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Abstract Nanostructured zinc oxide (ZnO) nano-
belts and aluminum oxide (Al,O5) nanoribbons have
been grown successfully from the vapor phase. XRD
results confirmed the purity and the high quality of the
formed crystalline materials. TEM images showed
that ZnO nanostructures grew in the commonly known
tetrapod structure with nanobelts separated from the
tetrapods with an average width range of 10-30 nm
and a length of about 500 nm. Al,O3 nanostructures
grew in the form of nanoribbons with an average width
range of 20-30 nm and a length of up to 1 um. The
catalytic oxidation of CO gas into CO, gas over the
synthesized nanostructures is also reported. Higher
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catalytic activity was observed for Pd nanoparticles
loaded on the ZnO nanobelts (100% conversion at
270 °C) and Al,O3 nanoribbons (100% conversion at
250 °C). The catalytic activity increased in the order
Cu < Co < Au < Pd for the metal-loaded nanostruc-
tures. The preparation methods could be applied for
the synthesis of novel nanostructures of various
materials with novel properties resulting from the
different shapes and morphologies.
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Introduction

The growth of semiconductor nanostructures has been
demonstrated by various methodologies, including the
vapor-liquid—solid (VLS) growth (Wu and Yang
2000; Peng et al. 2002) oxide-assisted growth (Chen
and Yeh 2000), template-assisted growth (Bai et al.
1999), vapor-phase transport (Wu and Yang 2000;
Peng et al. 2002; Chen and Yeh 2000; Bai et al. 1999),
chemical vapor deposition (Yazawa et al. 1992), arc
discharge (Choi et al. 2000), laser ablation (Duan et al.
2000), solution growth (Holmes et al. 2000), and a
template-based growth method (Huang et al. 2000; Li
et al. 2000). A novel approach to the fabrication and
manipulation of nanostructured materials is crucial to
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the execution of nanotechnology in many vital indus-
trial applications such as catalysis (Aoki et al. 2000).
Vapor growth of nanostructured materials is a prom-
ising process for the fabrication of the materials in
pure and high quality crystalline forms. It is a simple
and relatively low-cost process.

Most of the studies in heterogeneous catalysis
involve the use of spherical nanoparticles or nanopar-
ticles of undefined shapes as catalysts (Somorjai 1994;
Moser 1996; Chusuei et al. 2001; Henrich and Cox
1996; Ying and Tschope 1996). However, recent
studies have investigated the effects of the nanoparti-
cles’ shape on the activation energy and the rates of the
catalytic reaction (Narayanan and El-Sayed 2004,
2005; Huang et al. 2005; Glaspell et al. 2005, 20064, b).
The effect of particle shape on the catalytic activity
depends on the density of the surface active sites
(Narayanan and El-Sayed 2004, 2005; Huang et al.
2005; Glaspell et al. 2005, 2006a, b). Thus, metal
nanoparticle catalysts with defined sizes and shapes
may exhibit different activities when supported on
metal oxides having different shapes. The high surface-
to-volume ratio of the one-dimensional (1D) nano-
structured semiconducting materials such as nanobelts,
nanoribbons, nanorods, nanowires, and nanotubes
could lead to remarkable chemical and physical
properties which provide an advantage of using such
structures as high surface area supports in catalysis.
The large number of surface and edge atoms provides
active sites for catalyzing surface based reactions.
Recent approaches have utilized carbon nanotubes as
supporting materials for the dispersion and assembly of
metal nanoparticle catalysts such as Au and Pt (Mu
et al. 2005; Kongkanand et al. 2006). The increase in
the catalytic efficiencies has been attributed to the
increased surface areas and the well-dispersed catalyst
on the carbon support (Kongkanand et al. 2006).

Among many semiconducting materials, ZnO has
been extensively investigated as a promising candidate
for various optoelectronic device applications. Zinc
oxide is one of the most common semiconductor
materials applied to produce the devices that use
surface acoustic waves, elements of integrated optics,
gas sensors, and solar cells. In addition, further
applications are expected in other areas such as
catalysis in the form of one-dimensional nanowires
(Wu and Yang 2000; Peng et al. 2002). One-dimen-
sional single-crystalline ZnO nanostructures have been
synthesized successfully by many research groups

@ Springer

(Huang et al. 2000; Li et al. 2000; Aoki et al. 2000).
ZnO nanobelts were synthesized at 900-1350 °C by
thermal evaporation of Zn and ZnO powders (Fouad
etal. 2008, 2010, 2006; Lee et al. 2004; Li et al. 2001).
In addition, catalyst and catalyst-free wire growth have
been investigated utilizing a VLS process, chemical
synthesis, and metal organic chemical vapor deposi-
tion (MOCVD) (Morales and Lieber 1998; Jung and
Ahn 2000).

