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Novel three-dimensional nanostructured Ni-Al layered double hydroxide (NiAl-LDH) films on sulfonated
silicon substrates have been successfully fabricated using a facile biopolymer-induced approach. The
structure and morphology of materials were investigated by scanning electron microscopy (SEM), pow-
der X-ray diffraction (XRD), chemical analysis, X-ray photoelectron spectrum (XPS) and high-resolution
transmission electron microscopy (HRTEM). The results revealed that unique self-organized NiAl-LDH
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Film by varying the concentration of initial metal ions with the assistance of sodium alginate. A possible forma-
Sodium alginate tion mechanism for NiAl-LDH film is proposed, on the basis of the interactions between sodium alginate
Nanosheet molecules and NiAl-LDH crystals and between NiAl-LDH crystals and sulfonated substrate. Furthermore,

as-formed NiAl-LDH film showed good catalytic activity for the growth of uniform carbon nanofibers with
the width of about 200 nm by catalytic chemical vapor deposition of acetylene. The findings in this work
are meaningful in understanding the fabrication process of architectures of layered materials on plane
substrates and may provide a feasible approach for the control of the microstructure of other functional

Carbon nanofibers

LDH films.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Layered double hydroxides (LDHs), known as synthetic anionic
clays, are a class of brucite Mg(OH),-like layered inorganic
materials by stacking layers along c-axis [1-3]. LDHs have the
general formula [M_,2*My3*(OH), [¥*(A""),n*mH,0, where the
M2* (Mg2*, Ni2*, Co%*, Cu?* or Zn?*) and M3* (AI3*, Fe3*, Cr3* or
Ga3*) cations are divalent and trivalent metal ions coordinated
octahedrally by hydroxyl groups to form infinite two-dimensional
layers by edge-sharing, and the A" anion is located between
the layers to form stacked layer by electrostatic interactions with
positively charged layers. Owing to the characteristic of tunable
compositions and exchangeable anions, LDH materials have been
widely used as catalysts, catalyst supports, stabilizers in polymer
composites, drug delivery materials, adsorbents for wastewater
treatment, molecular precursors for chemically tailored func-
tional materials and matrix materials in hybrid composites, etc.
[4-9].

Currently, considerable efforts have been devoted to the
microstructure-controlled fabrication of LDH films or coatings built
on different substrates at low temperatures from aqueous solu-
tion for the purpose of developing various novel applications.
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Some fabrication methods for organizing primary building units
into special three-dimensional hierarchical nanostructures of LDH
particles on plane substrates have been reported mostly by col-
loidal assembly technique using colloidal nanocrystals [10-14]
or delaminated nanosheets of LDHs as building blocks or by
in situ crystallization technique involving direct growth of LDH
crystallites [15-19]. For example, O’'Hare and coworkers have
investigated the growth of oriented hybrid cobalt-based LDH
films on organically functionalized Au and Si substrates [20].
More importantly, these nanostructured LDH films are found to
have potential applications as monolithic catalysts [18], corrosion-
resistant materials [19], biosensors [21] and modified electrode
materials [22].

On the other hand, since the morphological diversity of
inorganic materials has a significant impact on functional diver-
sification and potential applications, control of the unusual
morphology and size of nanomaterials is stimulating worldwide
interests in areas of materials science [23-28]. In particular,
biomolecule-assisted approach has been found to exhibit a
more promising and tremendous potentials for controllably orga-
nizing small lower dimensional primary species into various
complicated three-dimensional ordered nanostructures [29-33],
as a result of the fact that biomolecules including polypep-
tides, proteins and viruses have special structures and attracting
self-assembling functions for novel nanomaterials as structure-
directing agents.
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Table 1
The synthesis parameters for LDH films.

