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ABSTRACT In this work, single-layer layered double hydroxide (LDH) nanosheets were prepared by exfoliation of highly crystalline
Co-Al-NO3 LDH. Graphene oxide (GO) nanosheets were prepared by the exfoliation of natural graphite oxides in water. By utilizing
the hydrogen-bonding layer-by-layer self-assembly method, poly(vinyl alcohol) (PVA) hybrid films with highly oriented GO and LDH
were fabricated. By a simple and effective in situ reduction process, multilayer nanocomposite films containing monolayer dispersed
graphene and LDHs can be obtained. It was found that the π-conjugation network within the graphene nanosheets was gradually
recovered during the reduction process and a critical time for the formation of conductive paths for electron transfer was obtained.
The relatively complete reduced hybrid film exhibited significantly improved electrical conductivity compared with the unreduced
one. These heterogeneous composite films with monolayer dispersed and aligned graphene and LDHs are expected to find potential
applications in electrodes and multifunctional nanocomposites.
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INTRODUCTION

Novel carbon-based nanostructures such as buckmin-
sterfullerene, carbon nanotube, and diamond have
stimulated intense research over the past decades

owing to their exceptional properties (1-4). Recently,
graphene (G), as a single-atom-thick two-dimensional gra-
phitic carbon material, has attracted intense scientific inter-
est because of its extraordinary properties. It was anticipated
that graphenes can be used as supercapacitors, nanoelec-
tronics devices, chemical sensors, and mechanically rein-
forced composite materials (5-9). To date, G has been
primarily prepared by the chemical reduction of graphene
oxide (GO) because this is a convenient and cost-effective
route, holding the potential of large-scale preparation. How-
ever, the strong tendency of the monolayer graphene sheets
to agglomerate during the chemical reduction process se-
verely restricts the exploration of further applications
(10-12). It is of particular importance to prevent the G sheet
from aggregating and producing graphene films of uniform
thickness (e.g., monolayer) over a large area because most
of its unique properties are associated only with the single
layer of two-dimensional hexagonally packed carbon lattice.
The preparation of monolayer GO dispersed composite

materials and the subsequent in situ reduction is considered
as an effective method to fabricate G hybrid materials with
molecule-level dispersion and maximum interfacial interac-
tion between the nanofiller and the matrix (13, 14).

Layered double hydroxide (LDH), also known as anionic
or hydrotalcite-like clay, is consisted of positively charged
brucite-like layers and counteranions as well as water in the
interlayers. The layered structure and the anion-exchange
properties of LDH make them attractive because of their
potential applications in the fields of catalysis, separation,
sensors, and polymer nanomaterials (15-18). However,
LDH usually stacks together during the fabrication of nano-
composites because of the high charge density of the layers
associated with a high content of anions. Sasaki et al. and
Duan et al. prepared novel LDH/polyelectrolyte ultrathin
films by electrostatic layer-by-layer (LBL) self-assembly,
which has demonstrated with exceptional uniformity and
versatility (16-18). We also found that LDHs can be as-
sembled with polymers by hydrogen-bonding-based LBL
method (23).

Recently, the synthesis of organic-inorganic hybrid ma-
terials based on graphene has received much attention, as
these materials may show some special physicochemical
characteristics compared with their individual counterparts
(19-26). We found that GO and LDH can be LBL assembled
with poly(vinyl alcohol) (PVA) (one nonionic, water-soluble
polymer) based on hydrogen-bonding interaction, which can
widen the applications of graphene in the organic-inorganic
nanomaterial field. Herein, we describe a convenient strat-
egy for producing high-quality PVA/G and LDH hybrid film
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by in situ reducing the hydrogen-bonding assembled film.
The as-prepared multilayer hybrid films may find potential
applications in the electrical and magnetic fields because of
the potentially existed magnetic properties of Co-Al-LDH
and electrical properties of graphene (16, 22, 27, 28).

