled sam
obtained by adding acetone into the colloids formed from DS intercal
α-cobalt hydroxide (b) and DBS intercalatedα-cobalt hydroxide (c).

tone. The pXRD patterns of the reassembled DS and D
intercalatedα-cobalt hydroxide samples obtained by flocc
lation using acetone shown inFigs. 4b and 4care identical
to that of the parent solids, except that the samples are

ordered along the stacking direction, as indicated by the ab-
sence of many 00� reflections and higher broadening of the
observed 00� reflections.
s-prepared DS intercalatedα-cobalt hydroxide (a) andα-nickel hydroxide (b).

s

TEM investigations were carried out to observe the
ture of layer stacking of the compounds.Figs. 5a and 5b
are bright field images from an as-prepared sample a
delaminated and restacked DS intercalatedα-cobalt hydrox-
ide sample, respectively.Fig. 5a shows that the as-prepar
sample is well ordered and shows a layer spacing of a
2.6 nm, which is consistent with the spacing obtained fr
pXRD. The restacked sample, on the other hand, shows
siderable disorder and the size of the ordered regions i
the order of a few tens of nanometers. This is also in ag
ment with the XRD results, which show poor ordering a
broadening of the 00� lines.

In conclusion, surfactant-intercalatedα-hydroxides of
cobalt and nickel show delamination-restacking beha
like that of surfactant intercalated LDHs, but here
restacked samples are poorly ordered. This may be attrib
to the fact thatα-hydroxides are not as stable as LDHs. T
colloidal dispersions obtained from these metal hydroxi
are made of independent monolayers. The colloidal dis
sions of hydroxides obtained here are potential precur
for oxide nanoparticles and composites such as Ni(OH2–
graphite and Ni(OH)2–Co(OH)2, which would find applica-
tions in alkaline batteries.
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Fig. 5. TEM images of (a) as-prepared and (b
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