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Decoration of Zinc Oxide
Nanoparticles with Aluminum
Nanoparticles by Explosive
Strips Method

In this study, aluminum nanoparticles (Al NPs) were prepared using explosive strips
method in double-distilled deionized water (DDDW), where the effect of five different
currents (25, 50, 75, 100 and 125 A) on particle size and distribution was studied. Also,
the explosive strips method was used to decorate zinc oxide particles with Al particles,
where Al particles were prepared in suspended from zinc oxide with DDDW.
Transmission electron microscopy (TEM), UV-visible absorption spectroscopy, and x-ray
diffraction are used to characterize the nanoparticles. XRD pattern were examined for
three samples of aluminum particles and DDDW prepared with three current values (25,
75 and 125 A) and three samples prepared with the same currents for zinc oxide
suspension with aluminum particles and DDDW. It was observed that when increasing
the percentage of prepared Al particles in the suspension consisting of zinc oxide and
DDDW, the energy gap of zinc oxide gradually decreased in the samples. Transmission
electron microscopy (TEM) analysis is conducted to examine the size, shape, and
aggregation of the nanoparticles. The TEM images reveal that the Al nanoparticles
exhibit a quasi-spherical shape. The particle size distribution analysis shows that the
average crystal size of Al decreases with an increase in the detonation current. This
method vyields particle with average sizes within the range of 20 to 90 nm. When
decorating zinc oxide particles by generating Al nanoparticles inside a suspension of zinc

oxide and DDDW, the size of the resulting particles increases with increasing current.
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1. Introduction

In recent years, nanoscience and nanotechnology
have revolutionized various fields by offering
unprecedented opportunities for designing and
engineering advanced materials with tailored
properties [1-3]. There have been numerous reports of
physical and chemical processes for producing
nanoparticles, one of which is the use of plasma
(exploding wire method) [4-8]. Among the wide
range of nanomaterials, metal oxide nanoparticles
(NPs) have gained significant attention due to their
unique physical and chemical characteristics [9-12].
Zinc oxide (ZnO) NPs, in particular, have
demonstrated remarkable properties, including high
surface  area, photocatalytic  activity, and
antimicrobial efficacy, making them suitable for
diverse applications such as optoelectronics, sensors,
and environmental remediation [13-15]. It is a
semiconductor with a wide bandgap and a direct band
gap width of 3.37 eV [16-19]. Despite their inherent
advantages, the performance and functionality of
ZnO NPs can be further improved by incorporating
other functional materials. In this context, aluminum
(Al) NPs have emerged as a promising candidate due
to their excellent thermal stability, electrical
conductivity, and corrosion resistance [20-21]. The
traditional methods for synthesizing composite
nanomaterials involve complex and time-consuming
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procedures, often accompanied by challenges such as
poor homogeneity and limited control over the size,
shape, and distribution of the NPs [22]. To overcome
these limitations, a novel approach called the
explosive strips method has recently been proposed,
which enables the decoration of ZnO NPs with Al
NPs in a facile and efficient manner [23]. This
method involves the controlled explosion of Al strips
in close proximity to ZnO NPs, leading to the
deposition of Al NPs onto the surface of ZnO NPs
[24]. The novelty of this research lies in the fact that
the research presents the preparation of composite
nanoparticles using explosive strips. The utilization
of this method for the synthesis of composite
nanoparticles is a novel approach that offers
advantages such as simplicity, efficiency, and control
over particle size and distribution [25]. Furthermore,
the optical enhancement of ZnO nanoparticles
through the incorporation of aluminum nanoparticles
offers the advantage of controllable energy gap
modulation, expanding their potential applications.
The study demonstrates that the energy gap gradually
decreases with an increase in the proportion of
aluminum nanoparticles, indicating modifications in
the electronic properties of the composite material
[26]. This finding enhances the understanding of the
electronic  interactions and band  structure
modifications in composite nanoparticles. The
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decorated ZnO-Al NPs are expected to exhibit
enhanced  conductivity, improved  catalytic
performance, and increased stability, enabling their
utilization in various technological applications [27-
28].

We describe the characterization and unusual
optical properties of Al and AI-ZnO nanoparticles
prepared from the Al alloy using the exploding strip
method in the current study. X-ray diffraction (XRD),
UV-visible, and scanning electron microscopy have
all been used in the physical-chemical description
(TEM). Also, optical emission spectroscopy was used
to investigate the properties of the plasma produced
by the electric explosion wire method (EEW) [29-30].

