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ABSTRACT: Binary metal-semiconductor Zn/ZnO core—shell nanorods have been synthesized through an ethylenediamine-assisted
low-temperature hydrothermal process. Well-crystalline wurtzite phase ZnO was epitaxially grown along the [0100] direction,
perpendicular to the single-crystalline Zn nanorod cores grown along the [0002] direction. The structure and optical properties of
the binary metal-semiconductor nanostructures were studied by SEM, HRTEM, absorption, and emission spectroscopy techniques.
The mechanisms for the growth of such binary structures in solution based synthesis are discussed. The growth technique can be

extended for the preparation of other hybrid nanostructures.

Introduction

Contemporary technologies have stimulated great interest in
searching a new generation of materials that serve as the basis
for the development of functional devices. For example, the
competition of making the next generation of compact disk (CD)
read-heads involved several research groups around the world.
The shorter the wavelength of the operating laser, the higher
the quantity of information that can be stored by such device.
However, the band gaps of most of the conventional semicon-
ductors are not large enough to generate UV light. The ZnO
has a broadband gap energy of 3.37 eV at room temperature,
which is suitable for short wavelength emissions. Its high exciton
binding energy (60 meV) can ensure an efficient excitonic
emission at room temperature under low excitation intensity.
However, UV stimulated emissions and lasing from bulk ZnO
materials were observed only at cryogenic temperatures.' >
Recently, very interesting UV emissions in ZnO thin films
grown by laser-assisted molecular beam epitaxy (MBE)* and
other ZnO nanostructures’ are observed. Observation of room-
temperature UV lasing from the ordered ZnO nanocrystals®
enhanced the prospect for the development of practical blue
UV lasers. Varieties of ZnO nanostructures such as nanocombs,
nanobelts, nanorods, tretapods, etc., could be prepared by using
a vapor—solid technique, whose main advantages are the use
of simple synthesis equipment (e.g., tubular furnaces) and
moderate temperatures (400—700 °C).>” On the other hand,
hydrothermal techniques allow us to prepare ZnO nanostructures
at even lower temperatures (<100 °C) using cheaper laboratory
equipments.® The synthesis conditions used in the latter
techniques are compatible with other soft chemistry approaches,
such as the sol—gel method.

In this work, we used a low-temperature hydrothermal
approach for the preparation of one-dimensional core—shell Zn/
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ZnO nanostructures. Structural and optical properties of the
samples are studied using different characterization techniques,
and the mechanisms for their growth are discussed.

Experimental Section

Hydrothermal synthesis of the Zn/ZnO core—shell one-dimensional
(1D) structures was studied for Zn?" concentration range of 0.364—0.72
mol/L. In a typical synthesis process, 0.0182 mol of zinc acetate
dihydrate (Fluka, grade pH Eur) was added to 25 mL of a 10% (v/v)
ethylendiamine (En) aqueous solution (pH 11.93) under stirring. A
transparent solution was obtained and the pH of the mixture solution
reduced to 9.27. This solution was directly poured into an autoclave
of 60 mL capacity, and the closed autoclave was introduced into an
oven at 92 °C. Different samples were prepared by varying the thermal
treatment time from 8 h to 3 days. Once the thermal treatment was
over, the oven was turned off and the temperature was gradually
decreased to room temperature using a cooling rate of 1 °C/90 s. For
only the samples with thermal treatment longer than 1 day, white
precipitates were observed at the bottom of the autoclave container.
The precipitate, which was surrounded by a pale-yellow solution, were
filtered and washed several times by deionized water and finally dried
at room temperature. The 1D nanorod structures were obtained when
the cation concentration was higher than 0.637 mol/L. The color of
the final reaction solution was yellow when the Zn>' concentrations
were slightly lower than this value.

The synthesis of pure ZnO nanorod structures was realized using a
technique similar to one described earlier.® For obtaining pure ZnO
nanostructures, 0.0218 mol of zinc acetate dihydrate was slowly added
to 50 mL of a 10% (v/v) En mixture under vigorous stirring. A
transparent solution with a pH value of 10.63 was obtained. The pH of
this solution was increased to reach about 11.5 by adding few drops of
a NaOH (18M) solution. The mixture solution remained transparent
and no precipitate formation was observed. This solution was then
poured into an autoclave which was put into an oven at 92 °C for 48 h.
The oven was cooled to room temperature, and white precipitates were
formed at the bottom of the autoclave container. The color of the
surrounding solution was also pale yellow. These precipitates were
filtered and washed several times by deionized water and dried at room
temperature. Obtained samples were annealed in air at 240 °C for 2 h.