Samples  Sulfonation time for Dosage of sodium Total concentration of
Si substrate (h) alginate (g) initial metal ions (M)

LDH-a 72 1.2 0.075

LDH-b 120 1.2 0.075

LDH-c 120 0 0.075

LDH-d 120 1.2 0.045

LDH-e 120 1.2 0.30

Considering that the nucleation and growth processes for the
formation of inorganic films have significant effects on their
microstructure and morphology, it remains a big challenge to
develop more effective and facile protocols for the control of
microstructure of individual LDH crystallites on certain substrates
for practical use in devices in current LDH research. Up to now,
there has been no report of the direct growth of LDH films on inor-
ganically modified silicon substrates with the assistance of organic
template. In this contribution, we established a low-temperature
and environmentally benign surfactant-free approach to fabricate
three-dimensional nanostructured NiAI-LDH films on sulfonated
silicon substrate in the presence of water-soluble biopolymer
(sodium alginate). The results indicate that sodium alginate may act
as organic template to induce the formation of special curved NiAl-
LDH nanosheets on substrate. Moreover, it is found that the quite
uniform carbon nanofibers (CNFs) could be achieved by catalytic
chemical vapor deposition (CCVD) of acetylene over as-formed
NiAI-LDH film.

2. Experimental section
2.1. Sulfonation of Si substrate

A piece of silicon wafer was first cleaned ultrasonically by
acetone and ethanol for eliminating any greasy track and then
abundantly rinsed with distilled water. The surface of clean sili-
con substrates was sulfonated by dipping in 98% sulfuric acid for
72 or 120 h at room temperature. It is then ultrasonically washed
with deionized water, and dried under N, gas flow.

2.2. Fabrication of LDH films

All chemicals were supplied by Beijing Chemicals Co. Ltd., and
were used as received. In a typical synthesis, urea, Ni(NO3), and
AI(NO3)3 with the Ni2*/AI3* molar ratio of 2.0 and the molar ratio
of urea to metal cations of 2.7 were dissolved in 80 mL of deion-
ized water to present a clear solution with the total concentrations
of metal cations of 0.075 M. Sequentially, 1.2 g of sodium alginate
was added into the solution. Then, 10 mm x 20 mm sulfonated Si
substrate was immersed into above solution for 2 h. The result-
ing solution was transferred to 100 mL of Teflon-lined autoclave
and treated at the temperature of 80°C for 48 h. The as-formed
NiAl-LDH film and NiAI-LDH precipitate collected from solution
were washed with deionized water for four times, and then dried
at 70°C for 12 h in air. For comparison, we also synthesized NiAl-
LDH film without the introduction of sodium alginate. The synthesis
parameters of all NiAI-LDH film samples are listed in Table 1.

2.3. Growth of CNFs

CNFs were prepared in a quartz tube inside a horizontal tube fur-
nace equipped with mass controller and temperature-programmed
control by CCVD of acetylene. After loading NiAl-LDH films in an
alumina boat, the furnace was firstly raised to 500 °C with 5 °C/min
under nitrogen gas flow (flow rate: 60 standard-state cm3 min~!
(sccm)). When reaching 500 °C, H, gas (6 sccm) was introduced and

the temperature was maintained for 40 min. Subsequently, H, gas
was switched off and the furnace was further heated to 700 °C, and
CyH; gas was switched on with a flow rate of 6 sccm. The tempera-
ture was maintained at 700 °C for 60 min. After the reaction, N, gas
was continued till the furnace was cooled to room temperature.

2.4. Characterization

X-ray photoelectron spectra (XPS) of samples were recorded on
a Thermo VG ESCALAB250 X-ray photoelectron spectrometer at a
pressure of about 2 x 10~ Pa using Mg Ka radiation at 1253.6eV
as the excitation source. The binding energy (BE) calibration of the
spectra has been referred to carbon 1s peak, located at BE=284.8 eV.

Powder X-ray diffraction (XRD) patterns of samples were col-
lected using a Shimadzu XRD-6000 diffractometer under the
following conditions: 40 kV, 30 mA, graphite-filtered Cu K« radi-
ation (A =0.15418 nm). The samples were step-scanned in steps of
0.04° (260) using a count time of 10 s/step.

Elemental analysis for metal ions in samples was performed
using a Shimadzu ICPS-75000 inductively coupled plasma emis-
sion spectrometer (ICP-ES). Solutions were prepared by dissolving
the samples in dilute hydrochloric acid (1:1).

Scanning electron microscopy (SEM) microanalyses of samples
were made using a Hitachi S4700 apparatus with the applied volt-
age of 20kV.

High-resolution transmission electron microscopy (HRTEM)
was taken on a JEM-3010 transmission electron microscope. The
sample for this characterization was prepared by dipping carbon
coated copper TEM grids with dilute ethanol suspensions of the
sample powder.

