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Morphology-controlled magnesium oxide nanowhiskers have been fabricated on quartz glass
fiber substrates using Mg particles as the raw material at relatively low temperatures of 550°C
and 600°C. The as-prepared nanowhisker and nanocrosses samples were characterized using
Field Emission Scanning Electron Microscopy (FE-SEM), Transmission Electron Microscopy
(TEM), Selected Area Electron Diffraction (SAED) and Energy Dispersive X-ray Spectrum
(EDS). The MgO nanowhiskers were found to have crystallized structure with growth along the
[100] direction. The surfaces of the crossing whisker are considered to be in the (200) lattice
plane. The partial pressure of the Mg vapor and the annealing time have played significant roles
in determining the diameter and morphology of the nanowhisker. Their adsorption capacity can
reduce the concentration of methylene blue solution, which may drive potential applications in

biological or environmental areas.

Introduction

One-dimensional (1-D) metal oxide nanostructures
(nanowhiskers, nanotubes, nanobelts, etc.) have recently become
the subject of great attention and are actively being investigated
due to their unique properties in magnetism, catalysis,
photocatalysis, adsorption, water disinfection, electro-optical
devices, and other potential applications.'” Amongst the 1D
oxide materials, magnesium oxide (MgO) is an exceptionally
important material in refractory additives, catalysts, antibacterial
material, sensors, photonic devices, and as substrates for thin film
growth.*7 As such, the availability of 1D MgO nano-materials
has increased due to the many different methods from different
reactants. K.P. Kalyanikutty et al. synthesized MgO
nanowhiskers with diameter of 150 nm using a magnesia
reduction with carbon as the source of magnesium in the

chemical vapor deposition route and at a temperature of 1300 °C.%.

Youguo Yan et al. reduced the processing temperature to 950 °C
by adding Sn as a catalyst reagent.’ Chengchun Tang et al.
reported the synthesis of MgO nanowhiskers with 20nm diameter
using Mg and B,05 as the source material at 850 °C.!° G. Kim et
al. observed the formation of a MgO nanowhisker array with
diameter of 20-30 nm using Mg;N, as the source material at 950
°C."" This large variety of raw materials requires a relatively high
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decomposition temperature. To solve this problem, Kazuki

4s Nagashima et al. produced a compound MgO nanowire array via

pulsed laser deposition.'> Xiaoxue Zhang et al. reported the
synthesis of MgO whiskers via a hydrothermal reaction with
graphite oxide held at 120°C for 12 hours.”® Y. F. Lai et al.
prepared magnesium oxide nanowires using Mg(tmhd), by pulsed
metal organic liquid-injection.'* Most of these methods require a
complex reaction process or the use of expensive raw materials.

In this research, we report on a simple synthesis method for
Morphology-controlled MgO nanowhiskers on the surface of a
quartz glass fibre. This method uses pure Mg particles as the
source material using a magnesiothermic synthesis in the vapor
phase at a temperature between 550 °C - 600 °C.

Previous research has explored MgO’s adsorption capacity
in order to remove toxic metal ions'>, organic pollutants'® ' and
organic dyes'™ . In this study we test MgO nanowhisker’s
adsorption capacity with a methylene blue solution. Magnesium
oxide is a biodegradable material and researchers have used MgO
nanomaterials in the field of medical treatment®. Tts degradation
into magnesium (an essential element of human body) means it
may have applications as a drug carrier, biological supporting

65 material or environmental material.

Experimental

This journal is © The Royal Society of Chemistry 2015
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MgO nanowhiskers

Figure 1 A Schematic of the experimental apparatus used for synthesis of
Morphology-controlled MgO nanowhiskers and nanocrosses on a quartz
glass fibre. Mg was used as the source material due to a gradient in
supersaturation. B: MgO nanowhiskers on a quartz glass fibre that can grow
in different conditions in which the products may have different morphology.

The synthesis of MgO nanowhiskers was carried out in a
vertical tube furnace. As shown in Figure 1, excess Mg powder
was placed in a stainless steel crucible and a bunch of quartz
glass fiber was hung from the top of the tube to the upper part of
the Mg particle. A mechanical pump was used to pump and flush
the quartz tube with Ar three times. The enclosed system was
heated in a quartz tube at a temperature between 550 °C - 600 °C
(5 °C/min). The heating lasted for 1 h, 2 h, and 4 h before the
furnace started to cool down. After the reaction, a product was
found on the bottom of the quartz glass fiber surface.

The nanowhisker morphology was characterized by using
field emission scanning electron microscopy FESEM (HITACHI
S-4600) coupled with energy dispersive spectroscopy (EDS) at an
accelerating voltage of 15 kV. High-resolution transmission
electron microscopy (HRTEM, Tecnai-G*F30, FEI) coupled
with energy dispersive spectroscopy (EDS) was used to evaluate
the crystal structure and the composition of the nanowhiskers.
Samples for HRTEM were prepared by carrying out ultrasonic
dispersion in an ethanol solution. A drop of the sample
suspension was then placed upon a carbon-coated copper TEM
grid. HRTEM measurements were performed at an accelerating
voltage of 300 kV. A group of as-synthesized products were put
into a glass tube filled with methylene blue solution (7.5mg/L),
and then they were allowed to settle for a period of time without
stirring.  After this period UV spectrophotometry at the
wavelength of 664nm was carried out upon the sample.

