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A B S T R A C T

Graphene oxide-intercalated a-metal hydroxides were prepared using layers from the del-

aminated colloidal dispersions of cetyltrimethylammonium-intercalated graphene oxide

and dodecylsulfate-intercalated a-hydroxide of nickel/cobalt as precursors. The reaction

of the two dispersions leads to de-intercalation of the interlayer ions from both the layered

solids and the intercalation of the negatively charged graphene oxide sheets between the

positively charged layers of the a-hydroxide. Thermal decomposition of the intercalated

solids yields graphene/nanocrystalline metal oxide composites. Electron microscopy anal-

ysis of the composites indicates that the nanoparticles are intercalated between graphene

layers.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Layered composites in which the layers from two different

layered solids are stacked alternatively are important as they

would exhibit unique physiochemical properties such as 2-D

magnetism and conductivity due to the combined effect of

the properties of the structural unit layers. Metastable mixed

layered composites have been prepared through soft chemi-

cal routes. Layered composites, such as clay/metal hydroxide

[1–3], MoS2/Ni(OH)2 or Co(OH)2 [4], graphite oxide/birnessite

[5], have been prepared by intercalation of M2+ ions in the

interlayer of the host followed by titrating the product with

alkali. Birnessite/NiOH2 [6], birnessite/LiAl2(OH)6 [7], clay/

LiAl2(OH)6 [8] and clay/SnO2 [9] have been prepared by interca-

lation followed by hydrothermal treatment. Graphite/NiOH2

has been prepared through intercalation of Ni2+ ions in graph-

ite and subjecting the product to electrochemical cycling in

the presence of alkali [10]. The synthesis approaches to such
er Ltd. All rights reserved
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composites are restricted to a few select systems and are not

general in nature.

Delamination of layered solids yields solvated monolayers

that could be used as synthons in the preparation of layered

composites. We have shown that interstratified composites

of similarly charged layers of layered solids having related

structures [11–13] and of layered solids having different struc-

tures [14] can be prepared starting from the monolayer colloi-

dal dispersions of layered solids. We reported the preparation

of 1-D solid solutions of a-hydroxides of Ni and Co [11], two

different layered double hydroxides (LDHs), namely Mg–Al

and Co–Al LDHs [12], two different cationic clays – a dioctahe-

dral clay and a trioctahedral clay [13] and graphite oxide (GO)/

smectite [14] through the delamination–costacking approach.

It is also possible to make layer-by-layer composites of two

oppositely charged layered solids through delamination

[15,16]. We have recently shown that positively charged GO

layers could be introduced into the interlayer of exfoliated an-
.
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ionic clay by ion-exchange [17]. In this work, we describe a

metathesis route to layer-by-layer composites. If we denote

the anionic and cationic layered solids as L+–A� and L�–C+

where L+ and L� are the layers of the anionic and cationic lay-

ered solids and A� and C+ are the interlayer anions and cat-

ions then we can visualize a reaction of the type

Lþ�A� þ L��Cþ ! Lþ�L� þ AC

if A� and C+ are surfactant ions then the reaction may be car-

ried out in an organic solvent in which both the layered solids

would delaminate. The product AC being highly soluble in the

organic solvent, the reaction will be driven forward to yield

L+–L�, the layer-by-layer composite.

Graphene (G) based composites are important as they are

potent materials for applications in varied fields such as

nanoelectronics, sensors, batteries, supercapacitors, hydro-

gen storage, catalysts, catalyst supports, adsorbents and

magnetic materials [18]. Graphite/polymer [19], graphite/

nanoparticle composites [20], supercapacitor and battery

electrode materials [21,22] have been fabricated starting

from GO as it is dispersible in water and alkaline medium

[23] and in organic solvents after modification with amines

[24–26].