EXPERIMENTAL SECTION
Materials. PVA (Mw ) 85 000-124 000, 98-99% hydro-

lyzed) was purchased from Sigma-Aldrich. Natural graphite
powder (325 mesh) and 50% glutaraldehyde solution were
commercially obtained from Alfa-Aesar and Aladdin reagent,
respectively. 37% HCl, 98% H2SO4, N,N-dimethylformamide
(DMF), 50% hydrazine, 30% H2O2, KMnO4, CoCl2 · 6H2O,
AlCl3 · 6H2O, NaCl, NaNO3, and urea were supplied by China
Medicine Co.. All reactants were analytical purity and used as
received.

Synthesis and Exfoliation of Co-Al-NO3 LDH. Co-Al-NO3

LDH used in this study was synthesized on the basis of a
previous report with modification (16). First, CoCl2 · 6H2O (0.5
mmol), AlCl3 · 6H2O (0.25 mmol), and urea (1.75 mmol) were
dissolved in 50 mL of deionized water and then treated in a
Teflon-lined stainless steel hydrothermal cell at 98 °C for 24 h.
The resulting well-crystallized Co-Al-CO3 LDH was treated
with a salt-acid mixed solution (NaCl-HCl) to obtain the Co-Al-Cl
LDH. The Co-Al-NO3 LDH was prepared by treating the Cl-

intercalated LDH with a conventional anion-exchange process
using NaNO3.

A mixture of the Co-Al-NO3 LDH (0.1 g) and formamide
(100 cm3) was shaken vigorously at room temperature for 2
days to yield a transparent colloidal suspension. The suspension
was centrifuged at 2000 rpm for 5 min to remove the unexfo-
liated LDH nanoparticles.

Preparation of Graphene Oxide (GO) Nanosheets. A modi-
fied Hummers method was utilized to synthesize the oxidized
graphite powders (29). Typically, 2.5 g of natural graphite, 2.5 g
of NaNO3 and 7.5 g of KMnO4 were slowly added to 50 mL of
concentrated H2SO4 under vigorous stirring below 5 °C. The
mixture was then stirred continuously for 1 h at 35 °C to oxidize
the graphite. After that, 100 mL of water was added into the
mixture and the temperature was increased to higher than
90 °C, and the suspension was maintained at 95 °C for 15 min.
The mixture was then poured into 300 mL of deionized water,
after that 20 mL of H2O2 was added into the suspension. After
cooling to room temperature, the solid products were filtered,
subsequently washed with 5% HCl aqueous solution and water,
and dried to obtain graphite oxide.

The obtained graphite oxide was dispersed in DI water to
yield a yellow-brown suspension (1 mg mL-1). In a typical
exfoliation process, the suspension was ultrasonicated for 1 h
using an ultrasonication bath cleaner, and then centrifuged at
2000 rpm for 5 min to remove the unexfoliated graphite oxide
particles.

Layer-by-Layer Self-Assembly of Multilayer Films. PVA was
dissolved in DI water to obtain 1 wt % aqueous solution. Prior
to the deposition of the multilayer films, the quartz glass slides
were cleaned by treatment in a bath of H2SO4/H2O2 (3/1 by v/v)
for 1 h, and then thoroughly rinsed with deionized water and
dried under nitrogen flow. As shown in Scheme 1, the hetero-
geneous ultrathin films were fabricated by applying a cyclic
repetition of the following steps: (a) dipping the substrate into
exfoliated LDH suspension for 10 min, then thoroughly rinsing
it with DI water and drying under a nitrogen flow; (b) dipping
into an aqueous solution of PVA for 10 min, then rinsing with
deionized water and drying under nitrogen flow; (c) dipping into
an suspension of exfoliated GO for 10 min, followed by water
washing and nitrogen drying; (d) dipping into a solution of PVA
again for 10 min, followed by water washing and nitrogen

drying. A series of deposition operations were repeated n times
to produce multilayer films of (LDH/PVA/GO/PVA)n.