Results

It can be seen from Figure 2A that fine nanowhiskers are
prepared with different diameters on the surface of the quartz
glass fiber. The length of the MgO nanowhiskers can reach up to
30 um. In Figure 2B, the nanocrosses have been fabricated with
three-dimensional branches. The crystal structure of the as-
prepared samples was characterized by TEM and EDS. The EDS
which is shown with HRTEM in Figure 2C, shows that the
samples mainly consist of Mg O and a very small amount of Cu
which originates from the copper grid. Further quantitative
analysis shows clearly that the atomic ratio of Mg:O is nearly 1:1,
which implies the presence of MgO nanowhiskers. The HRTEM

image (Figure 2D) reveals that the nanowhisker is a single crystal.

The planar spacing along the growth direction is 0.21 nm, which
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Figure 2. The morphology and the composition of the fabricated single-
crystalline nanowhiskers (A: Low-magnification SEM image. B: High-
magnification SEM image of the nanocrosses. C: Low-magnification TEM
images inset: the EDS spectrum of the nanocrosses. D: HRTEM image and
corresponding SAED pattern taken from nanocrosses. )
corresponds to the spacing of the (200) plane in a Mg cubic
structure. The selected-area electron diffraction (SAED) that is
also shown in Figure 2 confirms this result. The diffraction
pattern indicated that the whisker was in the face-centered cubic
structure, and the growth direction was determined to be [100].

Figure 3 (A-F) shows how the morphology and whisker
diameter varies with heating temperature and time. The diameter
of the MgO nanowhisker increases systematically with heating
time and goes from 20-30nm (Figure 3A) to 70-100nm (Figure
3C). In Figure 3A-B the MgO keeps its fiber-like morphology
whereas in Figure 3C there is a tendency for the MgO to grow
into nanocrosses. Samples shown in Figure 3 (A-C) were all
grown using the same heating temperature, which means that the
partial pressure (42.7 pa) was the same. We can infer that low
partial pressures leads to the growth of nanowhiskers and these
can mainly maintain the morphology with an extended treating
time. However, after long treatment times, the MgO starts to form
nanocrosses. Figure 3D and Figure 3E shows that MgO readily
forms nanocrosses in 600 °C, and the diameter can extend further
to 250nm. In Figure 3F we can see a coarse substrate surface
which results from Si reacting with Mg vapor in order to generate
Mg,Si. However in Figure 3 (D-F) it is shown that in a relative
high partial pressure (133 pa), MgO will easily grow into
nanocrosses. The diameter of nanocrosses gets larger with
extended treatment time and they eventually fall off the quartz
glass fiber. We can infer that at higher temperatures MgO tends
to grow in all directions forming MgO particles.

When the temperature rises to over 550°C Mg vapor begins
to be generated and spreads on the surface of the quartz glass
fiber. A reaction takes place between the vapor and the quartz
fibre as shown in Figure 4. After further deposition time, Si and
MgO layers can be formed upon the quartz glass fibre surface.
Supersatuation of Mg vapor then eventually leads to the growth
of nanowhiskers. The deposition of Si and MgO layers on the
quartz fibre means that Mg that has not had time to react earlier
can now react with the trace amount of oxygen contained in the
system. Further heating time at 550 °C leads to the growing of
nanowhiskers and formation of branch crystals. Finally, when the
heating time is extended even further, Mg,Si can take the place of

This journal is © The Royal Society of Chemistry 2015
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Figure 3. Different morphologies of fabricated MgO nanowhiskers (A:
diameter 20-40nm, 550 °C 1 h. B: diameter 50-80nm, 550 °C 2 h. C:
diameter 100-150nm, 550 °C 4 h. D: diameter 150-250nm, 600 °C 1 h. E:
diameter 150-250nm, 600 °C 2 h. F: coarse surface of substrate fiber, 600
°C 4 h)

the Si layer which means that MgO nanowhiskers can no longer
stay in the matrix.