a-Hydroxides of nickel and cobalt are important electrode

materials in alkaline secondary batteries [27,28]. In addition,

these solids decompose at relatively low temperatures

(<300 �C) to give the corresponding oxides. The hydroxides

of nickel and cobalt crystallize in different polymorphic mod-

ifications, mainly the b- and the a-form [29,30]. The b-form is

of the formula M(OH)2 and it is an ordered stacking of neutral

layers of the composition [M(OH)2] with an interlayer spacing

of 4.6 Å. The a-form is a hydroxyl-deficient compound and

consists of a stacking of positively charged layers of composi-

tion ½MðOHÞ2�xðH2OÞx�
xþ, which intercalate anions such as

NO�3 , Cl�, OAc�, SO2�
4 , etc. along with water molecules in the

interlayer region to restore charge neutrality. Consequently,

the a-hydroxides have a higher interlayer spacing, which var-

ies with the size of the interlayer anion. On intercalation of

surfactant anions, dodecylsulfate (DS) and dodecylbenzene

sulfonate (DBS), these solids delaminate to give a colloidal

dispersion of layers in organic solvents such as 1-butanol

[31]. It would be interesting to prepare layer-by-layer compos-

ites of a-hydroxides and GO. Thermal decomposition of these

composites would reduce GO to G and convert hydroxides to

oxides resulting in G-metal oxide composites. In this paper,

we report the metathesis between alkylammonium ion-inter-

calated GO and DS-intercalated a-hydroxide of nickel/cobalt

that yields GO/a-hydroxide layer-by-layer composites (GO

sheets intercalated a-hydroxides). These composites on heat-

ing in different atmospheres yield interesting G/inorganic

material composites.

2. Experimental section

2.1. Synthesis of the precursors

DS-intercalated a-divalent metal hydroxides were prepared by

the addition of 35 ml of a solution containing metal acetate,

M(OAc)2Æ4H2O [M = Ni, Co] and the surfactant, NaDS in the

mole ratio 1:0.9 into 50 ml of 0.5 M NH3 solution with constant
stirring [31]. The solid product formed was immediately cen-

trifuged, washed free of anions with water followed by ace-

tone and dried in air at room temperature. Hereafter these

surfactant-intercalated a-hydroxides are referred to as Ni-

OH-DS and Co-OH-DS.

The method due to Hummers and Offeman [32] was

adopted to prepare GO from graphite powder (10–20 lm) sup-

plied by Graphite India Limited, Bangalore, India. One gram of

graphite powder was added to 23 ml of cooled (0 �C) concen-

trated H2SO4. Three grams of KMnO4 was added gradually

with stirring and cooling, so that the temperature of the mix-

ture was maintained below 20 �C. The mixture was then stir-

red at 35 �C for 30 min. Forty-six milliliters of distilled water

was slowly added to cause an increase in temperature to

98 �C and the mixture was maintained at that temperature

for 15 min. The reaction was terminated by adding 140 ml of

distilled water followed by 10 ml of 30% H2O2 solution. The

solid product was separated by centrifugation, washed

repeatedly with 5% HCl solution until sulfate could not be

detected with BaCl2, then washed 3–4 times with acetone

and dried in an air oven at 65 �C overnight.

Cetyltrimethylammonium (CTA)-intercalated GO was pre-

pared by stirring GO in an aqueous solution of cetyltrimethyl

ammonium bromide (5 times the ion-exchange capacity of

GO) for 3 days [25,26,33]. The solid thus obtained was washed

with water till the pH of the washings turned �7 and finally

with acetone and dried at 65 �C. This sample is hereafter re-

ferred to as GO-CTA.
2.2. Delamination and colloidal dispersion

The delamination and monolayer colloidal dispersion of GO-

CTA were achieved by subjecting a mixture of 100 mg of the

sample and 100 ml of the solvent, 1-butanol, to sonication

(35 kHz) at room temperature for 30 min. Monolayer colloidal

dispersion of Ni-OH-DS/Co-OH-DS was obtained by subject-

ing a mixture of 133/125 mg of the sample and 400 ml of 1-

butanol to sonication (35 kHz) at room temperature for

30 min. Composite formation requires that the number of

moles of surfactants (CTA+ and DS�) is equal. From the charge

compensation calculations, it was estimated that 100 mg of

GO-CTA is required to compensate the charges on 133 mg of

Ni-OH-DS/125 mg of Co-OH-DS.
2.3. Metathesis

The colloidal dispersions of GO-CTA and M-OH-DS (M@Ni or

Co) were mixed and sonicated for 30 min. The resulting dis-

persion was then stirred at 70 �C for 3 days. The black precip-

itate (GO-intercalated a-hydroxide) obtained at the end of

3 days was repeatedly washed with acetone to remove the sur-

factants and the solid was dried in air at room temperature.

2.4. Thermal decomposition of the GO-intercalated a-
hydroxides

GO-intercalated a-hydroxides were subjected to isothermal

heating in air/nitrogen atmosphere. The samples were held

at 300 �C for 2 h.