Aluminum oxide is technologically an important
material and is usually used as a catalyst support due to
its thermochemical stability in various environments
and media. It is well known that Al,O; is one of the
most thermodynamically stable oxides. The use of
Al,O3 polycrystalline fibers and whiskers (short single
crystals) as strengtheners in high-temperature compo-
sitions is of great interest owing to their high elastic
modulus and their thermal and chemical stability (Peng
et al. 2002). However, many reports have been
published about the vapor growth of aluminum nitride
nanostructures where aluminum oxide has been
detected as an impurity. Few reports have been
published about the vapor growth of aluminum oxide
nanostructures starting from aluminum metal as a
precursor with and without a catalyst and in the
presence of foreign metals (Peng et al. 2002). This
might be due to the presence of a coherent oxide layer
that is naturally formed on the surface of Al particles.
Moreover, the low melting point of Al (660 °C) which
is less than the temperature required for complete metal
oxidation results in the coalescence of Al grains during
the oxidation process. These two reasons can prevent
oxygen flow to the particle’s core and consequently
lead to incomplete oxidation. Many research groups
have reported the formation of an AIN phase along with
an impurity of Al,O3 by the reaction of aluminum
sulfide with ammonia gas through solid—gas reactions
(Zheng et al. 2002). The aluminum oxide formation
was derived from the reaction of Al,S; with air during
sample preparation. The reaction of Al with N, at4 1/
min flow rate in presence of KClI yielded about 90%
pure AIN powder with impurities of Al,03, AION and
KCl as reported by other authors (Qiu et al. 2003).

In this article, we report on the vapor growth of ZnO
nanobelts and Al,O5 nanoribbons. The crystal structural
and morphological characteristics of these nanostruc-
tures are investigated. Moreover, the catalytic oxidation
of CO gas over ZnO and Al,O3 nanostructures with and
without metal loading is also investigated.
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Experimental
Materials and synthesis

In a series of experiments, Zn metal granules (Zn
granules, 99.9%, <800 um, Merck) were inserted in a
graphite holder and thermally evaporated in a quartz
tube of 120 cm length and 2.8 cm inner diameter at
temperature of 950 °C. The quartz tube was mounted
inside a high-temperature split-type tube furnace
(Type 79300 Thermolyne) which then evacuated to a
base pressure of about 1.5 x 10~" Torr. The furnace
was then heated up with a heating rate of 80 °C min™"
under controlled atmosphere and controlled pressure.
Pure oxygen (99.99%) was introduced to quartz tube
in a counter direction to the vacuum and the pressure
was controlled at 200 Torr by controlling the main
vacuum valve. After the desired temperature was
reached, the reaction was carried out for 15 min. Then
the oxygen flow stopped and the furnace was turned
off and left to cool down to room temperature under
vacuum. The set-up of the synthesis system is shown
in Fig. 1.

For aluminum oxide synthesis, aluminum metal
(Al, Reagent plus powder 99%, particle size <75 pm,
Sigma-Aldrich) and ammonium chloride (NH4CI,
4+99.5%, Sigma-Aldrich) were mixed in a proper ratio
(3:1) and introduced into the graphite holder. The
furnace temperature was increased up to 1150 °C after
evacuating the quartz tube to a base pressure
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of ~1.5 x 107" Torr. The oxygen gas valve was
opened and the oxygen flow was kept for 15 min at a
pressure of 300 Torr. When the reaction process
finished, the oxygen gas flow was stopped and the
furnace was turned off whereas the sample was left to
cool down under vacuum until the sample reached
room temperature.

Metal loadings on the zinc and aluminum oxide
nanostructures were carried out by reduction of
corresponding metal precursors (metal nitrates,
M,(NO3),; M = Ni; Co; Cu; Pd or metal chloride,
HMCl;; M = Au). An appropriate amount of the
metal precursors’ aqueous solution was added to a
suspension of ZnO or Al,Oj3 support. The solution was
then heated up in a conventional microwave furnace
for 60 s. Next hydrazine hydrate was added as a
reducing agent and the pH of the solution was adjusted
to 9-11 by the dropwise addition of NaOH while
stirring for 15 min. After stirring the solution, it was
heated in a microwave oven. The microwave power
was typically 650 W and operated in 40 s cycles. The
resulting deposits were washed with distilled water
and ethanol and left to dry.