The morphology and structural properties of the products were
studied by scanning electron microscopy (JEOL 5600 LV-SEM) and
transmission electron microscopy (TEM, JEM 2010 FasTem equipped
with a Noran EDS spectrometer). For TEM observations, a drop of
sample dispersed in ethanol was spread onto a carbon-coated copper
grid and dried in a vacuum.
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Figure 1. (a) Pourbaix-like diagram of Zn—En complexes for [Zn>"]
= (.72 Mol/L. The equilibrium constants reported by Ringbom?' were
used. (b) Phase stability diagram for the Zn(OH),—H,0 system at 25
°C as a function of the pH. The dashed line denotes the thermodynamic
equilibrium between Zn>" and Zn(OH)" ions. The boundaries were
calculated on the basis of the equilibria and thermodynamic data
reported by Martell et al.!

Photoluminescence (PL) measurements of the ZnO and Zn/ZnO
nanorod samples were performed at room temperature using an excimer
pulsed laser (Lambda Physics, COMPex102) emitting at 248 nm and
30 ns pulse duration as excitation source. The UV-light was sent to a
Si0O, wafer containing the ZnO or ZnO-capped Zn nanorods. The laser
fluence was varied in the range of 15—8 mJ/cm? The resulting
luminescence was filtered by a glass slide in order to block the laser
emission line. The emitted light was then collected perpendicular to
the laser direction by a quartz optical fiber light guide and sent to a 50
cm focal length spectrometer (Acton Research, Spectra Pro 500i) fitted
with a 150 lines/mm grating. The dispersed beam was analyzed by an
ICCD 1024 x 1024 camera (PI-MAX:1024 UV from Princeton
Instruments). The integration time was varied from 5 to 50 ns and the
signal was stored in a PC. The ICCD camera was synchronized with
the pulsed laser using a Stanford delay generator model DG-535.

The fluorescence spectra of the Zn—En solutions, previously
autoclaved at 92 °C, were measured using a Perkin-Elmer Precisely
LS55 fluorescence spectrometer.

Results and Discussion

Ethylendiamine is a bidentate ligand which reacts with the
zinc ions to give the [Zn(En)y]4 ™% complexes in aqueous
solutions. The equilibrium distribution showed by the different
Zn complexes is schematically depicted by the Pourbaix-like
diagram in Figure 1a. The figure shows the phase stability for
the Zn(OH),—ZnEn complexes at 25 °C. The boundaries were
calculated on the basis of the equilibria and the thermodynamic
data reported by Ringbom.® The depicted lines represent the
total concentration of the soluble species as a function of the
ligand concentration and pH, i.e., the solubility of the zinc
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Figure 2. Optical absorption spectra of Zn—En solutions annealed at
92 °C for different times. The sharp peak appearing at 280 nm is
associated with the absorption edge of the solvent.

hydroxide phase. Using the diagram, we can predict the
formation of homogeneous Zn—En precursors by a careful
selection of the En concentration and controlling the pH of the
solution. In this work, buffer solutions were not employed to
control the pH of the Zn—En precursor solutions. As described
above, the basic pH value that was originally imposed by the
En ligand was decreased with the addition of the Zn>" cations.
A similar pH decrease effect was also observed with other
metal—En complexes such as Pt—En or Pd—En (not discussed
here). This effect was first studied by Block and Balair in the
1950s.'°~'2 As the first step of the reaction, the metallic cations
get complexed by the En ligand, forming the [M(En),]** species.
These complexes then participate in a subsequent acid—base
equilibrium to give the deprotonated [M(En)(En—H)]¢ D+
species as follows

[M(En),]”" + En <
[M(En)(NH,—CH,—CH,—NH)]“""* 4+ En—H" (1)

where En = NH,—CH,—CH,—NH,. The formation of a Block
(Balair)-like deprotonated species such as [Zn(En)(En—H)]" or
[Zn(En),(En—H)] ™, etc., can explain the observed pH decrease
by the loss of a proton from the ethylendiamine ligand. Also,
from Figure 1, it can be noted that if we are working with pH
values less than 10.11, then the predominant equilibrium is

Zn(OH),(s) + 3HEn" = ZnEn; + H™ + 2H,0 (2)

where the pH decrease promotes the dissolution of the solid
phase and thus the formation of the more stable ZnEn, species.

