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The second harmonic wavelength of a neodymium-doped yttrium-aluminum-garnet (Nd-YAG) laser (λ = 532 nm) was used in a
pulsed laser ablation technique (PLAL) to synthesize aluminum nanoparticles suspended in white vinegar from an aluminum
target. The nanoparticles were characterized by HRTEM and UV-Vis spectrophotometry. They were found to range in size
between 2 and 50 nm in diameter, with an average diameter of 12 ± 9 nm. The nanoparticles had a maximum absorption peak
at 237 nm and were found to exhibit a core-shell structure with an Al core coated by a thin layer of an amorphous material
which could be attributed to amorphous carbon. HRTEM results revealed that the small nanoparticles (<20 nm) had an fcc
phase of aluminum crystalline structure, where the larger particles represented alumina (γ-Al2O3) nanoparticles. Such
observation suggests that the use of white vinegar as an ablation medium could facilitate the synthesis of aluminum
nanoparticles with minimal evidence of the existence of aluminum oxide nanoparticles in the resultant suspension.

1. Introduction

Aluminum nanoparticles (Al NPs), nowadays, have attracted
a great interest due to their significant and diverse applica-
tions. They are found to be perfect catalysts for rocket fuel
reactions [1], with many other promising applications in bio-
medical [2] and antimicrobial [3] fields. Yet, the synthesis of
high purity Al nanoparticles is a major challenge due to their
capability to oxidation forming Al2O3 nanoparticles instead
[4]. In recent years, pulsed laser ablation in liquid (PLAL)
has emerged as a promising method for producing pure
active metal nanoparticles [5]. PLAL is a simple one-step
method in which a bulk or powder metal target is placed in
an aqueous solution and irradiated with laser pulses of a
short period of time, typically about a few nanoseconds.
PLAL is considered as a simple and low-cost technique that
does not require any vacuum apparatus [6]. It could pro-
vide size-controlled nanoparticles without any chemical
contamination [7].

However, the nanomaterials obtained through this
method depend greatly on the used liquid medium [8, 9],
laser wavelength [10], laser energy [11–13], and irradiation

time [8] along with other parameters. Applying the first
harmonic wavelength of a Nd:YAG laser (λ = 1064 nm), irra-
diated aluminum targets immersed in ethanol, acetone, or
ethylene glycol resulted in Al nanoparticles with different
diameters ranging between 30 and 100 nm [8, 9]. It was
noticed that finer particles (mean diameter of 30 nm) were
obtained in acetone [8] or ethanol [9], when longer ablation
durations are applied [8]. Likewise, irradiated aluminum tar-
gets in dry tetrahydrofuran (with or without the addition of
oleic acid) resulted in Al nanoparticles with an average size
of 21 nm [14]. One reason for using oleic acid in this reaction
is to serve as a surfactant that decreases aggregation. It has
been reported that the pH of the liquid medium in PLAL
affects the sizes and surface charge of the synthesized nano-
particles [6]. On the other hand, when pure Al nanoparticles
are needed, a prevention of oxide formation is required. One
method for achieving this is by introducing hydrocarbons,
such as oleic acid, which reduce the Al/O ratio and minimize
the oxidation of the nanoparticles [14].

In this work, we demonstrate the ability of fabricating
Al nanoparticles in an acidic medium using the PLAL
technique. The second harmonic wavelength (532 nm) of a
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Nd:YAG laser was employed as a laser source, while white
vinegar has been used as a liquid medium. To the best of
our knowledge, no previous work has used vinegar in the
preparation of aluminum nanoparticles using PLAL.

2. Experiment

Aluminum pellets 99.99% trace metal basis (Sigma-Aldrich)
with the dimensions of 3–12mm were used as targets, and
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Figure 1: A schematic diagram of the experimental setup used in the fabrication of Al nanoparticles by laser ablation in vinegar.
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Figure 2: (a) UV-Vis absorption spectrum. (b, c) TEM images at two different magnifications. (d) Plots of particle size distribution of Al
nanoparticles obtained with PLAL in vinegar.
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highly acidic white vinegar with a pH of 2 was used as the
medium. The white vinegar used is this work is an organic
substance found in the local market with acidity not less than
5%. In a typical experiment, the pellet was polished with sand
paper to remove any corrosion on its surface just before abla-
tion, then washed with acetone. The pellet was then placed in
a glass beaker and covered with white vinegar (level ~2mm
above the target). The beaker was then positioned on an XY
stage to allow the movement of the target under the laser
beam. This procedure was necessary to avoid the formation
of a deep crater on the target surface.

The second harmonic wavelength of a Nd:YAG laser
(λ = 532 nm, Quanta Ray, Spectra Physics) was used with a
laser repetition rate of 10Hz and a pulse length of 6 ns. The
laser power was set to 2W. The laser beam was focused on
the surface of the target using a 50mm lens, and the target
was irradiated for 15min. The experiment was conducted
in ambient conditions. Figure 1 shows a schematic diagram
of the experimental setup. After irradiation, the pellets were
removed and the solution was analyzed using UV-Vis

spectrophotometry (Thermo, Genesys 10S). Structural and
morphological properties of the nanoparticles were investi-
gated using HRTEM (Tecnai G2 F20 Super Twin TEM
microscope). The pallet was weighted before and after the
ablation process to determine the mass of the suspended par-
ticles in the solution.