2. Experimental Part

Figure (1) shows the equipment needed to prepare
metallic nanoparticles from a liquid media explosive
strip system. The system consists of two electrodes,
the negative electrode is an Al strip with a length of
25 cm and a thickness of 0.1 mm, and the positive
electrode is an Al sheet with dimensions of (4.5x3.5)
cm and a thickness of 0.15 mm. The strip and the
board are made of the same material, but with reverse
polarity. The electrodes were placed in a Pyrex beaker
containing 100 ml of deionized double-distilled water
(DDDW).
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Fig. (1) Exploding strip system

High electric currents (with values of 25, 50, 75,
100 and 125 A) were passed through the Al tape. The
strip and hot plate vaporize into plasma upon contact.
The aluminum strip is contacted the aluminum slide
approximately 40 times for each value of the passing
current.  X-ray is used to determine the
crystallographic structure of materials. In the
wavelength range of 180-880 nm, ultraviolet-visible
light from a dual-beam spectrophotometer was used
to examine the absorption spectrum. Utilizing TEM,
the particle size and particle size distribution were
determined. Changes in the absorption spectrum over
time were studied to evaluate the stability of the
prepared nanoparticles.

3. Results and discussion

The UV-visible analysis was conducted
immediately following the determination of the
chemical composition of Al nanoparticles and Al
particles in the presence of zinc oxide. The UV-vis
spectrum, as depicted in Fig. (2), was acquired using
absorption mode within the range of 180 to 8380 nm.
Figures (2a and b) vividly demonstrate changes in the
absorption spectrum, depicting how absorbance
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varies with wavelength for five different current
values utilized in nanoparticle preparation. The rise in
absorbance with increasing passing current is
indicative of the heightened power input into the
system.
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Fig. (2) UV-visible Al spectra generated by EEW in DDDW at
various currents: (a) Al and (b) Al-ZnO

The correlation between detonation current and
absorbance in UV-Vis spectroscopy can be attributed
to several factors. An increase in detonation current
leads to a higher yield of prepared nanoparticles,
consequently elevating the total particle surface area
and augmenting energy absorption. Additionally, the
explosive strip method is capable of producing
nanoparticles with diverse surface roughness and
morphology. With heightened detonation current, the
energy released during the explosion induces more
substantial fragmentation and vaporization of the
strip material. This, in turn, yields nanoparticles with
coarser surfaces, non-uniform shapes, or amplified
surface area-to-volume ratios. These factors
collectively amplify interactions between light and
matter, resulting in an amplified absorbance in the
UV-Vis range, aligning with findings in [24].
Employing this correlation, the energy gap can be
computed based on direct transitions [31-35].
(ahv)? = A(hv — E;) 1)
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where A represents a constant, Eg represents an
energy gap, and hv represents the energy of a photon.
The symbol a denotes the absorption coefficient (o),
which can be derived from transmittance by (-In1/T)d
as T is the transmittance and d is the film thickness.
(ahv)? and hyv were used to plot their respective
relationship curves. The energy gap for permitted
direct transmission of the ZnO films in the presence
of aluminum ranged from 2.55 to 3.12 eV, as
illustrated in Fig. (3).
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Fig. (3) The relationship between (¢hv)? and hv for Al-ZnO

When Al is introduced into a different material, it
acts as a patterning material, introducing patterned
states into the band gap. This in turn affects the
energy levels and conductivity of the host material. In
the present case, nanoparticles act as decoration on
the ZnO surface, leading to modifications in energy
levels and reduction of the band gap. Furthermore,
when compared to bulk materials, nanoparticles have
a substantially higher surface-to-volume ratio. This
augmented surface area allows for enhanced
interaction with the surrounding medium, in this
instance, water molecules. These interactions can
facilitate charge transfer and give rise to the
formation of interfacial states, consequently
influencing the electronic properties of the composite
material. The presence of Al nanoparticles on the
surface of ZnO has the capacity to alter the band
structure, ultimately resulting in a diminished energy
gap for ZnO gradually in the samples. It is evident
that with escalating currents, the energy gap
diminishes proportionally to the increase in Al
content within the sample, corroborating findings in
[26] as presented in table (1).

