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Article Info. Abstract

Gold oxide nanoparticles are most useful in various applications due to their distinctive

Article history: . . . ) . . :
e sy properties. they have valuable photocatalytic, antimicrobial, and optical properties, which makes

Received them very important in antibacterial coatings, sensors, and energy storage applications. This
7 November 2024 study used the laser ablation technique to synthesize the gold oxide nanoparticles in 2-
Accepted methoxyethanol. The ablation process was done using a Q-switched Nd:YAG laser with a
28 January 2025 wavelength of 1064 nm, and different numbers of pulses - 500, 1000, 1500, 2000, and 2500 -

were used to irradiate the gold target. Various techniques have been used to characterize the
gg%ﬂz‘yg%% resulting gold oxide nanoparticles, such as FT-IR, to investigate the active groups and bonding

patterns. The obtained results noted an interplay between the ablated gold nanoparticles and the
surrounding medium. Furthermore, the morphology of prepared nanoparticles was characterized
using (AFM), which show that the grain size reduced from 46.7 nm at 500 pulses to be38.3 nm
at 2500 pulses. The study also investigated the optical properties by measuring the absorption
spectrum at a range of 300-800nm. The energy gap of the acquired colloidal were decreased
from 2.73 eV at 500 pulses to 1.34 eV by increasing number of pulses to 2500 pulses.
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1. Introduction

Nanomaterials have unique properties, including increased surface area and surface activity, which lead to changes in physical
properties including the melting factor, as well as quantitative properties including the dielectric constant and effects on
solubility and heat transfer [1-2]. Nanomaterial manufacturing techniques are divided into two methods: “top-down” using
external forces, and “bottom-up” starting from atoms and molecules [3-4]. Nanoparticles can be produced using rapid pulsed
laser ablation, where the material is removed from the target in a liquid medium, reducing the toxicity associated with chemical
synthesis [5]. The effectiveness of this method depends on the laser power, the properties of the material, and the wavelength
used [6]. Using a high-power laser, the plasma volume increases and the atoms are ionized as the temperature rises to 20,000 K
[7-8]. Laser technology is used to produce nanoparticles for a variety of purposes, such as superconductors and laser crystals.
Gold nanoparticles have unique optical properties due to surface plasmon resonance, which makes them suitable for use in
cancer therapy and most drug delivery systems [12, 13]. Gold nanoparticles are widely used in the fields of biotechnology and
biomedicine, due to their special features such as stability, inertness, high anisotropy, biocompatibility and non-toxicity. They
have been proven to be one of the safest and least toxic agents for drug delivery [14].

In 2016, Simao and colleagues [15] studied the synthesis of nanoparticles such as gold and manganese oxide via pulsed laser
ablation in water, using a nanosecond laser with a wavelength of 248 nm. The test produced nanoparticles with a small gold
center surrounded by a layer of manganese oxide, demonstrating the influence of laser parameters on the formation of
nanoparticles. In 2018, Torrisi and colleagues [16] compared the synthesis of gold nanoparticles in deionized water and
graphene oxide suspensions. The results confirmed that the latter produced Au-rGO nano composites without the need for
cleaning agents, thus providing a greener alternative for nanoparticle production. In 2021, Nancy and colleagues [17]
synthesized gold oxide-graphene (Au-GO) nanohybrids via pulsed laser ablation in liquid, resulting in gold nanoparticles
decorating graphene oxide sheets, demonstrating their effectiveness as systems for surface-enhanced Raman spectroscopy
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applications. In 2022, Radicic and colleagues [18] studied the synthesis of zinc oxide nanoparticles doped
with silver, gold, and platinum using pulsed laser ablation in water, highlighting how gold doping
promotes the optical properties and morphology of the resulting nanoparticles.

In this study, gold oxide nanoparticles were produced by pulsed laser ablation method with different
number of pulses. High purity gold in 2-methoxyethanol solvent with different number of laser pulses has
been targeted. The resulting material was then analyzed and studied for its structural, optical, and
morphological properties, as well as the effect of the number of pulses on the shape and size of the
nanoparticles.

2. Experimental

2.1. Materials and Characterization Techniques

The materials used in this work include 99% pure gold plate Immersed in 2-methoxyethanol solvent from
Sigma Aldrich were used as target and liquid medium respectively. The ablation technique was performed
using Nd:YAG laser (. Additionally, the final colloidal were characterized by different techniques such as
Atomic Force Microscopy (AFM) (Angstrom AA2000), UV-visible spectrophotometer (UV-1650PC
SHIMADZU), and FT-IR Spectrometer (ALPHA).

2.2. Preparation of gold oxide nanoparticles

gold oxide nanoparticles were prepared by pulsed laser ablation (PLA) of a gold plate with a diameter of 5
mm and thickness of 0.05 mm in which the dimensions were measured using a vernier. Subsequently, the
gold plate was cleaned ultrasonically for 10 minutes each with ethanol and distilled water to remove
surface contaminants effectively. Then fixed in a laboratory tube filled with organic solvent (10 ml of 2-
methoxyethanol) and irradiated using a YAG:Nd laser with a wavelength of 1064 nm, pulse duration 9 ns,
frequency 9 Hz, and laser power 700 mJ. The target was ablated with different numbers of laser pulses
(500, 1000, 1500, 2000, 2500). It is worth noting that the temperature of the laser device must be
monitored and controlled so that the operating temperature does not exceed 37 °C to keep the device away
from damage and defects in the active medium.