001

001

a

 R
el

at
iv

e 
In

te
ns

ity

1110003
002

b

1110002

001 c

C A R B O N 4 8 ( 2 0 1 0 ) 4 3 4 3 – 4 3 5 0 4345
2.5. Characterization

The powder X-ray diffraction (pXRD) patterns of the samples

were recorded using a PANalytical X’pert Pro diffractometer

(Cu Ka radiation, secondary graphite monochromator, 2� 2h/

min). The infrared (IR) spectra of the samples were recorded

on a Nicolet Impact 400D FTIR spectrometer (KBr pellets,

4 cm�1 resolution). The samples were also characterized by

transmission electron microscopy (TEM) using a JEOL 200CX

microscope operated at 160 kV. Superconducting quantum

interference device (SQUID) magnetometry was carried out

using a Quantum Design MPMS-XL-5 at 300 and 5 K.

The different process involved in the metathetic reaction

between the colloidal dispersions of the surfactant-interca-

lated GO and metal hydroxide and the decomposition of

GO-intercalated a-hydroxide to G/metal oxide composites is

schematically shown in Fig. 1.
10 20 30 40 50 60

002

2θ (degrees)

Fig. 2 – pXRD patterns of the as-prepared GO-CTA (a) Co-OH-

DS (b) and Ni-OH-DS (c).
3. Results and discussion

Fig. 2a, b and c are the pXRD patterns of GO-CTA, Co-OH-DS

and Ni-OH-DS with basal spacings of 30, 26 and 31 Å, respec-

tively. While GO-CTA (Fig. 2a) shows only the 00l reflections,

the a-hydroxides (Fig. 2b and c) show, in addition to the 00l

reflections, the characteristic saw-tooth-shaped broad peaks

due to the 2-D (10) and (11) reflections arising out of turbost-

ratic disorder [34,35].

The pXRD patterns of the GO-intercalated a-hydroxides

obtained by metathesis are shown in Fig. 3. In order to under-

stand the mechanism of formation of the composite, inter-

mediates collected at different intervals were studied. The

absence of basal reflections and the presence of the saw-

tooth-shaped broad reflections (Fig. 3a) starting at �33� and

�59� in the case of the sample obtained after 24 h of reaction

suggests that the reactants still exist in delaminated state. At

the end of 48 h (Fig. 3b) the layers have reacted to form the

composite with a basal spacing of 13.5 Å that corresponds

to the sum of layer thicknesses of the a-hydroxide (4.6 Å)

and GO (�6–7 Å). The reduced basal spacing of the composite

compared to that of the precursors (Fig. 2) indicate that the

surfactant ions are no longer present in the interlayer region

of the layered solids. Possibly, negatively charged GO sheets

are present in the interlayer region of the a-hydroxides com-

pensating for the positive charge on the anionic clay layers.

The absence of GO-related reflections in the composite fur-

ther indicates this possibility. As the reaction is carried on fur-
Fig. 1 – Schematic representation of the process involve
ther, the basal spacings of GO-intercalated nickel hydroxide

(Fig. 3c) and GO-intercalated cobalt hydroxide (Fig. 3d) de-

crease to 8.2 and 7.9 Å, respectively. The saw-tooth-shaped

broad reflections starting at �33� and �59� in both the sam-

ples indicate that the layer structure of the anionic clay is in-

tact. The reduced basal spacing in the composites obtained

after 3 days is due to the partial reduction of the intercalated

GO layers. In order to ascertain the nature of the GO layers

present in the intercalated solid, we leached out the inorganic

matter from the solid in acid. The pXRD pattern of the sample

after acid leaching (Fig. 3e) matches that of partially reduced

GO with a basal spacing of 4.3 Å. As the metathetic reaction

was carried in butanol, a reducing solvent, the basal func-

tional groups of the GO layers have been partially reduced.

Similar reductions have been reported earlier in other reduc-

ing media [36,37]. Thus the GO layers in the intercalated sol-

ids have a smaller layer thickness compared to the pristine

GO. This explains the low observed basal spacing for the

GO-intercalated a-hydroxides at the end of 3 days. The

carboxylic acid groups at the edges of the GO layers are not
d in the formation of GO-intercalated a-hydroxide.
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for 1 (a) and 2 (b) days; GO-intercalated a-nickel hydroxide (c)
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metathesis at the end of 3 days; GO obtained after acid

leaching of GO-intercalated a-cobalt hydroxide (e).
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Fig. 4 – pXRD pattern (a) and IR spectrum (b) of the sample

obtained on heating GO-CTA at 70 �C for 72 h.
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expected to get reduced under these conditions and these

groups contribute to the negative charge on the GO layers

which counters the positive charge on the hydroxide layers.