The as-prepared (LDH/PVA/GO/PVA)50 hybrid films were
cross-linked by immersing into 50% solution of glutaraldehyde
for 1 h (30). The thin films containing GO were then reduced
by immersing in hydrazine/DMF solution (0.5 mL 50% hydra-
zine/30 mL DMF) at 85 °C to obtain (LDH/PVA/G/PVA)50 films.

Characterization. Scanning electron microscope (SEM, Tes-
can) performed at an accelerated voltage of 20 kV was used to
observe the morphology of the LDH sample, natural graphite
and graphite oxide. A field emission scanning electron micro-
scope (SEM, JEOL JSM 6700F) was used to observe the cross-
section of the as-prepared multilayer film. X-ray diffraction
(XRD) experiments were conducted on a PANalytical (X’Pert
PRO) X-ray diffractometer using Cu KR radiation (λ ) 0.154 nm)
at an accelerating voltage of 40 kV and current of 40 mA. UV
absorption spectra were obtained on a Lambda 35-vis (Perkin-
Elmer) spectrometer. The surface topography and thickness of
the exfoliated LDH and GO nanosheets were examined using a
NanoScope IV atomic force microscope (AFM) from Digital
Instruments. For the characterization of electrical property, all
I-V measurements were made using a Keithley 4200 semicon-
ductor characterization system in ambient atmosphere at room
temperature. The measurements were performed under linear
sweep mode from -10 to 10 V and the separation between the
electrodes was 10 mm.

RESULTS AND DISCUSSION
During the past decades, carbon nanotubes were widely

investigated because of their great potential for fabricating
high performance materials. Graphene is essentially a car-
bon nanotube cut along its axis and unrolled to lay flat.
Becauseoftheirtwo-dimensionalplatelikestructures,graphene
and bilayers containing graphene are zero-gap semiconduc-
tors that exhibit larger aerial overlap than carbon nanotubes.
Many inorganic layered compounds can be exfoliated into
unilamellar nanosheets, which are 2D crystals with thickness
on a nanoscale but width on a microscale. By utilizing the
exfoliation-reassembly process, polymer chains can be
introduced into the reassembled layered compounds to
fabricate novel hybrid materials, which are difficult to
achieve by conventional methods.

Structure and Morphology of LDH and Its
Exfoliated Nanosheets. Figure 1 shows a typical SEM
micrograph of Co-Al-CO3 LDH sample with well-defined
hexagonal shape. The urea hydrolysis method and hydro-
thermal treatment were combined in this study to prepare

Scheme 1. Schematic of Layer-by-Layer Assembly
Procedure
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the highly crystallized Co-Al-CO3 LDH. The XRD curve of
Co-Al-CO3 LDH in Figure 2a clearly indicates the high
crystallinity of the sample. Co-Al-Cl LDH was employed
as the intermediated product because it is difficult to produce
fully NO3

- or bipolar ion intercalated LDH from Co-Al-CO3

LDH directly. The XRD pattern of Co-Al-Cl LDH in Figure
2b shows that the decarbonation was effective and success-
ful. The basal spacing of LDH was slightly increased from
0.75 nm (for CO3

2- intercalated LDH) to 0.78 nm by the
incorporation of Cl-. As the NO3

- intercalated LDH was
found to possess excellent delamination behavior,
Co-Al-NO3 LDH was synthesized via a conventional anion-
exchange process from Co-Al-Cl LDH. As shown in Figure
2c, when being further exchanged by NO3

-, the interlayer
spacing of LDH was increased to 0.89 nm.