3. Results and discussion
3.1. Fabrication and morphology of NiAl-LDH films

It has been reported by Lei and coworkers that the oriented
MgAI-LDH films were formed on sulfonated polystyrene sub-
strates [15]. In our case, silicon substrates were sulfonated with
concentrated sulfuric acid in order to produce ionized surfaces
for immobilization of NiAl-LDH crystallites. The surface chemical
states of sulfonated substrates obtained are analyzed by XPS within
a range of binding energy (BE) of 0-1200 eV (Fig. 1). Core levels of
Si 2p, S 2p and O 1s can be identified, and no other contaminant
species are detectable. The fine spectrum of the S 2p peak present in
the inset shows a BE value of 168.7 eV, corresponding to the bond-
ing of sulfur in sulfonate groups. The results prove that sulfonate
groups were grafted onto silicon substrate. Moreover, the extent
of sulfonation of silicon substrate (i.e. the surface coverage of sul-
fonate groups) increases with reaction time, as determined by the
values of S/Si ratio measured by XPS (0.23 for 72 h and 0.30 for
120h, respectively).

The phase purity of NiAl-LDH obtained in the presence of sodium
alginate using the total concentration of metal ions of 0.075 M was
determined by XRD. As shown in Fig. 2a, the XRD pattern of as-
deposited NiAl-LDH powder scraped from substrate of LDH-b film
presents the characteristic reflections of hydrotalcite-like materi-
als with a series of wide symmetric (00!) peaks at low 26 angles
corresponding to the basal spacing around 7.8 A and high order
diffractions [2], indicative of carbonate as charge compensating
anions in the interlayer. No other crystalline phases are detected.
The wide reflection peaks indicate the nature of small crystallite
size. Consequently, the coherent diffraction domain size (thickness
of sheet) of NiAl-LDH crystallites in the c direction (the stack-
ing direction, perpendicular to the layers), which is estimated by
means of the Scherrer equation [34], is about 4.2 nm. Additionally,
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Fig. 1. Representative XPS survey of sulfonated Si substrate (inset: S 2p spectrum).

NiAI-LDH precipitate collected from aqueous solution under the
identical experimental conditions also exhibits the characteristic
reflections of LDH phase (Fig. 2b). In comparison with those of
NiAl-LDH powder scraped, the (001) peak intensities of NiAl-LDH
precipitate are enhanced in spite of little change of the full width of
(001) peaks, suggesting that the crystallinity of LDH precipitate is
higher but the thickness of LDH crystallites is still identical to that
of LDH crystallites grown on substrate.

SEM images of NiAl-LDH films obtained in the presence of
sodium alginate are shown in Fig. 3a-d. It is seen that a small
amount of particulate or disorder platelet-like precipitate of LDH-a
film is dispersed on substrate with low surface coverage of sul-
fonate groups (Fig. 3a and b), while NiAl-LDH layer of LDH-b film
presents a regular three-dimensional architecture on substrate
with high surface coverage of sulfonate groups (Fig. 3c and d).
The result indicates that the formation of high-quality LDH film
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Fig. 2. XRD patterns of NiAl-LDH scraped from LDH-b film (a) and NiAl-LDH precip-
itate collected from aqueous solution (b).

is dependent on the sulfonation level for silicon substrate. Closer
observation from high-magnification SEM image (Fig. 3d) shows
that such architecture of LDH-b film is built by unusual curved and
intercrossed nanosheets. The thickness of nanosheets is observed
to be approximately 5-10 nm, consistent with the above XRD result.
The kind of novel NiAl-LDH architecture has not been reported
before. In comparison with LDH films reported in the literature
[15], the sheets of LDH crystallites in LDH-b film are much thin-
ner and the feature of curved nanosheets is more remarkable. It
suggests the existence of templating effect of sodium alginate on
the formation of LDH crystallites. Also, it can be clearly seen from
Fig. 3e that the morphology of LDH-c film prepared by conven-
tional method without sodium alginate is quite different from that
of LDH-b film. The high-magnification image reveals that NiAlI-LDH
layer only exhibits a compact arrangement of nanoparticles with
roughly spherical shape (Fig. 3f). The formation of LDH-c film in the
absence of sodium alginate should involve transportation of metal
cations to the sulfonated substrate surface, adsorption and enrich-
ment of the cations on the substrate, followed by the nucleation and
growth of LDH crystals. The above results confirm that the introduc-
tion of sodium alginate can play the role of inducing the formation
of curved nanosheets of LDH crystals, in spite of instinct hardness
and rigidity of tightly stacking LDH layers [2,35]. The reasons are
explored in detail in the following sections.