As mentioned earlier, on thermal treatment at 92 °C we also
observed a color change of the solution which goes from
transparent to pale yellow. This change was also monitored by
measuring the UV —vis absorption spectra of Zn—En precursor
solutions. As shown in Figure 2, after few hours of thermal
treatment, the absorption spectra of Zn—En solutions present
two absorption bands with maxima at around 230 nm (5.3 eV)
and 345 nm (3.5 eV). These bands have two different origins.
In the few works that deal with zinc nanoparticles implanted in
SiO, matrix, the observed absorption band centered at about
5.1 eV was associated with the zinc surface plasmon resonance
(SPR).'*'* However, very recently, Zeng et al. observed an SPR
peak at 242 nm (5.12 eV) for solutions containing ZnO/Zn
nanoparticles in water, prepared by laser ablation.'” From Figure
2, it is not only observed that the 5.3 eV absorption band
remained after the formation of zinc nanorods, but also its
intensity increased a bit with the thermal treatment time, which
suggests the presence of colloidal Zn particles in the autoclaved
Zn—En solutions studied here.

It is well-known that the occurrence of ZnO colloidal particles
is possible even in the absence of organic ligands and/or
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Figure 3. SEM micrograph of (a) Zn metallic nanorods exhibiting full-grown hexagonal habit, (b) ZnO-coated Zn metallic rods after thermal

treatment at 92 °C.

surfactants.'® For diluted solutions, e.g., solutions with a [Zn?"]
~ 1 x 107* M, controlling the pH between 9 and 11 promotes
the formation of hydroxyl complexes such as Zn(OH),(aq) and
Zn(OH),>~ (see Figure 1). Under these conditions, the equilib-
rium of the eq 3 moves to the right as the chemical potential of
the OH™ species increases with the increase of the pH

OH™ + OH < 0 + H,0 3)

once these hydroxyl complexes transform into the solid phases,
the Zn—O—Zn bonds are then formed because of the dehydra-
tion process as follows

Zn(OH); " + Zn(OH) " <> Zn,0(0H);,% + H,0
“

where n = 2 or 4."” Thus the crystal structure of colloidal ZnO
particles is gradually constructed by dehydration between OH™
species on the surface of the growing crystals and the OH™
groups in the solution. As a result, colloidal ZnO suspensions
are easily obtained from the ligand-free Zn(II) solutions for a
pH range 9—11."®'® Moreover, the evolution of colloidal ZnO
particles to hexagonal ZnO rods is observed by increasing the
pH of the Zn(II) precursor solutions with complexing bases as
ammonia and ammonia salts as described in ref 17.

Our SEM and TEM analysis revealed the presence of ZnO
nanoparticles anchored at the Zn/ZnO rods surface (Figures 3a
and 5). The SEM micrograph of Figure 3a reveals the presence
of straight Zn metallic nanorods with clear hexagonal habit.
From Figure 3b, it is possible to observe the formation of Zn/
ZnO core—shell structures and other structures that are coated
with ZnO nanoparticles.

The formation of Zn/ZnO core—shell nanostructures is even
clear from the HRTEM images of the samples. The core region
of the linear structures is formed by metallic Zn, and the shell
corresponds to a layer of wurtzite phase ZnO growing epitaxially
over Zn rod (Figure 4b). In the Figure 4b, it is possible to
observe a Zn rod grown along the [0002] direction at the core
region, and the epitaxial relationship between the Zn/ZnO is
[0002]7,/[0100]z,0. Such epitaxial growth of ZnO over Zn was
also reported by other synthesis approach.'® The other lattice
plane observed in the micrograph 4b for ZnO shell corre-
sponds to (0101) for which the d-space matches to 0.247
nm for the ZnO counterpart with the lattice fringes shown
by the metallic Zn core wire. This analysis can be clarified
studying the FFT in the Zn core zone and the corresponding
FFT in the ZnO shell zone (see the Supporting Information).
In Figure 4c, the EDS spectrum of the core region corre-
sponds to Zn without oxygen, whereas the EDS spectrum of
the peripheral region corresponds to ZnO shell (Figure 4d).
The EDS analysis in TEM was performed with a 1 nm spot
size of the electron beam.