By the exfoliation of LDH in formamide, a transparent
and pink colloidal suspension can be obtained. The XRD
curve of the gel-like aggregate freshly obtained by centrifu-

gating the LDH suspension for 20 min at 30,000 rpm is
shown Figure 2d. It can be seen that the obtained unilamellar
LDH nanosheets showed only a very broad halo in the 2θ
range of 20-30°, arising from the scattering of liquid
formamide within the gel-like aggregate of LDH. The absence
of the sharp basal reflections of the powdery Co-Al-NO3

LDH sample indicates the collapse of the ordered layer
structure, that is, formation of completely exfoliated struc-
ture of LDH. Figure 3a displays the tapping-mode AFM image
of LDH nanosheets. Although some fragments of LDH
platelets can be seen, nanosheets with lateral dimensions
larger than several hundred nanometers can be clearly
observed. The height profile (by scanning along the white
line marked in Figure 3a) of the nanosheets was shown in
Figure 3b. The crystallite terrace of the nanosheets was flat,
with an average thickness of about 0.8 nm, which indicated
the successful delamination of LDH.

Fabrication and Characterization of Graphite
Oxide and Its Exfoliated GO Nanosheets. To date,
graphene can be produced by mechanical cleavage, exfo-
liation of highly ordered pyrolytic graphite, epitaxial growth,
reduction of graphene oxide (GO), etc. Among them, the
chemical reduction of GO is considered as the most conve-
nient method. Graphite oxide in this study was synthesized
from natural graphite powder by a modified Hummers
method. Figures 4 and 5 show the SEM micrographs and

FIGURE 1. SEM micrograph of the as-prepared Co-Al-CO3 LDH.

FIGURE 2. XRD patterns of LDH with different intercalated anions
as well as the exfoliated LDH powder obtained after centrifugation
from LDH colloidal suspension.

FIGURE3.Tapping-modeAFMimageoftheexfoliatedLDHnanosheets
deposited on a fresh mica substrate.
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XRD curves of natural graphite and the as-prepared graphite
oxide, respectively. It can be seen that the oxidized graphite
lost their platelet structure and the crystallinity was compa-
rably decreased after the oxidization. The intense and sharp
peak at 2θ ) 26.7° of natural graphite shifted to 11.1°,
indicating that the interlayer gallery of graphite oxide was
expanded from 0.33 to 0.79 nm by the incorporation of
various functional groups.

Because of the hydrophilic nature of the oxygenated
graphite layers, it is easy to exfoliate in aqueous media. The
XRD curve of the gel-like aggregate freshly obtained by
centrifugating the GO suspension for 30 min at 30 000 rpm
is shown in Figure 5c. It can be seen that the diffraction peak
of graphite oxide at 2θ ) 11.1° disappeared, indicating
complete exfoliation of graphite oxide. The very broad halo
in the 2θ range of 20 - 35° was attributed to the scattering
of water within the gel-like aggregate of GO. In addition, it

was interesting to observe that the GO aggregate showed a
weak peak at about 2θ ) 7-9° (with lower diffraction angle
than that at 2θ ) 11.1° because of the intercalation of water)
when the aggregate was deposited in the air for several
minutes. Usually, the exfoliated nanosheets stably exist in
their delaminating liquid or media as a colloidal suspension;
however, they may reassemble easily when the colloidal
system is destroyed. The exfoliated GO restacks much
quicker than LDH nanosheets, probably because the GO
nanosheets are very soft and can be wrapped up easily by
forming aggregates, thus being unable to stably exist without
the solvent. The tapping-mode AFM image of the exfoliated
GO nanosheets is shown in Figure 6a. As indicated by the
height image (Figure 6b), the nanosheets were rather flat and
the average thickness was determined to be about 0.8-0.9
nm.

