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bstract

mpregnation of interlaced SiC@SiO2 nanocables (SiC NWs sheathed by SiO2 coatings) into a ZnO sol at 0 ◦C yielded, after thermal treatment
p to 600 ◦C under argon, SiC@SiO2@ZnO nanostructures. These novel nanostructures consist in SiC@SiO2 nanocables covered by numerous
gglomerated ZnO nanoparticles. The latter are less than 5 nm in diameter. This result is to our knowledge the first example of a physical templating

echnique involving SiC-based nanowires. Moreover, we have obtained localized ZnO nanoparticles. This localization can be of interests for a
urther study of their physical properties. When a similar experiment was conducted with pure SiC nanowires, there was no interaction between
he nanowires (NWs) and the solution, resulting in the formation of agglomerated ZnO NPs embedded into the 3D NWs network.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

An increasing number of works have been recently devoted
o the preparation, characterization and utilization of inorganic
D nanostructures. Among these materials, zinc oxide has
ttracted much interest due to its unique combination of valu-
ble chemical and physical properties. Indeed, ZnO is a wide
and gap (3.37 eV) semi-conducting material which exhibits
nteresting optical,1 electronic, catalytic and photochemical
roperties. These properties allow envisaging applications in
arious domains2 ranging from ultraviolet lasing applications3

o catalysis4 and gas sensing material.5 Various kinds of ZnO
anostructures have been prepared in the last decade, such as for
nstance nanoparticles, nanowires, and nanotubes.2,6–9 Another
nterest in ZnO lies in the fact that it is one of the few oxides

hat shows quantum confinement effects in an experimentally
ccessible size range.10

∗ Corresponding author. Tel.: +33 472 44 84 03; fax: +33 472 44 06 18.
E-mail address: mikhael.bechelany@empa.ch (M. Bechelany).

1 Member of the Institut Universitaire de France (IUF).

n
n
t
m
t

o
i

955-2219/$ – see front matter © 2008 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2008.07.010
Moreover, a breakthrough in the mass production of highly
ong SiC-based nanostructures has been recently performed in
ur group. We reported a simple and cheap method, based on a
apor–solid (VS) growth mechanism, allowing the fabrication
f large amounts of interlaced SiC nanowires and SiC@SiO2
anocables.11,12 The NCs can be seen as coaxial nanostruc-
ures made of SiC nanowires (NWs) sheathed by one or several
oatings, and forming coaxial nanocomposites. Since it is now
ossible to produce amounts of SiC-based nanostructures com-
atible with industrial applications, we are now exploring the
ossible applications of these nano-objects. Indeed, we investi-
ate in the present paper the possibility to use the 3D isotropic
etwork of interlaced SiC-based nanowires as a template for
he production of more complex nanostructures via a replica-
ion process. To our knowledge, this technique, which has been
amed as the physical templating route by other group,13 has
ever been applied to SiC-based nanowires. The principle of
his method is very simple and involves the deposition of a nano-

etric coating onto the surface of existing nanostructures; the

emplate may be eliminated in a further step revealing nanotubes.

Based on a synthetic technique reported for the formation
f ZnO nanoparticles with particle size <10 nm, we investigate
n the present paper the possibility of preparing ZnO-based 1D

mailto:mikhael.bechelany@empa.ch
dx.doi.org/10.1016/j.jeurceramsoc.2008.07.010
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foam was removed from the solution and dried at rt under ambi-
ent lab atmosphere. After 48 h of drying, the crude product was
analyzed by SEM. Fig. 3 shows a SEM image of the sample.
64 M. Bechelany et al. / Journal of the Eu

anostructures from SiC-based NWs by the physical templating
ethod.

. Experimental procedure

.1. Preparation of a ZnO sol

A transparent ZnO sol was prepared according to the simple
ethod described by Meulenkamp.8 This author has simplified

he technique previously reported by Spanhel and Anderson.14

irst, anhydrous zinc acetate (Zn(Ac)2, 1.53 g, 8.3 mmol) was
ispersed into 74 mL of dry ethanol. Second, KOH (1.582 g,
8.2 mmol) was dissolved into 20 mL of ethanol, and then
his solution was slowly added to the Zn-containing one under
igorous stirring at 0 ◦C. After addition, the solution became
ransparent and was stored under 4 ◦C in order to prevent any
anoparticle growth.