Table (1) The energy gap for Al-ZnO

Current(Am) | 25 50 75 | 100 | 125
Eg (eV) 312 | 279 | 268 | 2.59 | 2.55

Figure (4) depicts the diffraction peaks of Al
nanoparticles prepared using the explosive strip
method at three distinct currents (25, 75, and 125 A).
The XRD pattern was captured within a 20 angle
range spanning from 30° to 80°, as exemplified in
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Figure 4. peaks are observed at 38.17°, 44.4°, 64.9°,
and 78.37°, corresponding to reflects from the (111),
(200), (220), and (311) planes, respectively. This
indicates a face-centered cubic structure according to
standard card in (JCPDS card No. 00-004-0787), and
this agrees with [36]. For the determination of the
average crystallite size, Scherrer’s formula, outlined
in references [37-42], is employed, as follows:

091
"~ Bcoseg @

where A represents the wavelength of the x-ray and f
signifies the maximum of the Bragg diffraction peak
or the Full Width at Half Maximum (FWHM) of the
XRD peak measured in radians. The average
crystallite size for Al at the three currents (25, 75, and
125 A) was determined as follows: 28.721 nm, 20.832
nm, and 18.653 nm, respectively.

600

—25A
— T75A

500

N
o
S

Intensity (a.u.)
w
S

N
o
o

-
o
o

0 TTrTr T rrrrrrrrrrrrrrrrrrrrorororo|
20 30 70 80

50
20 (deg)
Fig. (4) XRD patterns of Al at different currents

Figure (5) illustrates the diffraction peaks of (Al-
Zn0) nanoparticles prepared by the explosive strips
at three different currents (25, 75, and 125 A). The
XRD pattern was recorded with angles of 20 ranging
from 30° to 80°, as shown in Figure (5). Peaks were
observed at 38.17°, 44.4°, 64.9°, and 78.37°, which
are related to Al corresponding to reflects from (111),
(200), (220), and (311), respectively. These results
align well with the normative values for the data
presented (JCPDS card No. 00-004-0787). The
average crystallite size of Al at three currents (25, 75,
and 125 A) was calculated as follows: 67.1 nm, 73.9
nm, and 82.7 nm, respectively.

The diffraction peaks for ZnAl,O4 were observed
at 20 positions of 59.2°, 74.28°, and 77.57°,
indicating reflects from (511), (620), and (533),
respectively. Which shows matching with the
(JCPDS card no. 00-005-0669), and agrees with
diffraction peaks in above mentioned [43]. The
average crystallite size of ZnAl,O.s at the three
currents (25, 75, and 125 A) was calculated as
follows: 58.5 nm, 65.9 nm, and 80.9 nm, respectively.
Additionally, diffraction peaks for ZnO were
observed at 260 positions 31.8°, 34.4°, 36.3°, 47.5°,
56.6°, 62.8°, 66.4°, 67.9°, 69.1°, 72.5°, and 76.9° are
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found to be relative to (100), (002), (101), (102),
(110), (103), (200), (112), (201), (004), and (202)
planes. These results are generally consistent with the
normative values for the data presented on JCPDS
card No. (79-2205), substantiating that ZnO
possesses a crystalline hexagonal structure, this
agrees with [44]. The average crystallite size of ZnO
at the three currents (25, 75, and 125A) was
calculated as follows: 56 nm, 57.9 nm, and 69.3 nm,
respectively.
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Fig. (5) XRD patterns of Al-ZnO at different currents

Figures (4) and (5) reveal that with an increase in
the value of the explosive current in the experiment,
the diffraction peaks of Al and ZnAl,O, increase,
while the intensity of the peaks of ZnO decreases
[45]. This phenomenon can be attributed to the
formation of the ZnAl,O, compound during the
process of sintering ZnO particles with Al
nanoparticles via the explosive strip method. This
results from the prepared of highly reactive Al
nanoparticles, possessing both high surface area and
reactivity. When they come into contact with ZnO
particles during the sintering process, redox reactions
occur, wherein Al nanoparticles undergo oxidation
reactions in the presence of oxygen. This leads to the
formation of an Al oxide layer on the surface of Al,
which then reacts with ZnO particles to produce the
compound ZnAl,Os4, commonly known as zinc
aluminate. An increase in the current value leads to a
rise in the temperature of the electrons and,
consequently, an increase in the energy gained from
the electron plasma, resulting in a higher number of
nanoparticles.

In summary, the increase in current leads to a
decrease in the crystallite size of the Al nanoparticles.
The X-ray diffraction pattern in Fig. (5) further
indicates that the diffraction intensities of ZnO can
decrease with increasing detonation current. When
ZnO is decorated with Al nanoparticles, the strength
of the X-ray diffraction (XRD) peaks of the ZnO
decreases, which can be explained by an increase in
the dispersion of the Al nanoparticles.