Fabrication and Reduction of LDH/PVA/GO/
PVA Multilayer Hybrid Films. As the control of the
periodic structures of the hybrid materials over large areas
is essential for functional nanomaterial applications, LBL was
considered as one of the best methods for fabrication of
graphene nanomaterials. The force of hydrogen bonding,
which is arguably the strongest van der Waals interaction,
was employed as the driving force for LBL assembly in this
study (23, 30). PVA, as one kind of uncharged, water-soluble
polymer widely used in the materials science, can be LBL
self-assembled with GO and LDH because of the hydroxyl,
epoxide, and carboxylate groups on the surface of GO and
hydroxyl groups on the surface of LDH nanosheets. It has
been reported that hybridization of nanoparticles with other
functional nanomaterials usually enhances the attributes of
each of the components (22, 31, 32). In this contribution,
graphene and LDH were combined together to fabricate the
hybrid nanomaterials, which are anticipated to possess
multifunctional properties.

As shown in Figure 7a, the subsequent growth of multi-
layer films was monitored by UV-vis spectroscopy after
each deposition cycle. Figure 7b shows the dependence of
absorbance at 228 nm against the number of deposition

FIGURE 4. SEM micrographs of (a) natural graphite and (b) graphite
oxide.

FIGURE 5. XRD patterns of (a) graphite, (b) graphite oxide, and (c)
the aggregate obtained by centrifugation from colloidal suspension
of exfoliated GO nanosheets.
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units. It can be seen that the absorption increased linearly
with the increase in deposition cycles, which indicates a
stepwise and regular film growth in thickness.

XRD was also employed to characterize the periodic
nanostructure of the multilayer films. As shown in Figure 8,
the obtained (LDH/PVA/GO/PVA)n ultrathin films exhibit a
Bragg peak at about 2θ ) 6.4°, which was attributed to the
so-called superlattice reflection of the inorganic/organic
periodic nanostructure. It can be seen that the Bragg peak
increased as the number of deposition cycle increased.
According to the XRD results, the average thickness of one
bilayer is calculated to be about 1.4 nm. Therefore, the
thickness of multilayer film with 50 units (100 bilayers) is
about 140 nm. SEM was employed to observe the side view
of (LDH/PVA/GO/PVA)50 film. Figure 9 clearly shows a lay-
ered structure of the LBL film with a thickness of about
200-300 nm, which was comparably larger than that
estimated from the XRD results. That is probably because
the LBL assembly is a dynamic process. During the deposi-
tion of the multilayers, some weakly bonded polymer chains
and nanosheets may be desorbed from the substrate and
then reabsorbed to the newly deposited multilayer films.
This means that the actual deposition layers may be larger
than the real deposition cycles thus leading to a larger film
thickness. Besides that, the experimental errors brought
about by the XRD and SEM measurements may also lead to
the inconsistency in the thickness values.

As the functional groups bonded on graphene oxide and
other atomic-scale lattice defects affect the electrical trans-
port, the reduction of electrically nonconductive GO to highly
conductive graphene (G) is necessary. The as-prepared films
were reduced by hydrazine to obtain the (LDH/PVA/G/PVA)50

multilayer films. As the LBL films are very thin and not as
compact as the bulk PVA films, the hydrazine can penetrate

FIGURE 6. Tapping-mode AFM image of the graphene oxide
nanosheets deposited on a fresh mica substrate.

FIGURE 7. (a) UV absorption spectra of the multilayer (LDH/PVA/
GO/PVA)n films; (b) absorbance at 228 nm versus the number of
deposition cycles.

FIGURE 8. XRD patterns of the multilayer assembled films of (LDH/
PVA/GO/PVA)n.
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into the multilayer films thus leading to the relatively com-
plete reduction of GO. Figure 10 shows the UV spectra of
the LBL films experienced the reduction treatment by hy-
drazine for different time (from 5 min, 15 min, 30 min, to 6
to 12 h). The unreduced (LDH/PVA/GO/PVA)50 film showed
an absorption peak centered at 228 nm and a shoulder at
about 300 nm, which could be assigned to π f π * transi-
tions of aromatic C-C bonds and nf π * transitions of CdO
bonds, respectively. After the reduction treatment, the
absorption of the films in the whole spectral region increased
and the main absorption peaks of the films red-shifted
gradually from 228 to 272 nm (for 12 h reduction treatment).
And, the shoulder absorption peak at higher wavelength
became undiscernible gradually. All these observations are
indicative of the gradual restoration of the π-conjugation
network within the G nanosheets. Moreover, it was found
that the red shift of the UV absorption peaks was significant
in the early stage of reduction process, and gradually became
slow after reducing for more than 30 min. These results were
consistent with the macroscopic phenomenon. The inset
digital photographs show the films after reduction treatment
for 0, 5, and 30 min. It can be seen that the transparent
yellow-brown multilayer film was changed into black color
significantly after reduction only for 5 min. After reduction
treatment for more than 30 min, the films became very dark