Tools and characterization

The resulting products were collected for physico-
chemical characterization. Phase identifications were
performed using X-ray diffractometer (XRD; X’ Pert
Philips Materials Research System) with Cu-K,

Tube furnace

Fig. 1 Schematic representation of vapor growth of ZnO and Al,O3 nanostructures system set-up

@ Springer



7078

J Nanopart Res (2011) 13:7075-7083

Gold (Au) =
| .ICPI)S Card # 65-8601. =

Palladium (Pd)
1 JCPDS C‘ard #5-0681

Copper (Cu)
l JCPDS Card #70.3039

Nickel (Ni)-
| JCPDS Card # 1-126

Cobalt (Co)
JCPDS Crad # 70-2633

Zinc oxide (ZnO

)
JFPDS Card # 70-2551
N

Intensity (a.u)

20 30 40 50 60
20 (degree)

80

Fig. 2 XRD patterns of ZnO tetrapods (nanobelts) with and without metal loadings. The stick patterns of the corresponding materials

are also shown for comparison

radiation (A = 1.5406 A) under an accelerating volt-
age of 45 kV and electric current of 40 mA in the 20
range from 20°-80°. The morphologies and structures
of the as-deposited products and after metal loadings
were investigated by transmission electron micros-
copy (TEM; JEOL JEM-1230) operating at 120 kV.

Catalytic performance

The catalytic oxidation of CO gas was performed to
evaluate the efficiency of the prepared materials as
catalysts. About 10 mg of powder sample with and
without metal loadings was introduced into a quartz
tube which was mounted horizontally inside a pro-
grammable tube furnace (Thermolyne 21100) where
the sample temperature was measured independently
by a thermocouple placed about 1 mm apart from the
sample. The feed gas mixture was CO/O,/He. The
composition of the gas mixture was 3.4 wt% CO and
20 wt% O,, respectively, in He gas. The total flow rate
of the gas mixture was controlled at a rate of 100 sccm
via a mass flow controller (MKS digital flowmeter).
Monitoring of the CO gas concentration was per-
formed using an infrared gas analyzer (ACS, Auto-
mated Custom Systems, Inc.).
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Results and discussion
Crystal structure

The zinc oxide products deposit as a white powder on
the lower temperature part of the inner wall of the
quartz tube near to the target and counter to the oxygen
flow direction whereas aluminum oxide products
deposit as a grayish white powder inside the sample
holder. Figures 2 and 3 show the XRD patterns of the
as-grown products of zinc oxide and aluminum oxide
nanostructures, respectively. In general, the peaks are
broad with low intensity. This might be due to the
small particle size of the grown nanostructures. The
figure displays the phase composition and purity of
each product. The stick diffraction patterns of ZnO
(JCPDS card # 70-2551), Al,0; (JCPDS card #
16-0394), «-Al,0; (JCPDS card # 81-226), Co
(JCPDS card # 70-2633), Ni (JCPDS card # 1-1260),
Cu (JCPDS card # 70-3039), Pd (JCPDS card #
5-0681), and Au (JCPDS card # 65-8601) are also
shown there for comparison. All the diffraction peaks
from zinc oxide samples are ascribed to the hexagonal
wiirtzite crystal structure of ZnO phase (Fig. 2).
Whereas the diffraction peaks from aluminum oxide
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Fig. 3 XRD patterns of Al,O3 nanoribbons with and without metal loadings. The stick patterns of the corresponding materials are also

shown for comparison

samples are ascribed to either Al,O; or «-Al,O3
phases, respectively (Fig. 3). No other peaks corre-
sponding to impurities such as Zn metal, Al metal, or
other suboxides are observed in all samples. More-
over, the diffraction peaks from the loaded metal
nanoparticles are not detected. This might be due to
the fact that the amount (2 wt% upper limit based on
the metal content of the starting precursors) and/or
crystallinity of loaded metals are not enough to be
clearly detected in the XRD patterns.

Morphology

The morphologies and structures of the as-grown and
metal-loaded products are investigated by transmis-
sion electron microscopy (TEM). Figures 4 and 5
show the TEM images of the as-grown products.
Figure 4a—c are the TEM images of ZnO tetrapods
without metal loadings. They display a wave-like
contrast implying the presence of strain which might
be originating from the lattice mismatch or distortions

(Lee et al. 2004). It is clear that in most cases the pods
have almost uniform width and shapes over their entire
length. They also end with needle shape-like tips.
These needle-like tips are also observed for ZnO
nanocrystals by other research groups (Fouad 2006).
Typically the pods have lengths of several hundred
nanometers (~400 to 500 nm) and widths of few
nanometers (~ 10 to 30 nm). No metallic zinc parti-
cles are observed on the tip or at the end of the
tetrapods as is also confirmed by XRD analyses. This
reveals that the growth of ZnO tertrapods is not
controlled by the VLS mechanism in which a metal
particle is located at the growth front and acts as a
heterogeneous catalyst for the growth of the tetrapod
(Li et al. 2001). Moreover, it is likely that the process
may be self-catalyzed where the tetrapods are grown
by a small thin zinc layer present at the growth front.
The small thin zinc layer is further oxidized, no longer
present and cannot be detected (Morales and Lieber
1998). The driving forces for the formation of these
nanostructures were found to be vapor density or
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Fig. 4 TEM images of ZnO tetrapods (nanobelts) without metal loadings

supersaturation, temperature, pressure, and place of
deposition from source materials (Fouad 2006; Fouad
et al. 2008, 2010).