Transmission Electron Microscopy (TEM)
analysis is employed to confirm the composition of
the nanoparticles and offers insights into their size,
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shape, and aggregation characteristics. Figure (6)
displays TEM images of Al nanoparticles, revealing
their quasi-spherical shape, which is in agreement
with previous studies [46-49]. For the determination
of particle size, TEM image analysis was conducted
using ImageJ software. The size distribution graph in
Fig. (6) indicates that the average particle size of Al
at the three currents (25, 75, and 125 A) was
calculated to be 36.2 nm, 26.3 nm, and 20.7 nm,
respectively. The detonation current corresponds to
the electrical current supplied to the detonation
system. With an increase in current, the energy input
into the system also rises. This elevated energy input
results in a more vigorous and intense detonation
process. The higher energy input during detonation
leads to a more forceful fragmentation of the Al
material.

The shock waves and rapid expansion generated
by the detonation process cause the material to
disintegrate into smaller particles. The rapid cooling
effect, brought about by the expansion and dispersion
of detonation products, hinders the agglomeration or
coalescence of the newly formed Al nanoparticles.
This quenching effect aids in maintaining the smaller
particle size and prevents their growth into larger
particles. Figure (7) illustrates the ZnO particles
decorated with Al nanoparticles. The dark inner part
represents the core (ZnO), while the surrounding
bright part signifies the shell this agrees with [50].
The core/shell structure fabricated in our work
involves a core of zinc oxide (ZnO) particles
surrounded by a shell composed of aluminum (Al)
nanoparticles. This configuration is achieved through
a process in which aluminum nanoparticles,
generated during the explosive strip method, adhere
to the surface of pre-existing ZnO particles. This
adhesion forms a distinctive shell around the ZnO
core. The resulting core/shell structure is
characterized by the presence of both ZnO and Al,
with the aluminum nanoparticles acting as a
protective outer layer for the ZnO core. The size
distribution graph in Figure (7) reveals that the
average particle size of ZnO/Al (core/shell) at the
three currents (25, 75, and 125 A) was calculated to
be 60.1 nm, 71.8 nm, and 86.9 nm, respectively. It can
be deduced from TEM analysis that the particle size
increases with an escalating current.

The decoration of ZnO nanoparticles with Al
nanoparticles, prepared through the explosive strip
method, can be attributed to the generation of high
temperatures, pressures, and shock waves. These
factors cause the strip to rapidly disintegrate,
transforming into Al  nanoparticles.  These
nanoparticles are propelled with significant energy
into the surrounding environment. Additionally,
during the explosion process, the Al nanoparticles
produced are propelled and dispersed in the vicinity.
In this scenario, they come into contact with pre-
existing ZnO nanoparticles. When the Al
nanoparticles collide with the surface of the ZnO
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nanoparticles, they may adhere due to various forces,
such as van der Waals forces, -electrostatic
interactions, or chemical bonding, contingent on
specific conditions and surface properties.
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Fig. (6) Shows typical images obtained by transmission electron
microscopy (TEM) of Al nanoparticles produced at three
different currents (25 A, 75 A, and 125A)
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Fig (7) shows typical images obtained by transmission electron
microscopy (TEM) of Al-ZnO nanoparticles produced at three
different currents (25 A, 75 A, and 125 A)

The combination of the specific characteristics of
ZnO and Al nanoparticles, including their sizes,
surface chemistry, and reactivity, contributes to the
decoration phenomenon. The adhesion of Al
nanoparticles onto ZnO nanoparticles results in the
formation of composite structures, where the Al
nanoparticles are distributed and anchored on the
surface of the ZnO nanoparticles.
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4. Conclusion

This study presents a concise yet highly efficient
method for the synthesis of nanoparticles. All the
synthesized nanoparticles showed nanoscale
dimensions. DDDW-induced explosive dissociation
of aluminium (Al) ribbons in a ZnO suspension. This
innovative approach led to the adhesion of ZnO
nanoparticles, generating composite structures with
Al nanoparticles adhered to the surface of ZnO
particles. The absorbance increased proportionally to
increasing current, however the energy gap of ZnO
dropped as the fraction of Al in the sample increased.
The crystalline structures of ZnAl,O4, ZnO, and
aluminum were confirmed by x-ray diffraction.
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