To further investigate the microstructure of LDH-b film, NiAl-
LDH nanosheets scraped from substrate were characterized by
HRTEM. The typical image of an individual nanosheet (Fig. 4a) indi-
cates clearly the sheet-like feature of NiAl-LDH crystallites, which
agrees with the broad reflection peaks in XRD pattern. HRTEM
image in Fig. 4b indicates the presence of an interplanar distance of
about 0.24 nm that is characteristic of (0 1 2) plane, further confirm-
ing the formation of well-crystallized LDH phase. On the other hand,
interestingly, as shown in Fig. 5a, LDH precipitate formed in aque-
ous solution presents a marigold-like spherical superstructure with
the average diameter of about 1.0 pm, where all nanosheets formed
almost keep nearly perpendicular to the spheres and become
compact and uniform. High-magnification SEM image in Fig. 5b
illustrates that these microspheres consist of a large number of
intercrossed and curved or contorted nanosheets with the thick-
ness of ~10nm, which are similar to those building blocks of
three-dimensional LDH architecture in LDH-b film. It is well known
that owing to their anisotropic structure consisting of a hexagonal
planar layer arrangement of octahedral oxygen-coordinated metal
ions [2], LDH materials usually tend to exhibit the morphological
characteristics of hexagonal platelets, in which the a and b dimen-
sions (parallel to the layers) are much larger than the ¢ dimension
(perpendicular to the layers). Thanks to this intrinsic feature of
crystal structure, marigold-like spherical superstructure of LDH
particles formed in aqueous solution, like other unique ordered
superstructures of belt-like, flower-like, hollow shell shaped ones
and so forth reported in the literature [36-41], could be synthe-
sized by self-assembly approach of metastable building blocks of
LDH nanosheets under experimental conditions.

The aforementioned XRD, SEM and HRTEM results verify con-
clusively that NiAI-LDH layer on substrate and NiAl-LDH precipitate
formed in solution have same interior microstructure and phase of
LDH crystallites. Furthermore, elemental analysis by ICP-ES gives
the Ni/Al atomic ratio of about 2.1 for LDH-b film and LDH precipi-
tate in aqueous solution, which is consistent with that in the initial
synthesis mixture. It indicates that there is no preferential enrich-
ment of AI3* over Ni?* on substrate surface in spite of its higher
charge density. As a result, the LDH nanosheets in LDH film are
closely related to the nanosheets constructing marigold-like LDH
microspheres in aqueous solution.

Total concentrations of initial metal ions were further var-
ied in order to investigate the growth process of nanostructured
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Fig. 5. SEM images of NiAl-LDH precipitate collected from aqueous solution.
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Fig. 6. SEM images of NiAl-LDH films obtained in the presence of sodium alginate using different total concentrations of initial metal ions. (a and b) 0.045M and (c and d)

03M.

NiAl-LDH films. It is apparently observed from Fig. 6a thatif the total
concentration of metal ions was reduced to 0.045M but keeping
other reaction conditions constant, a small quantity of sheet-like
NiAl-LDH particles are dispersed on substrate. As shown in Fig. 6b,
although some curved NiAl-LDH nanosheets connects with each
other in LDH-d film, the distance between them is relatively wider,
that is, the distribution of NiAl-LDH nanostructure is sparser, com-
pared to those in the case of total concentration of metal ions
of 0.075 M. When the total concentration of metal ions is further
increased to 0.3 M, one can find from Fig. 6¢c that well-defined
architecture of NiAl-LDH particles in LDH-e film formed is com-
posed of a larger number of more densely packed intercrossed and
curved nanosheets. Note from Fig. 6d that formed nanosheets with
the thickness of about 10-15 nm connect closely together and get
larger. The reason is that increasing the total concentration of metal
ions might make more metal ions interact with sodium alginate
molecules, which can significantly promote the growth of NiAl-LDH
crystals on substrate. With the total concentration of metal ions,
however, the increase in stacking thickness of nanosheets cannot
be obviously observed. In addition, with the increasing concentra-
tion of metal ions, NiAl-LDH aggregates collected from solution
also presents more densely packed marigold-like morphology of
microspheres, which well agrees with the change of NiAl-LDH
architecture on substrate. The results elucidate that increasing total
concentration of initial metal ions leads to both little change in the
thickness of nanosheets and the progressive increase in the lat-
eral dimension of nanosheets, suggesting that the crystal growth of
NiAl-LDH on substrate is preferential along a direction. As a result,
it can be concluded that the total concentration of metal ions has a
crucial influence on the growth of NiAl-LDH nanosheets, and high
total concentration of metal ions facilitates the formation of more
densely packed three-dimensional architectures.