The process of synthesizing gold oxide nanoparticles (as illustrated in figure 1) involves exposing a gold

target, fixed at the bottom of a laboratory tube filled with an organic solvent, to laser irradiation. This
results in rapid heating of the target material, causing it to melt and then evaporate. The evaporation
generates a plasma column containing atoms, ions, and electrons, which interact with the surrounding
medium to form cavitation bubbles. The significance of these cavitation bubbles lies in the high
temperatures and pressures within them, which promote chemical reactions and phase transformations that
lead to the formation of nanoparticles. Afterward, the bubbles collapse, releasing the nanoparticles into the
surrounding medium.

Suggested mechanism
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Fig. 1. Synthesis process of the gold oxide nanoparticles
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3. Results and Discussion

3.1. FT-IR analysis

FTIR spectroscopy was adopted for analyzing the spectral range of 400-4000 cm™ in order to determine
the functional groups of the gold oxide nanoparticles as depicted in Figure 2.Certain peaks’ appearance
during the synthesis of gold nanoparticles (AuNPs) through laser

ablation in 2-methoxyethanol solution could be explained by energic factors. Nanoparticles and solvent
interactions induce vibrational and electronic transitions. Each peak is related to different molecular
vibrations or electronic transitions and laser parameters and the chemical environment have an impact on
each of these peaks. The peak at 711 cm™ is assigned to C—H bending vibrations of methylene groups
which indicate C—H bending vibrations during the interception of the solvent or organic layers adsorbed
species [19]. The 803 cm™ peak is attributed to other C-O bending vibrations which are usually found in
ethers and these discoveries confirm the presence of a methoxy group in 2-methoxyethanol, which
stabilises the nanoparticles [20]. Similarly, the 869 cm™ peak is linked to C—H bending vibrations,
suggesting structural changes or interactions on the nanoparticle surface [21]- At 1218 cm™, C-O
stretching vibrations are observed, further supporting the role of the ether functional group in stabilizing
AuNPs [22]- The 1382 cm™ peak indicates C—H bending from methyl groups, which may arise from
unreacted methoxy groups or organic residues on the surface [23]- The peak at 1605 cm™ can be attributed
to C=C stretching vibrations, possibly indicating impurities or degradation products formed during
synthesis [24]- The 1743 cm™! peak corresponds to C=0 stretching, suggesting oxidation products present
in the solution or on the nanoparticle surface [25]- Peaks at 2762 cm™ and 2827 cm™ are associated with
C—H stretching vibrations, indicating residual aliphatic hydrocarbons from organic materials in the
synthesis process [26]- Finally, the broad peak around 3360 cm™ is refers to O-H stretching vibrations
which means presence of hydroxyl groups on the surface of the formed nanoparticles [27-30]All noted
peaks through ablated process of nanoparticles gold target refer to interactions between gold target and 2-
methoxyethanol solvent. Variations in the number of laser pulses can lead to changes in the size, shape,
and oxidation state of nanoparticles, which in turn affect the vibrational and electronic transitions observed
in the spectrum. Understanding these peaks is crucial for characterizing nanoparticles and optimizing their
formulation for various applications[27-31].
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Fig. 2. FTIR spectra of prepared nanoparticles at different numbers of laser pulses.
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3.2. Atomic Force Microscope

To study friction, contact deformations, tightness, grain size, and related properties, it is essential to
analyze material topography and surface roughness parameters [32-33]. Atomic force microscopy (AFM)
is one of the primary techniques used, compared to scanning electron microscopy, as it does not require
additional coating layers or staining like in transmission electron microscopy. It also provides three-
dimensional images and allows for highly accurate surface morphology studies [34]. In this study, AFM
was used to examine the morphological characteristics of gold oxide deposited on glass substrates using
the contact mode. The data was analyzed with Gwyddion software. Figure 3 shows the 3D AFM images

and the measured grain size distribution, while surface roughness, root mean square, and grain size are
listed in Table 1.

As the number of pulses increased, it was observed that both the average roughness and root mean square
values varied with the size of the resulting particles. The results indicate that larger grain diameters
contribute to greater surface roughness. This observation is consistent with results from previous studies
on various nanomaterials synthesized through the laser ablation technique [32]. With varying numbers of
laser pulses (500, 1000, 1500, 2000, and 2500), the results show significant fluctuations in the average
diameter of the nanoparticles, ranging from 35.8 nm at 2500 pulses to 27.8 nm at 1000 pulses. This
variation indicates that the nanoparticle size is directly influenced by the energy imparted by the laser
pulses, which can lead to either agglomeration or fragmentation, depending on the pulse count [35-36].