.2. Fabrication of SiC nanowires and SiC@SiO2

anocables

Samples of pure intermixed SiC nanowires or SiC@SiO2
anocables were prepared as starting materials by the
apour–solid growth mechanism and according to a proce-
ure described elsewhere.11 The intermixed nanowires have the
acroscopic aspect of cotton-like foams with a blue colour in

he case of SiC and a white colour in the case of SiC@SiO2.

.3. Impregnation of the foams by the ZnO sol

In a typical experiment, foam containing pure SiC or
iC@SiO2 nanowires was dipped into the alcoholic ZnO sol at
◦C. After 1 min of immersion, the treated foam was removed

rom the solution and let to dry at rt under ambient lab atmo-
phere. The ensuing sample was subsequently heated under
rgon during 2 h up to 200 ◦C, 400 ◦C then 600 ◦C (heating rate
0 ◦C h−1).

All the nanostructures depicted in this paper were ana-
yzed by the means of scanning electron microscopy (SEM,

odel S800, Hitachi), high-resolution transmission electron
icroscopy (HRTEM, TOPCON 002B), and XRD analysis

sing a Philipps PW 3040/60 X’Pert PRO X-ray diffraction
ystem (Cu k� radiation; λ = 1.5406 Å at 40 kV and 30 mA).

. Results and discussion

.1. Impregnation of pure intermixed SiC nanowires by the
nO sol

In a preliminary experiment, blue foam consisting in a 3D
etwork of intermixed pure SiC nanowires (NWs) was pre-
ared according to an experimental procedure established by our
roup.11–12 The growth of the SiC nanowires was achieved via

vapor–solid mechanism. Fig. 1 shows a typical SEM image of

he blue foam. The SiC nanowires exhibited diameter of ∼40 nm
or lengths up to several hundreds of micrometers. Further anal-
sis indicates that the nanowires are composed of the cubic form
Fig. 1. Typical SEM image of pure intermixed SiC nanowires.

f SiC. The HRTEM image depicted in Fig. 2 underlines that
he SiC nanowires are free of silica or carbon coatings onto their
urface.

Second, a transparent ZnO sol was prepared according to a
ethod described by Spanhel and Anderson,14 and optimized by
eulenkamp.8 Starting from an ethanol solution of anhydrous

inc acetate, addition of an ethanol solution of KOH under vig-
rous stirring at 0 ◦C yielded a transparent ZnO sol. The latter
s well known to give ZnO nanoparticles with diameters in the
ange of 2–7 nm.8 The sol was kept under 4 ◦C during the whole
xperiment in order to prevent any spontaneous nanoparticles
rowth.

In a typical experiment, the SiC NWs-containing foam was
ipped into the ZnO sol at 0 ◦C. After 1 min of immersion, the
Fig. 2. HRTEM image of a SiC nanowire.
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ig. 3. SEM image of the SiC NWs-based foam impregnated by the ZnO sol.

It appears clearly from Fig. 3 that few gel domains are embed-
ed into the network of interlaced nanowires. This tends to
upport that there is clearly no interaction between the ZnO sol
nd the 3D network of interlaced SiC nanowires. Therefore, no
hysical templating effect has been observed in that case. We
ssume that this result has to be related to the low affinity of

iC with ethanol solution, i.e. to the hydrophobic feature of SiC
anowires. In order to bypass this drawback, similar experiments
ere conducted with a 3D network of SiC@SiO2 nanocables.

Fig. 4. TEM image of a typical SiC@SiO2 nanocable.
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ig. 5. SEM image of the cotton-like solid made of SiC@SiO2 nanocables after
mmersion into ZnO sol and drying under ambient lab atmosphere.