Figure 5 shows the adsorption capacity of the samples
fabricated at temperature 550 °C for 2 hours. It is clear that the
bundle of fibers with magnesium oxide on the surface exhibit
better adsorption capacity than the matrix fibers, which were used
as a control group. The data shows that the maximum adsorption
capacity was obtained after nearly 10 hours. It can reduce the
absorbance from 1.269 to 1.063 in 20ml 7.5mg/L methylene blue
solution. The difference in adsorption capacity can be attributed
to an increase of surface area. We can estimate of its load
capacity on drugs according to its adsorption performance

Discussion

In our experiment, The VS mechanisms are used to
explain the growth of whiskers. According to previous research,
the VLS model has been used to explain the growth mechanism
at high temperatures, while the VS model dominates at low
temperatures.”! In this experiment MgO nanowhiskers were
synthesised at a relatively low growth temperature and no
droplets were found on top of the nanowhiskers as shown in the
SEM and TEM characterizations. This means that the growth of
nanowhiskers does not follow the (VLS) growth model.”> % We
can infer that the Mg was coming from the heating of Mg
particles, and there is direct adsorption of the Mg gas phase onto
a solid surface while the presence of O can be attributed to two
possible sources. Firstly, it is possible that there is direct diffusion
from the quartz glass fiber. Secondly, it is possible there is a
small amount of oxygen remaining in the quartz tube. We can
infer that during the generation of MgO nanowhiskers, some
selected crystal planes are more active compared with other ones.
Mg atoms may deposit on these crystal planes and then form
single crystal Mg. However, due to the competition of nucleation
rates and growth rates in these planes Mg whiskers may have
different morphologies. The work of D. A. Grynko et al. confirms
this process by comparing different growth mechanisms in CdS
nanowires.”* Mg whiskers can quickly change into MgO whiskers
since Mg is oxidized very easily. The size of the produced MgO
nanowhiskers can get larger by extending the heating time and
temperature. Previous studies agree that Mg vapor concentration
in the reaction tube is potentially responsible for the difference in

Figure 4. The MgO whisker fabrication process at 550°C
size and growth mechanism of products.”® In vertical furnaces,
Mg vapor can only exist within a limited field distribution

so according to the concentration in the vertical direction. This is

simply due to the low pressure and also due to gravity.

Due to the evaporating of Mg at a high rate, reproducibility
may be one of the challenges pure Mg is used as the source
material. In this case, by controlling the heating temperature and

ss distance from Mg particles, we can easily control the partial

pressure of Mg vapor and make it stay in a particular state in
order to get MgO whiskers of different diameters or morphology.

As we can see from Figure 6, the quantity of broken bonds
for each plane in each unit cell is seen to be ten for the (111)

e crystallographic plane, nine for the (200) crystallographic plane

and nine for the (220) crystallographic plane. The quantity of
broken bonds per unit area for each crystal plane is calculated to
be 0.71 A for (220), 0.65 A for (111) and 0.51 A for (200),
which means that the surface energies (v ) follow the following

estrend: vy (200) <y (I111) <y (220) . Other research

indicates that the facet selectivity can be understood by the
differences in the surface energies of the different facets.?” In this
case, (200), (020) and (002) planes can easily form surfaces upon
a square fiber because of their low surface energies and it is also

70 favorable to serve as a nucleation seed, which can support the

further crystal growth by a vapor—solid (VS) mechanism.
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Figure 5. Adsorption capacity of the products fabricated at the temperature
of 550 °C for 2 h.
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Figure 6 The unit cell model of MgO along [111], [200] and [220] directions
obtained from data supplied by ICSD-26958.26

Figure 7A shows the formation of a mass three-dimensional
branch crystal structure. During the reaction process, Mg vapor
first reacts with the quartz glass fiber, which causes a partial
reduction in Mg vapor at the surface of the matrix. In this kind of
environment, MgO nanowhiskers have a fixed orientation
towards the area where Mg vapor concentration is highest until
they reach sufficient length. As the whiskers get longer, it
produces many crystal branches in an orthogonal direction with a
competition of nucleation rates and growth rates in these planes
due to symmetry of the cubic structure. The (200), (020), and
(002) planes all have equally low surface energies which means
the crystal can grow along three different directions without
exterior guidance. Figure 7B shows two interesting features.
Firstly, on the right-hand-side of the image there is a small
embossment, which shows the fresh formation of a branch
crystal. Secondly, the black section on the left-hand part of the
image is a contrast change due to an out-of-pane branch. As a
result of this feature, we can get MgO nanocrosses (Figure 7C) if
the ambience is the same in one dimension. This kind of feature
can be used to generate specific morphology materials by the
control of the direction and concentration of Mg vapor. Such
work will be carried out in a future study.

Conclusions

In summary, continuous MgO nanowhiskers with
controllable morphology were produced by using Mg vapor in a
vertical tube furnace. This approach has allowed the generation of
MgO nanowhiskers and nanocrosses in a simple way at relatively
low temperatures (550 °C -600 °C). The MgO nanowhiskers have
controllable diameter from 20nm to 200nm and the
crystallographic orientation of the surfaces in the square whisker
is along the (200) plane. This is thought to be due to the lower
between nucleation and growth rates in different plans. VS is
considered to be the main mechanisms for the growth of the
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Figure 7. The formation sequence of MgO branch crystala and nanocrossing.
( A B:Low-magnification TEM
nanocrosses )

MgO nanowhiskers. Finally, we note that the grown MgO
nanowhiskers show excellent adsorption capacity that reach a
maximum after 10 hours of exposure. This leads to potential
applications in environmental and biological science.

images of nanocrosses C:simulation
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