3.2. The formation mechanism for LDH films

It is well known that sodium alginate is a naturally derived lin-
ear anionic copolymer originated from 1,4-linked 3-pD-mannuronic
acid (M-block) and a-L-guluronic acid (G-block) residues [42,43].

There are a large number of negatively charged carboxyl groups
within its skeletal framework, which are hydrophilic groups and
can provide coordination sites with chelating cations when it is
plunged into aqueous solution. Therefore, sodium alginate may
act as a kind of organic biomineralization template to induce the
formation of special morphologies for inorganic materials.

In the present synthesis system, Ni?* and AI** ions in aqueous
solution can form coordination complexes with carboxyl groups of
sodium alginate through the electrostatic attraction. At the tem-
peratures of 80°C, urea, a very weak Brensted base (pKj,=13.8)
[44], will hydrolyze slowly and give NH4*, CO, and OH~ [45], thus
raising the pH value of aqueous reaction solution. Consequently,
Ni2* and AI3* ions can coprecipitate homogeneously and form NiAl-
LDH crystal nuclei in bulk solution. Sequentially, the nuclei grow
into small crystals. Meanwhile, sodium alginate molecules dis-
solved in water form regular self-assembled organic superstructure
with the flexural or tortuous chains, and are inclined to attach
on the (110) lattice surface due to the fact that LDH crystals
most commonly grow faster in (110) plane than in (003) plane
[46], which inhibits the stacking of LDH nanocrystals into larger
platelets in three-dimensional orientation. Moreover, it can be sup-
posed that the quite thin sheet-like layers of LDH crystals can be
deformed by applying a bending force originating from coordi-
nation sites of sodium alginate molecules with metal ions at the
curved inorganic-organic interfaces, which weakens the bonding
interaction on the atomic scale [47], thus leading to the formation
of the curved nanosheets.

In bulk solution, primary NiAl-LDH nanosheets freely form
aggregate and self-assemble into ordered three-dimensional
superstructure in order to minimize their surface energy. On the
contrary, when the strong electrostatic interaction between the
positively changed lattices of NiAl-LDH nuclei and the negatively
charged sulfonated substrate surface becomes favorable, these
nuclei attaching to sodium alginate molecules are energetically
adsorbed on substrate surface, and thus the subsequent growth
of NiAI-LDH crystals is restricted on substrate. Finally, the random
orientation of curved NiAl-LDH nanosheets formed at the phase
boundary further constructs three-dimensional nanostructured
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Fig. 7. Schematic illustration of the possible formation mechanism for three-dimensional nanostructured NiAl-LDH film. (A) Electrostatic attraction between metal ions and
carboxylic groups of sodium alginate; (B) Sodium alginate-induced nucleation of LDH crystals; (C) Adsorption of LDH crystals on sulfonated substrate surface; (D) Growth of

LDH nanosheets.

films. However, the anchored sulfonate groups could be resolved
from the surface of Si substrate after the reaction due to high
pH value of solution and long reaction time, evidenced by the
fact that no S species is detectable from XPS analysis of LDH-b
film. In general, the formation of NiAl-LDH architecture proceeds
by the nucleation in bulk solution, the surface adsorption of
nuclei on substrate and oriented growth of LDH crystals. Fig. 7
illustrates schematically the possible formation mechanism of
three-dimensional nanostructured NiAl-LDH film with the assis-
tance of sodium alginate.