In Figure 5, the nature of these particles is disclosed. Figure
5a shows a solid Zn metallic nanorod with nanoparticles attached
to it. The corresponding EDS analysis of the nanorod shows
the absence of oxygen peak (Figure 5b). Meanwhile, the EDS
analysis obtained at the peripheral nanoparticles shows the
presence oxygen peak (Figure 5d). The high-resolution TEM
micrograph presented in Figure 5c confirms the presence of ZnO
nanoparticles of around 5 nm size oriented along several zone
axes over the core Zn nanorod. These results lead us to believe
that some of suspended Zn nanoparticles were deposited onto
the zinc rod surface and subsequently oxidized to ZnO nano-
particles on thermal treatment at 240 °C.

The 345 nm absorption band in Figure 2 can be attributed to
the exciton absorption of ZnO particles, although its position
is quite different from those reported for ZnO nanoparticles of
radius higher than its Bohr radius (1.8 nm).'”'® A very similar
depression of the ZnO exciton value and PL emission features
were also observed in ZnO/Zn colloidal suspensions that were
stabilized with sodium dodecyl sulfate.'>'” We believe the
depression of the exciton peak could be associated with a
coordination effect of the used ethyliendiamine ligand with the
crystalline planes of ZnO nanostructures.

A blue-green PL emission centered at around 442 nm in the PL.
spectrum of the Zn—En solution treated for 3 days at 92 °C (Figure
6) confirms the presence of ZnO particles suspended in the Zn-En
solutions. From our results, it is clear that the strong interactions
between the En ligands, the H' species, and the colloidal ZnO/Zn
particles might be directly involved with the observed growth
behavior and optical properties of the nanostructures.

Generally, for solid—liquid interfaces, the local equilibrium
concentration of the species which compose the liquid phase
depends on the local curvature of the solid phase. A variation of
the solid curvature promotes an equilibrium change, causing the
transport of species from high-concentration regions (high curva-
ture) to low-concentration regions (low curvature). These capillary
forces provide the driving force for the growth of larger solid
particles at the expense of smaller ones. Such coarsening effects
due to capillary forces at solid phase boundaries are generally
termed the Ostwald ripening process.”*>' The study of the ripening
process for the Zn—En system is out of the scope of this work.
However, a very simple mechanism that could help us to
understand the ZnO rod formation can be deduced from the
experiments and the Block (Balair)-like equilibriums. As shown
in Figure 1a, for the pH range 9—10.11, the hydroxide dissolution
is controlled by the ZnEn complex formation at 25 °C

Zn(OH),(s) + nEn + 2H" = Zn(En), + 2H,0 (5)

It should be noted that this is the pH range imposed by the
saturation of the En solution with the zinc salt (C = 0.72 M).
At this temperature, the Zn(OH), precipitation can not be
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Figure 4. (a) Typical HRTEM micrograph of ZnO nanorods growing along [0002] direction; (b) HRTEM micrograph of a coaxial Zn/ZnO nanorod. The
core corresponds to a metallic Zn nanorod in the wurtzite phase grown along the [0002] direction (d-space shown in the inset, 0.247 nm), whereas the shell
corresponds to a wurtzite ZnO layer growing epitaxially along the [0100] direction perpendicularly to the [0002] direction of the Zn core wire. The other
reflection observed in the micrograph for the ZnO shell corresponds to [0101], for which the d-space matches to 0.247 nm for the ZnO counterpart with
the lattice fringes shown by the metallic Zn core wire. (c) EDS spectrum of the core region corresponds to Zn without oxygen; (d) EDS spectrum of the
peripheral region corresponds to ZnO shell. The EDS analysis in TEM was performed with a 1 nm spot size of the electron beam.
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Figure 5. (a) Low-magnification TEM micrograph of a solid metallic Zn rod coated with ZnO nanoparticles; (b) HRTEM of the ZnO nanoparticles
over the metallic Zn core; the particles are oriented at several zone axis with respect to the electron beam; (c) EDS spectrum of the metallic Zn core
showing the absence of oxygen; (d) EDS analysis from the superficial ZnO nanoparticles.