The layer charge (the exchangeable protons) on the partially

reduced GO, obtained after leaching out the hydroxide layers,

estimated by potentiometric titration using NaOH, [33–38]

was 3.9 mmol g�1. As the GO-intercalated a-hydroxide has

39% by mass of GO the total negative charge from the GO lay-

ers per gram of the composite is 1.6 mmol. The total positive

charge from the a-hydroxide layers per gram of the composite

is �2 mmol. Thus �80% of the positive charges on the hydrox-

ide layers are compensated by the carboxyl groups of the re-

duced GO layers.

In order to see if reduction of GO layers occurs under the

reaction conditions we heated GO-CTA in 1-butanol at 70 �C
for 72 h. The pXRD pattern and the IR spectrum of the product

obtained are shown in Fig. 4. The peak at �4 Å in the pXRD

pattern (Fig. 4a) due to partially reduced GO confirms that

reduction of GO occurs at the conditions of the composite for-

mation reaction. There is a small amount of unreduced GO as

indicated by the peak at 7.7 Å. In the IR spectrum (Fig. 4b) we

observe weak peaks corresponding to carboxylic acid groups

suggesting that these groups are not reduced under the con-

ditions of composite formation.

In Fig. 5 the IR spectrum of GO-intercalated a-nickel

hydroxide is compared with the spectra of the precursors

GO-CTA and Ni-OH-DS. In the case of GO-CTA (Fig. 5a), we ob-

serve a strong and broad absorption at 3500 cm�1 due to H-

bonded O–H and N–H stretching vibrations. The O–H/N–H
bending and C–N bending vibrations are observed at 1600

and 1050 cm�1 respectively. In addition, the absorptions spe-

cific to GO – at 1700 cm�1 due to C@O stretching and at

1376 cm�1 due to CAOH bending – are also observed. In addi-

tion to the absorption at 1600 cm�1, the alkylammonium ion

is expected to give a weak absorption in the range of 1550–

1480 cm�1. We do not observe this absorption because either

it is too weak or it overlaps with the C–H bending absorption

peak centered at 1470 cm�1. The C–H stretching vibrations of
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the alkyl chain of the amine are observed at around 2850–

2900 cm�1. The presence of the absorptions due to N–H and

C–H bonds is indicative of intercalation of CTA ions in the

interlayer of GO.

In the case of Ni-OH-DS (Fig. 5b) we observe a strong and

broad absorption at 3500 cm�1 due to hydrogen bonded hy-

droxyl groups, and the S@O stretching vibration of the sulfate

group at 1200 cm�1. In both GO-CTA and Ni-OH-DS the C–H

stretching vibrations of the methylene groups of the alkyl

chains of the surfactant are observed at 2850–2950 cm�1.

The nature of the C–H stretching absorption band (strong

peaks at 2850–2950 cm�1) suggests that the alkyl chains take

up all trans conformation [39,40]. If the chains were disor-

dered, the peak at 2920 cm�1 would be broad and weak.

The IR spectrum of GO-intercalated a-nickel hydroxide

(Fig. 5c) shows no features related to the surfactant anions

(CTA+ and DS�) indicating the removal of surfactant ions.

The bands due to C@O stretching and C–OH bending of the

GO layers are observed at 1700 and 1376 cm�1 indicating the

presence of GO layers in the sample. There are no absorptions

corresponding to any anion such as carbonate. These obser-

vations suggest that the negatively charged GO sheets are

intercalated in the interlayer region of the hydroxides for

charge compensation. The IR spectrum of GO-intercalated

a-cobalt hydroxide (Fig. 5d) is similar to that of the nickel

hydroxide analog.

The bright-field TEM image of the as-prepared GO-interca-

lated a-nickel hydroxide shown in Fig. 6, indicates the wrin-

kled sheet structure of the composite extending several

microns across.