.2. Impregnation of pure intermixed SiC@SiO2

anocables by the ZnO sol

A 3D scaffold of interlaced SiC@SiO2 nanowires was pre-
ared as starting materials. For that purpose, foam made of
iC NWs was heated in air up to 600 ◦C during 2 h, yielding
white cotton-like solid. SEM image of the latter is simi-

ar to the one shown in Fig. 1. Fig. 4 displays a TEM image
f a SiC@SiO2 nanocable. As expected, cubic silicon carbide
anowires appeared to be coated by an amorphous silica coating.

he SiC core is about 20 nm in diameter and the silica coating

s about 3 nm in thickness.
As depicted above with the SiC NWs, the cotton-like solid

as immerged into the ZnO sol at 0 ◦C. After drying at rt, the

ig. 6. XRD patterns of crude product derived from SiC@SiO2 nanocables at
T and after heating up to 200 ◦C; 400 ◦C and 600 ◦C. Peaks corresponding

o cubic-SiC are labeled (*) and peaks corresponding to hexagonal ZnO are
ndexed.
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embedded into an amorphous phase. The SiO layer, originally
ig. 7. SEM images at different magnification of the sample derived from
iC@SiO2 nanocables after heating up to 600 ◦C.

ample was analyzed by XRD and SEM. XRD analysis showed

nly the peaks featuring cubic silicon carbide, indicating that
ny ZnO locating in the sample would be amorphous. Fig. 5
hows the SEM image of the crude sample.

o
n
p

ig. 8. HRTEM images of the SiC@SiO2@ZnO nanostructures after heating
p to 600 ◦C.

It appears from Fig. 5 that the crude product still consists
n interlaced nanostructures, but it was not possible to establish
rom this observation if a ZnO-based coating has been synthe-
ized on the starting nanocables. In order to perform (HR)TEM
nalysis and therefore to investigate the presence or not of ZnO
t the surface of the nanostructures, thermal treatment was per-
ormed up to 600 ◦C. This thermal treatment is expected first
o crystallize ZnO and second to allow a differentiation of ZnO
nd amorphous silica during TEM analysis. The thermal treat-
ent has been conducted under argon in order to preclude any

urther oxidation of SiC. Fig. 6 shows the XRD patterns of the
rude product at rt and after heating up to 200 ◦C, 400 ◦C and
00 ◦C.

It appears from Fig. 6 that (i) the crude sample contained a
nO phase and (ii) the thermal treatment induced a progressive
rystallization of that ZnO phase. Indeed besides peaks featuring
he reflections of cubic SiC (labeled (*)), Fig. 6 shows the peaks
orresponding to the hexagonal phase of ZnO (indexed in Fig. 6).
ig. 7 shows the SEM image of the product after heating up to
00 ◦C.

SEM investigation indicates that the product is made of
nterlaced nanostructures. However, the presence of traces of
gglomerated nanoparticles embedded into the 3D network indi-
ates that the process has to be optimized. Residual gel may
ave been trapped into the network and gave free agglomerated
anoparticles upon heating.

The 1D nanostructures obtained at 600 ◦C were analyzed by
HR)TEM (Fig. 8).

These HRTEM images clearly show two main components
n the resulting nanostructure: a SiC core and ZnO nanocrystals.
he latter are randomly stick around the nanowires. The aver-
ge size of the well-crystallized ZnO nanoparticles has been
stimated as less than 5 nm. These nanocrystals seem to be
2
bserved around the SiC nanowires (Fig. 4) before the impreg-
ation, cannot be clearly distinguished from this amorphous
hase.



ropea

4

o
y
S
c
a
i
p
M
l
i
p
a
N
b
S
p
1

R

1

1

1

1
the chemical synthesis of inorganic nanotubes. Chem. Commun., 2005,
M. Bechelany et al. / Journal of the Eu

. Conclusion

As we found, impregnation of cotton-like solid made
f interlaced SiC@SiO2 nanocables into a ZnO sol
ielded, after thermal treatment up to 600 ◦C under argon,
iC@SiO2@ZnO nanostructures. These novel nanostructures
onsist in SiC@SiO2 nanocables decorated by numerous
gglomerated ZnO nanoparticles. The latter are less than 5 nm
n diameter. This result is to our knowledge the first example of a
hysical templating technique involving SiC-based nanowires.
oreover, we have obtained localized ZnO nanoparticles. This

ocalization can be of interests for a further study of their phys-
cal properties. When a similar experiment was conducted with
ure SiC nanowires, there was no interaction between the NWs
nd the solution, resulting in the formation of agglomerated ZnO
Ps embedded into the 3D NWs network. Further works will
e devoted to the investigations of the optical properties of the
iC@SiO2@ZnO nanostructures, and to the development of the
hysical templating method for preparation of other innovative
D nanostructures.
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