In addition, the Root Mean Square (RMS) roughness, a key measure of surface roughness, varies with the
pulse count, reaching its lowest value of 8.6 nm at 1000 pulses and peaking at 3.15nm at 500 pulses. This
suggests that the surface morphology of the nanoparticles is highly sensitive to the laser parameters [35,
37]. Similarly, the roughness average follows this pattern, with the lowest value observed of 1.69 nm at
2500 pulses and the highest of 6.93 nm at 1000 pulses, further reinforcing the influence of laser pulses on
the surface characteristics of the nanoparticles [35, 38].These findings highlight the profound impact that
laser pulse count has on the size, morphology, and surface properties of nanoparticles synthesized through
pulsed laser ablation. Optimizing the number of pulses is therefore essential for tailoring the nanoparticle
characteristics to meet the requirements of specific applications, such as optoelectronics, catalysis, and
biomedical imaging [36-37].
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Fig. 3. 3D atomic force microscope images of prepared nanoparticles.

Table 1. Atomic force microscope parameters of prepared nanoparticles

Sample Average Diameter Root Mean Square Roughness Average
(nm) RMS (nm) (nm)
Au-500 Pulses 34.9 3.15 2.07
Au-1000 Pulses 27.8 8.6 6.93
Au-1500 Pulses 35.1 5.46 4.29
Au-2000 Pulses 28.6 6.94 5.47
Au-2500 Pulses 35.9 2.66 1.99

3.3. UV-Visible analysis

The Colloidal phase of the prepared nanoparticles in suspension was examined through optical absorption
measurements for a wavelength range of 300-800 nm. The measured spectra are illustrated in Fig. 4a.

the spectra show broad absorption peaks centered at 572 nm and 350 nm. The 572 nm peak is associated

with the gold nanoparticles’ surface plasmon resonance (SPR) which arises from the oscillation of
conduction electrons in unison upon exposure to light. This peak is induced by the surface plasmon
resonance (SPR) in the gold nanostructures. The SPR peak depends on the dimension and form of the
nanoparticles, with the former being typically red-shifted by increasing size, with the latter normally being
blue-shifted by the opposite effect [39]. The peak at 350 nm is commonly attributed to residual gold ions
or byproducts from incomplete reduction of gold precursors [40]. Additionally, the number of laser pulses
plays a crucial role in determining the properties of the nanoparticles. Increasing the number of pulses
enhances energy transfer, resulting in more efficient ablation and potentially larger or more uniform
nanoparticles [41]. Variations in synthesis conditions, particularly pulse count, lead to significant
differences in the UV-Vis spectra, notably affecting the intensity and position of the SPR peak at 572 nm.

Thus, optimizing the number of pulses is essential to produce nanoparticles with tailored optical properties
[42].
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The estimated values of the indirect band gap for gold nanoparticles prepared using the laser ablation
technique range between 2.73 and 1.34 eV as the number of pulses increases from 500 to 2500, as shown
in Figure 4b. The band gap has been calculated according to Tauc's relation [43-44]. The decrease in the
band gap can be explained by several factors. First, the quantum confinement effect plays a significant role
in determining the properties of the particles; smaller nanoparticles are formed due to the increased
number of pulses, leading to a larger band gap due to quantum confinement, where larger particles are
associated with a larger band gap [45]. Second, electron-phonon interactions contribute to the appearance
of an absorption edge on the lower side of the spectrum, corresponding to a smaller band gap.
Additionally, the Tauc plot analysis is a reliable method for determining the band gap values of gold
nanoparticles, with studies showing values ranging from 2.74 to 3.50 eV for gold nanoparticles prepared
using the laser ablation technique [46]. Therefore, the decrease in the indirect band gap of gold
nanoparticles with an increasing number of pulses is attributed to the quantum confinement effect, where
smaller particles formed from more pulses lead to a larger band gap [45].

Conclusion

In this work, YAG:Nd laser with a wavelength of 1064 nm, pulse duration 9 ns, frequency 9 Hz, and laser
power 700 mJ has been used to synthesis gold oxide nanoparticles by laser ablation method. the obtained
nanoparticles were subjected for various techniques to investigate their properties. the infrared
spectroscopy was utilized the functional groups of gold oxide nanoparticles. All noted peaks through the
ablated process of nanoparticles gold target refer to interactions between gold target and 2-methoxyethanol
solvent. Moreover, Increasing the number of pulses from 500 to 2500 pulse led to a decrease in the grain
size from 46.7 to 38.3 nm, which led to a decrease in the average roughness and root mean square ratio.
The lower roughness values at higher pulse counts indicate a more uniform surface morphology. The
optical absorption of the colloidal suspension phase of the prepared nanoparticles was analyzed within the
wavelength range of 300-800 nm. The absorption peaks were noted at 572 nm and 350 nm corresponding
to the effect of surface plasmon resonance (SPR) and the formation of gold oxide nanoparticles
respectively. Furthermore, the energy gap was decreased with increasing number of laser pulses has been
reported. Starting from say 2.73 eV at 500 pulses to 1.34 eV at 2500 pulses.
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