Heat treatment of the GO-intercalated a-hydroxides is ex-

pected to reduce GO component of the solid to graphite [41]

and to convert the layered hydroxide component to nanopar-

ticles of oxides of cobalt/nickel to give G/metal oxide inor-

ganic composites. With the objective of making these G-

based composites, the GO-intercalated a-hydroxides were
Fig. 6 – Bright-field TEM image of the as-prepared GO-

intercalated a-nickel hydroxide.
subjected to decomposition at 300 �C in different atmo-

spheres. The pXRD patterns of the heat-treated samples are

shown in Fig. 7. On decomposition in air, the GO-intercalated
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Fig. 9 – Bright-field images of the GO-intercalated a-cobalt hydroxide decomposed at 300 �C in air (a) and the corresponding

SAED pattern obtained from the particles (b). The image from the sample heated in nitrogen atmosphere (c) and the

corresponding SAED pattern obtained from the particles (d).
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a-cobalt hydroxide shows peaks due to Co3O4 (Fig. 7a). No

peak due to GO or graphite is observed indicating that the

graphite formed is exfoliated.

When the composite was heated in nitrogen, peaks due to

CoO were observed (Fig. 7b). Similarly when GO-intercalated

a-nickel hydroxide was heated peaks due to NiO were ob-

served (Fig. 7c). In the above two cases a broad peak due to

the 002 reflection of graphite was observed at 2h = �25�
(d = 3.6 Å). The observed basal spacing is higher than that of

well-ordered graphite, 3.35 Å. The higher basal spacing may

be due to the presence of residual oxygen and hydrogen, indi-

cating incomplete reduction of GO. The 002 reflection of

graphite in these samples is very broad, suggesting that the

graphite component is very poorly ordered along the stacking

direction. This is an indication that these samples comprise

exfoliated graphite sheets.

The GO-intercalated a-cobalt hydroxide on heating at

300 �C in air (Fig. 8a) shows strong absorptions at 566 and

662 cm�1 due to decomposition of the layered hydroxide to

Co3O4. The IR spectrum of the decomposition product of

GO-intercalated a-nickel hydroxide (Fig. 8b) shows a peak at

532 cm�1 due to Ni–O stretching of NiO. The GO related peaks

at 1700 and 1376 cm�1 are absent in both the cases suggesting

the reduction of GO to G. The bright field images of the ther-
mal decomposition products of GO-intercalated a-cobalt

hydroxide are shown in Fig. 9a and c. In both the cases we ob-

serve crumpled sheets of graphene. The product obtained by

heating GO-intercalated a-cobalt hydroxide in air (Fig. 9a)

shows Co3O4 particles of diameter �2 nm uniformly distrib-

uted in the G matrix. The diffuse rings of the selected area dif-

fraction (SAED) pattern obtained from a particle (Fig. 9b) could

be indexed to the cubic spinel phase (JCPDS PDF: 9–418). The

sample obtained on heating the composite in nitrogen

(Fig. 9c) shows CoO particles of average diameter �2 nm in

G matrix. The hexagonal array of spots in the SAED pattern

(Fig. 9d) indicates the presence of ordered graphitic sheets

while the faint rings from the cubic CoO phase (JCPDS PDF:

9-402) are also seen in the pattern.

The bright field image of the thermal decomposition prod-

uct of GO-intercalated a-nickel hydroxide in Fig. 10a shows

�2 nm NiO particles uniformly distributed in exfoliated G ma-

trix. The SAED pattern (Fig. 10b) could be indexed to the cubic

NiO phase (JCPDS PDF: 4-0835).

The magnetic properties of the cobalt oxide based com-

posites were investigated by temperature dependent magne-

tometry. Fig. 11 displays the magnetization curves of G/

Co3O4 obtained by heating GO-intercalated a-cobalt hydroxide

in air (Fig. 11a) and G/CoO obtained by heating the same in



Fig. 10 – Bright-field images of the GO-intercalated a-nickel hydroxide decomposed at 300 �C in air (a) and the corresponding

SAED pattern obtained from the particles (b).
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nitrogen (Fig. 11b) measured at low temperature (T = 5 K). The

G/Co3O4 composite exhibits very weak ferromagnetism. It has

been earlier observed that nanoparticulate Co3O4 exhibits

weak ferromagnetism due to partial inversion of the spinel

structure and/or canted surface spins [42]. The G/CoO com-

posite exhibits superparamagnetism as expected for nanop-

articulate CoO.

4. Conclusions

Solution based metathesis between macromolecular sheets of

CTA-intercalated GO and DS-intercalated a-hydroxide could

be carried out in an organic solvent. The products were GO
sheet-intercalated a-hydroxides. These on decomposition

yield graphene/metal oxide composites. The metal oxide par-

ticles in these composites – Co3O4, CoO and NiO – are very

small (�2 nm) and these are uniformly distributed in the

graphene matrix.
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