and thus the logo printed on the paper under the film cannot
be clearly discerned. This was consistent with the significant
increase in the absorption in the whole region in the UV
spectra.

Figure 11 shows the I-V curves of the (LDH/PVA/G/PVA)50

films that were reduced for different time. It was found that
both the unreduced and the film reduced for 5 min were
insulative and did not show any clear electrical signals. A
reduction time of 15 min is the critical time for the formation
of conductive paths for electron transfer. Although the UV
results indicated that a considerable part of the conjugated
network of graphene was recovered after being reduced for
15 min, the electrical current was very low as the presence
of a small amount of defects may severely affect the electron
transfer. As the current for the 15 min reduced sample was
too low to be distinguished from the unreduced film, its I-V
curve was not included in Figure 11. After being reduced for
more than 30 min, the films became well-conductive, and
the electrical conductivity was increased with increasing
reduction time. The color change from brown to black
discussed above only indicates the partial restoration of the
π-conjugation network within the graphene nanosheets.
When most of the epoxide groups were restored to CdC
upon reduction, the electrons can be smoothly transferred
in the whole range of the hybrid films, thus leading to a
significant improvement of electrical conductivity. The UV
spectra, photographic evidence combined with the electrical
measurements, demonstrate the successful fabrication of
conductive hybrid films of PVA with graphene and LDH. The
as-prepared conductive films can be potentially used in
electrode and nanocomposite material fields. By adjusting
the film thickness (the deposition units) and the reduction
extent of GO, the films can be used as controllable electrode
and switches. Moreover, the potential magnetic properties
of Co-Al-LDH can also be combined with the electrical
properties of the assembled hybrid films, which may find
wider applications as the magnetic-electric sensors. The
research work in these aspects is still in progress.

CONCLUSIONS
In this contribution, single-layer LDH nanosheets with

thickness of 0.8 nm were obtained by delaminating the

FIGURE 9. Side view of SEM image of the (LDH/PVA/GO/PVA)50

ultrathin film.

FIGURE 10. UV absorption spectra of the (LDH/PVA/G/PVA)50 films
that were reduced for different time. The inset graph shows the
digital photograph of the unreduced and reduced LBL films.

FIGURE 11. Current-voltage plots of the (LDH/PVA/G/PVA)50 film
samples that were reduced for different time.
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anion-exchanged Co-Al-NO3 LDH. Graphene oxides with
thickness of about 0.8-0.9 nm were prepared by the
exfoliation of natural graphite oxide powders. By utilizing
the hydrogen bonding interaction of both PVA/GO and PVA/
LDH, uniform and molecular-level-ordered multilayer hybrid
films were fabricated. UV spectroscopy, XRD, and SEM were
employed to characterize the as-prepared multilayer films.
It was found that the electrical conductivity of the in situ
reduced film was significantly improved compared with the
unreduced one, and the electrical conductance of the re-
duced film was improved with increasing reduction time.
The heterogeneous films with monolayer dispersed graphene
and LDH nanosheets are expected to find potential applica-
tions in the magnetic and electrical fields due to their
structural diversity and combined functionality. This study
possesses a significant advantage for miniaturization of
conductive film devices and may open a new way for
fabricating ultrathin PVA hybrid films with multifunctional-
ity.
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