The TEM images of Al,O3; nanostructures are
shown in Fig. 5. Itis clear that the nanostructures form
long nanoribbons as shown in Fig. 5. The ribbons have
many folds and in some images show distorted
complex structures. A single nanoribbon has an
average width in the range of 20-30 nm and a length
in the range of hundreds nanometers up to 1 pm. TEM
images also show residual strain in the produced
nanoforms. These nanostructures are believed to be
grown without the contribution of catalyst particles
since no hetero metal droplets are detected on the
growth front which was always the case in previous
study published by other groups (Morales and Lieber
1998).

The addition of NH4CI to Al metal powder results
in the formation of an aluminum chloride through
decomposition of ammonium chloride and formation
of HCI gas (Eqgs. 1-4). These reactions are thermody-
namically favorable since the Gibbs free energies of
formation are large negative values (Lide 2003).

@ Springer

NH4C1(S) = NH3(g) + HCl(g)
AGflOOOK = —93.2 kJ mol™! (1)

AGri000x = —326.4 kJ mol ! (2)

2A1C]3(g> + 3/202(g) + 3H2(g>
= A1203(S) + 6HCI<g)
AGri000k = —929.5 kJ mol™" (3)

The net proposed reaction is as follows:

NH4C1(S> + ZAI(S) + 3/202(g)
= A1203(S) + HCl(g) + NH3(g>
AGrio00x = —1489.1 kJ mol ™! (4)

The evolution of NH; and HCI gases due to the
sublimation decomposition of NH4CI generates sev-
eral pores which hinder the coalescence of the Al
particles after melting and allows a better nitrogen flow
into the cores of the grains. That mechanism promotes
the chlorination process and consequently promotes
the formation of aluminum oxide nanostructures.
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Fig. 6 TEM images of nanostructures with loaded Pd nanoparticle species. a Pd/ZnO nanobelts. b Pd/Al,O3 nanoribbons

TEM images of Pd-loaded ZnO and Al,O5 samples reduction of the corresponding Pd (NO3), in a micro-
are shown in Fig. 6. It is clear that the metal wave furnace using hydrazine hydrate as a reducing
nanoparticles are deposited on the nanostructures upon agent. It is obvious that nearly mono-, well-dispersed
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Fig. 8 Catalytic oxidation of CO gas over Al,O3 nanoribbons

very small Pd nanoparticles with an average size of
2-5 nm are formed.

Figures 7 and 8 compares the CO conversions over
different 2 wt% metallic nanocatalysts supported on
ZnO and Al,O; prepared by the microwave irradiation
method, respectively. The metal wt% was calculated
from the metal content in the starting metal precursors.
Therefore, these amounts should be regarded as an
upper limit of the metal contents in the final supported
catalysts.

It is clear that the Pd samples exhibit the highest
activity with 100% conversions of CO to CO, at
temperatures of 270 and 250 °C, respectively. The
performance of these catalysts is significantly
improved as the metal nanoparticles are loaded over
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the ZnO and Al,O5 nanostructures. It is also clear that
the Pd-nanostructured catalysts show sharp conver-
sion of CO to CO, whereas other metal-loaded
catalysts (Cu, Co, and Au) show gradual conversions.
The catalytic activities of the Pd/ZnO and Pd/Al,O;
nanocatalysts shown in Figs. 7 and 8 are considered
comparable with the commonly investigated metal-
loaded/ceria catalysts reported by other research
groups (Mu et al. 2005; Kongkanand et al. 2006;
Zhu et al. 2007). The catalytic activity increased in the
order Cu < Co < Au < Pd metal-loaded nanostructures.

Conclusion

ZnO nanobelts in the form of tetrapods and Al,O;
nanoribbons have been grown from the vapor phase of
the corresponding metals. The width of the belts and/
or ribbons was in the range of 10-30 nm whereas the
length was up to 1 um. Metal loadings (Cu, Co, Au,
and Pd) over the synthesized nanostructures were
successfully deposited using the microwave irradia-
tion method. Catalytic oxidation of CO over ZnO
nanobelts and Al,O; nanoribbons showed that the 2
wt% Pd nanoparticles (2-5 nm) loaded nanostructures
had higher conversion efficiencies (100%) at 270 and
250 °C, respectively. These results are comparable to
the results obtained using the commonly investigated
ceria nanoparticle supports with higher metal loading
contents.
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