3.3. The growth of CNFs

Fig. 8 shows the SEM images for as-synthesized carbon mate-
rials over LDH-b and LDH-c films. It is clearly seen that the use of
LDH-c film results in the formation of twisting CNFs with nonuni-
form diameters and coarse surface (Fig. 8a and b). In contrast, it
is observed that a large number of uniform CNFs with the identi-

cal width of about 200 nm distributed in random orientation in a
wide field over the LDH-b film (Fig. 8c), and the length of the fibers
reaches to several tens micrometers. Additionally, dark/light con-
trasts are clearly observed along the axial direction of fibers. The
light contrast at the top of the carbon fibers corresponds to large
catalyst particles with the uniform size identical to the width of
fibers, suggesting a top growth mechanism of CNFs. A close obser-
vation reveals that each individual fiber is uniform with the average
width of 200 nm, and that in most cases there is another slim zigzag-
like fiber with the width of about 40 nm attaching on the surface
of main CNFs (Fig. 8d). This type of carbon nanostructure is, how-
ever, less observed or reported in previous studies and may have
potential applications in the fields of catalysis, adsorption and other
areas.

It is well known that during high temperature CCVD of car-
bonaceous gas, transition metals (iron, nickel, cobalt and their
alloys) supported over materials with high surface area can be
used as active catalysts for the growth of CNFs [48-51]. As for LDH

Fig. 8. SEM images of CNFs obtained over LDH-c film (a and b) and LDH-b film (c and d).
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Fig.9. XRD patterns of calcined NiAl-LDH powder scraped from LDH-b film at 500 °C
prior to the reduction (a) and carbon products (b).

materials, metallic cobalt and nickel particles can be obtained by
reducing calcined NiAl-LDH precursors on the basis of the homoge-
nous ordered prearrangement of catalytically active component in
LDH at an atomic level [52-54]. In order to further understand
the mechanism of synthesis of CNFs, XRD analysis for calcined
LDH-b film at 500°C collected from the tube furnace prior to the
reduction was carried out. It is found that the XRD pattern only
demonstrates the characteristic (111), (200) and (220) reflec-
tions of cubic NiO phase (JCPDS 47-1049) (Fig. 9a). Additionally,
the broad reflections reveal the presence of some amorphous prod-
ucts, e.g., alumina or NiAl,O4 spinel [55]. The result suggests that
after calcination of LDH-b film, Ni species in the form of NiO phase
can highly disperse on oxide matrix, probably favoring the forma-
tion of highly dispersed active metal particles during the treatment
with Hy and CoH; gases. In addition, a broadened peak in the range
between 20° and 30° are observed in XRD pattern of carbon prod-
ucts over LDH-b film (Fig. 9b) and no characteristic reflections of
meal and graphitic carbon appear, confirming the feature of amor-
phous CNFs and highly dispersed metal catalyst particles. As a
result, in the present case, the three-dimensional architecture of
NiAl-LDH film composed of disperse and individual nanosheets
may facilitate the dispersion and stabilization of active metal par-
ticles over metal oxide matrix, and thus the diffusion of acetylene
to resulting catalyst surface should be able to favor the growth of
uniform high-quality CNFs.

4. Conclusions

In this work, we developed a new synthetic route to special
three-dimensional nanostructured NiAI-LDH films on sulfonated
silicon substrate by a facile biopolymer-assisted approach. The
results indicate that sodium alginate can be used as structure-
directing agent for the formation of unusual curved NiAl-LDH
nanosheets. Furthermore, the morphology of NiAl-LDH architec-
tures on substrate can be diversified by using different total
concentrations of initial metal ions. A possible formation mecha-
nism for nanostructured NiAl-LDH films is proposed. Furthermore,
it is found that uniform CNFs could be successfully obtained by
CCVD of acetylene over as-formed LDH films and showed good
catalytic activity. The present findings prove that it is viable

to synthesize unique three-dimensional LDH architectures via a
biopolymer-directed crystal growth and mediated process, which
promotes the development of self-organization of inorganic build-
ing blocks on plane substrate. It is expected that this promising and
feasible approach can be applied to the control of the microstruc-
ture of other functional LDH films.
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