observed even by increasing the pH from 9 to 10.11 with the
addition of some drops of saturated NaOH solution (see Figure
la). Moreover, the formation of solid Zn(OH), is not yet
observed for pH values that are slightly higher than 10.11 but
less than 11.3. Because of the tampon effect imposed by the

ethylendiamine ligands, the increase in pH value higher than
11.3 can not be observed with the addition of more NaOH
solution. However, as can be followed from the Figure la, at
pH values higher than 10.11, the ZnEn complex becomes
thermodynamically unstable. Under hydrothermal conditions (92
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Figure 6. Room-temperature (a) excitation and (b) emission spectra
of a Zn—En solution ([Zn*"] = 0.72 mol/L) after hydrothermal
treatment at 92 °C for 3 days. The excitation spectrum was recorded
for an emission band at about 808 nm. The emission spectrum was
obtained using an excitation line at 335 nm. The peak at about 670 nm
is the second harmonic of the excitation line. The inset shows the
emission spectrum of a 10% v/v En solution, measured using the same
excitation line at 335 nm.
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Figure 7. Typical room-temperature PL spectrum of Zn—ZnO nanorods
obtained by exciting with 248 nm laser pulses of 8 mJ/cm? intensity.

°C), the ZnO rods were formed instead of the Zn/ZnO
core—shell structures when the pH of the autoclaved solution
was previously increased to the values higher than 10.11 (Figure
5a). The ZnO rods are formed because of the increase in
instability of the ZnEn complexes caused by the temperature
increase from 25 to 92 °C. Weakening of the Zn—En bonds
induced by the hydrothermal conditions could move the
equilibrium of the eq 5 to the left, promoting the ZnO solid
formation. As the solid phase must be in intrinsic equilibrium
with its soluble counterpart (e.g., Zn(OH),). a similar dehydra-
tion process such as that depicted in eq 4 could be observed
and thus a crystal growing process would be carried on by a
dehydration process.

On the other hand, if ZnEn precursor solutions in which no
NaOH was added are now autoclaved, the formation of Zn rods
can be observed (Figure 3a). Compared with the ZnO rods, the
formation mechanism of the Zn/ZnO core—shell structures is
not as simple as it seemed to be. That is, whereas the wurzite
ZnO formation does not imply a change in the redox chemistry
of the Zn(Il) (see eqs 4 and 5) the crystal formation of the Zn
core implies a redox change from Zn(II) to Zn(0). On hydro-
thermal treatments at 92 °C, we observed neither Zn core
structures nor ZnO rod formation for ZnEn solutions whose pH
was diminished from 9 to about 7 with the addition of some
drops of hydrochloric acid. At this pH range, in spite of

Crystal Growth & Design, Vol. 9, No. 7, 2009 3029

temperature increase, formation of Zn/ZnO core—shell structures
is inhibited because of the formation of the complexes (Figure
la)

[Zn(En),NH,CH,CH,NH,] + En < [Zn(En),(En—
H)*” + En—H" (6)

[Zn(En)NH,CH,CH,NH,] + En < [Zn(En)(En—H)]~ +
En—H" (7)

Such a decrease in pH value would provide additional degree
of stability to the ZnEn complexes (see eq 5). We observed the
formation of Zn/ZnO core—shell rods by autoclaving ZnEn
solutions with pH values between 9 and 10.11. As mentioned
earlier, these pH values of the solution were imposed by the
addition of the zinc salt to the En solution. However, the
formation of these core—shell rod structures must be influenced
by some additional parameters, like the degree of saturation of
zinc ions and concentration of ethylendiamine, a part from the
temperature and the pH of the reaction solution, which need
further careful studies.

The room-temperature photoluminescence (PL) spectrum of
a core—shell Zn/ZnO sample annealed at 240 °C in air is shown
in Figure 7. An emission band peaking at about 394 nm (3.14
eV) was observed. Several UV emissions in the 3.27—3.3 eV
range have been reported for ZnO nanostructures®* and thin
films> and assigned as near band edge or free exciton emissions.
Srikant and Clarke®* have reported both the 3.3 and 3.15 eV
emissions for their bulk ZnO samples. They associated the 3.15
eV emission with deep donor/acceptor levels. In fact, deep-
level transient spectroscopy (DLTS) measurements on bulk ZnO
varistors revealed the existence of an intrinsic donor level at
~0.15—0.17 eV below the conduction band.”> We believe that
the 3.14 eV emission in our Zn/ZnO core—shell structures arises
from donorlike point defects.