3. Results and Discussion

Spherical aluminum nanoparticles suspended in white vine-
gar resulted from the 532nm Nd:YAG laser ablation of the
submersed aluminum target after 15 minutes of exposure.
The suspended aluminum mass was calculated to be 3.8mg
which indicates the formation of a considerable quantity of
nanomaterials.

The absorption spectrum of the nanoparticle solution
suspension is shown in Figure 2(a). The spectrum shows a
single peak below the visible range, with the maximum
absorption at 237nm. The presence of such a peak (below
250 nm) indicates the formation of aluminum nanoparticles
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Figure 3: (a) HRTEM of Al particles obtained with PLAL. (b) Zoom of the core of the fabricated particles showing the Al (200) and Al (111)
orientation. (c) SAED pattern and plot.
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in the suspension [8]. Previous studies [8, 13, 15] reported
that a peak around 200nm corresponds to nanoparticles in
the range of 10nm in diameter and that a red shift is associ-
ated with larger particles [13]. Moreover, Figure 2(a) shows
a wide absorption shoulder in the domain 300–400 nm, which
is attributed to nanoparticles with a core-shell structure
[13, 15]. TEM images of the suspension, as illustrated in
Figures 2(b) and 2(c), indicate the existence of nanospheres
varying in size from 2nm to 50nm. The measurements of
the nanoparticles were taken directly from the TEM images
using the ImageJ software. The size distribution of those
nanoparticles was then plotted and illustrated in Figure 2(d)
where the average diameter was found to be 12 ± 9 nm.

By investigating the nanoparticles of the different sizes,
it was noticed that the smaller nanoparticles (<20 nm)
have a different structure than the larger ones. Zooming
into the smaller nanoparticles with the HRTEM analysis
(Figures 3(a) and 3(b)), the rectilinear distance in the crystal
structure of the particles can be seen to be 0.2 nm and
0.23 nm which corresponds to (200) and (111) planes of fcc
aluminum, respectively. This is further confirmed by the
Selected Area Electron Diffraction (SAED) analysis shown
in Figure 3(c) where its plot shows the existence of Al
(111), (200), (311), (222), and (400) with the onset of
γ-Al2O3 (440) based on the Joint Committee on Powder
Diffraction Standard-International Center for Diffraction
Data (JCPDS-ICDD) Card nos. 85-1327 for pure Al and
29-0063 for γ-Al2O3. Additionally, the particles exhibit a
core-shell structure with Al at the core and coated by a thin
layer. The nature of the coated thin layer may require further
investigation. It is predicted that the thin layer could be alu-
mina (Al2O3) or amorphous carbon that originates from
the decomposition of the vinegar medium during the laser
ablation [8].

For larger nanoparticles (>50 nm), shown in Figure 4(a),
the HRTEM structure shows a grain orientation of (220) and
a lattice spacing of 0.28 nm which correspond to γ-Al2O3
nanoparticles. This is further confirmed by the Fourier trans-
form image of the lattice in Figure 4(b), which indicates the
presence of the (220) and (311) orientations of γ-Al2O3. It

is worth mentioning that the intensity of the (311) phase of
γ-Al2O3 is very weak; hence, it did not appear in the SAED
pattern in Figure 3(c).

According to the TEM images, nanoparticle size distribu-
tion, and SAED pattern (Figures 2 and 3), it could be con-
cluded that the amount of Al nanoparticles in the prepared
solution exceeded that of Al2O3. Specifically, the ratio of
Al/Al2O3 was found to be around 9.5. This might be attrib-
uted to the abundance of H+ ions in acidic medium, which
makes O2- ions resulted from photolysis and thermolysis pre-
fer to combine with H+ ions. Consequently, most of the Al3+

ions miss the chance to recombine with O2- ions and exist in
the form of metallic Al [14, 16].

From a crystalline structure point of view, aluminum
oxide (alumina; Al2O3) has many forms [17, 18]. These dif-
ferent forms are called “transition alumina” and are denoted
by the prefixes γ, δ, θ, κ, χ, η, and ρ. The alumina changes
from one form to another due to the increase in temperature.
The final product of this transition alumina is the α-Al2O3,
which is regarded as the most stable form. Under our exper-
imental condition, the final product of the alumina transfor-
mation was the γ-Al2O3, that is, the temperature was not
high enough to reach the α-Al2O3 phase.

4. Conclusion

As a conclusion, aluminum and alumina (γ-Al2O3) nanopar-
ticles, suspended in white vinegar, were synthesized using a
PLAL technique. The aluminum nanoparticles were more
abundant and varied in size between 2 and 50nm, with an
average diameter of 12 ± 9 nm. However, very limited num-
ber of alumina nanoparticles was found with sizes above
50 nm in diameter. Alumina nanoparticles could be caused
by the reaction of the Al pellets with oxygen resulting from
the decomposition of the white vinegar by the laser pulses.
The white vinegar, which was used here as an ablation
medium for the first time as per our knowledge, acted as an
oxidation-inhibitor facilitating the synthesis of aluminum
nanoparticles with minimal alumina nanoparticles.
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Figure 4: (a) HRTEM of γ-Al2O3 nanoparticles obtained with PLAL. Inset shows the (220) orientation. (b) Fourier transform image of lattice.
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