The optoelectronic quality of ZnO nanostructures is frequently
measured by the intensity ratio between the NBE (near-band-
edge) and the deep-level emissions.?® In our case, the TEM
observations revealed the ZnO shell structures around zinc core
are mostly in single crystalline phase. However, as they
frequently grow perpendicular to the [0002] (dyoo, = 0.606 nm)
direction of the 1D Zn cores, there must have many structural
defects such as dislocations and stacking faults at the interfaces.

As is shown in the Figure 6, the Zn—En solutions presents
an IR emission centered at above 808 nm. Such emission
overlaps with another band at about 750 nm arising from
ethylenediamine emission (inset of Figure 6), which was
obtained using the same excitation line (335 nm). However, by
measuring the excitation spectra of the 808 nm emission line,
we obtained the 375 nm peak that is associated with the ZnO
band edge (Figure 8). Our results are in accordance with results
reported by Lauer, who demonstrated that the excitation spectra
of IR emission in ZnO bulk crystals is made of three bands
centered at above 3.3, 3.1, and 2.94 eV, respectively.”’
Therefore, the IR emission observed in the Zn—En solutions
suggests the presence of ZnO colloidal particles in the auto-
claved solutions. The nature of the IR emission band in ZnO
remains unresolved. The IR emission at about 1.7 eV was
reported for ZnO bulk crystals and powders after air annealing
at temperatures between 900— 1000 °C.>” However, the 1.7 eV
emission always appeared as the tail end of another emission
centered at about 2.2 eV. The 2.2 eV emission is assumed to
be originated from the donor centers slightly below the
conduction band. On the other hand, the 1.7 eV emission,
occasionally called as red emission in ZnO, can be associated
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Figure 8. The (a) excitation and (b) emission spectra of a Zn—En
solution ([Zn*>*] = 0.72 mol/L) after hydrothermal treatment at 92 °C
for 1 week. The measurement conditions were the same as those in
Figure 6.

with a transition from a state at the edge of the conduction band
to a hole trapped in a localized state, which could be introduced
by alkali impurities (e.g., Li, Na, or other metal alkali impuri-
ties).®

Unlike the emissions observed for the Zn—ZnO rods struc-
tures, the PL emission spectra of Zn—En solutions presented a
broad blue-green emission centered at above 442 nm (Figures
6). Similar PL features were observed for Zn—En solutions
whose time of thermal treatment was less than 3 days. However,
as is shown in Figure 8, the excitation and emission spectra
change drastically for the Zn—En solutions that were autoclaved
for several days. For these solutions, an evolution of the
emission from the blue-green to green is appreciated. Generally,
in ZnO, the deep level emission consists of a green emission at
around 520 nm and a near-yellow emission around 640 nm.*
Such a change in the PL emission of the Zn—En solutions
indicates an increase in the strain and deep level defects of the
ZnO colloidal particles. This is supported by the photon energy
associated with the excitation spectra of the Figure 8 which
equals to ~2.94 eV and is attributed to the direct excitation of
substitutional luminescence centers in the Zn0.?”*° The obtained
results not only demonstrate the interesting PL properties of
the Zn/ZnO core—shell nanorod structures but also for the
Zn—En precursor solutions at different stages of autoclaving.

Conclusions

One-dimensional Zn/ZnO core—shell nanostructures were
obtained by a low-temperature solvothermal approach. The ZnO
shells grow over crystalline Zn metallic nanorods following the
[0002]2,/[0100]2,0 epitaxial relation. The epitaxial ZnO layers
might have several structural defects at the interface due to
lattice mismatch with metallic zinc. The presence of polycrys-
talline ZnO nanoparticles over some of the crystalline Zn rods
suggests that the epitaxial ZnO layers form through the
coalescence of small ZnO particles, formed at the initial stage
of the oxidation of Zn nanoparticles in the reaction mixture.

Formation of pure metallic Zn, ZnO, and Zn/ZnO core—shell
nanostructures through ethylenediamine mediated hydrothermal
synthesis depends strongly on the reaction conditions like pH
of the reaction solution, temperature of autoclaving, along with
the concentration of zinc ions. Therefore, using this low-

Trejo et al.

temperature process, one can synthesize either of these nano-
structures just be adjusting the reaction conditions. The process
can be applied for producing other hybrid nanostructures.
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