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Original Research Abstract:
In the present study, gold nanoparticles (NPs) were fabricated by pulsed laser ablation (PLA) method in
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1. Introduction stances in food can pose to human health. Consequently,
ensuring food safety has emerged as a significant global
challenge. In this context, gold NPs, which are available in
various shapes, can serve as effective probes. These minus-
cule particles exhibit unique properties that can be harnessed
to develop biosensors for detecting a range of contaminants
[6]. Moreover, gold NPs in the form of gold hydride, which
is a rare transition metal hybrid with an Au-H structure, are
believed to play a crucial role in gold-catalyzed reactions,
including hydroboration and hydrogenation [7]. The forma-
tion of Au-H presents a promising candidate for application
as an optical hydrogen sensor [8, 9]. The diverse applica-
tions and requirements for particle variety-including size,
geometric shape, and composition-have driven the devel-
opment of various synthesis methods. Each of these meth-
ods, which include chemical reduction, microbial synthesis,
and the sol-gel process, has its own advantages and disad-
vantages [10]. However, the limitations of these methods

Nanoparticles made from noble metals are promising candi-
dates for various applied research fields, including catalytic
activity, optics, medicine, sensors, and diagnostics [1-3].
Among the various noble metals, gold NPs, as a 5d metal,
have attracted significant attention and have emerged as a
leading candidate for a wide range of applications, includ-
ing drug delivery vectors and biological imaging [3], optical
and electrochemical sensors and solar cells [4]. Moreover,
gold NPs are well-known for their wide-ranging bio sens-
ing applications, owing to their unique physicochemical
properties, ease of synthesis, and exceptional optical charac-
teristics, which vary with size, shape and aspect ratio. These
distinctive features of gold NPs facilitate the detection and
sensing of biological molecules and chemical compounds,
making them valuable across various industrial sectors [5].
For example, numerous researchers are concentrating on
food safety detection due to the potential hazards that sub-
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include difficulties in controlling NPs morphology, ensur-
ing reproducibility, and achieving sustainability [4]. Re-
cently, PLAL has emerged as a versatile and environmen-
tally friendly method for fabricating a variety of organic
and inorganic NPs. This technique is noteworthy for its
simplicity, distinctive surface chemistry, ability to produce
contaminant-free samples, and capacity for controlling NPs
size [11-14]. The sequence of laser ablation processes in-
volves the generation of plasma through laser ablation, the
energy transfers from the plasma to the liquid, and the subse-
quent formation and release of bubbles into the solution [15].
In comparison to other types of lasers, such as picosecond
and femtosecond lasers, nanosecond lasers are more com-
monly utilized in PALA. Nanosecond laser pulses ablate
material primarily through two mechanisms: (1) explosive
ejection of molten material, in droplet form ranging from
nanometers to micrometers, induced by thermal stress; and
(2) thermal vaporization of the target material into atomic or
ionic species from the surface [16]. The colloidal nanoparti-
cles prepared using this method are evaluated based on their
versatility, purity, electrical affinity, and the availability of
precursors [17]. Compared to other techniques, this method
is prioritized for its versatile approaches and rapid produc-
tion of NPs without toxic substances or contamination. As
a result, it is highly beneficial for biomedical applications
[18-20]. It is observed that NPs can be generated in a
confined plasma through the processes of nucleation and
coalescence via laser ablation [21-23]. This renders the
technique highly versatile, as it can be used to fabricate
semiconductors, metals, oxides, alloys, and even core-shell
structures [10]. It is possible to achieve higher production
rates while enhancing the control over morphology and size,
by optimizing the setup design and laser parameters such
as, wavelength and laser power [24-26]. Furthermore, the
use of electrical fields assisted by laser ablation in liquids
(EFLAL) can enhance the control over the morphology, size,
and chemical composition of nanoparticles. This technique
represents a significant option for the fabrication of NPs
with specialized morphologies and crystalline properties
[27, 28]. Indeed, numerous charged particles-such as elec-
trons, ions, and ionized species-present in the surrounding
liquid can be influenced by an electric field. Consequently,
the dynamic behavior of charged particles and charge distri-
bution within the plasma plume is significantly affected by
the application of an electric field. As a result, the processes
involved in generating nanoparticles with and without the
application of an external electric field during the laser abla-
tion can be fundamentally different [29]. Application of an
external electric field can effectively inhibit the agglomera-
tion of nanoparticles. The laser-generated plasma consists
of free electrons, ions, vapors, and nanodroplets. While,
the distribution of electric charges is altered, leading to a
decrease in the rate of electron-ion recombination [27]. Fur-
thermore, the enhancement of the electric field within the
plume may improve the rate of electron confinement within
the nanodroplets. As a result, it is plausible that the applica-
tion of an external electric field could enhance the charge
of these nanodroplets. Based on the principles of electro-
static interaction and Rayleigh instability, an increase in the
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charge of the nanodroplets typically results in a reduction
in their size, leading to deformation. This mechanism arises
when the electric field induces charge separation, causing
the droplet to behave as a dipole, which can also result in an
elongated shape [27-30]. To date, numerous studies have
been conducted on controlling NPs through external fields
facilitated by laser ablation. A comprehensive review of
the effects of EFLAL, including temperature, magnetic, and
electric fields, was presented by J. Xiao et al. [31]. They
demonstrated that external electric field can effectively reg-
ulate the morphology of nanoparticles prepared by laser
ablation method. The applied electric field, the wavelength
of the laser, and the types of liquids are the most important
factors that can influence the structural, physical, and op-
tical properties of the samples examined by Moniri et al.
[30]. Mozaffari et al. conducted a study to investigate the
enhancement of the ablation rate from an aluminum target
irradiated by a pulsed laser in the presence of an electric
field within an ethanol solution [32]. Two distinct experi-
mental configurations, namely parallel and perpendicular
arrangements, were employed in the study. Aggregation and
orientation have been demonstrated to play a crucial role in
the formation of CuO nanospindles in the presence of exter-
nal electric field. Specifically, this mechanism involves the
growth of larger particles from smaller ones through a pro-
cess known as oriented attachment, as examined by Lin et al.
[33]. Razaghianpour et al. reported that the application of
an external electric field during pulsed laser ablation of Cu
in ethanol decreased the nanoparticle size and caused a blue
shift in the surface plasmon resonance. Also, the results
indicated that the electric field impact plasma dynamics
and surface charge accumulation, which in turn governed
the size and morphology of the nanoparticles [34]. One of
the significant benefits of utilizing an electric field is the
enhancement of NPs production rates. The ablation rate
presents a considerable challenge when using pulsed laser
ablation PLA. Various methods have been developed to ad-
dress this issue, including rotating targets [35], the double
pulse technique [36], and wire targets in a liquid jet [37],
all of which have been shown to increase laser absorption
and improve nanoparticle production efficiency. In addition
to these methods, the application of an external electric
field can effectively enhance laser absorption, increase the
metal removal rate, and improve the overall production of
NPs [38]. This study could build upon previous research
investigating the production of gold NPs via the laser abla-
tion in water under an applied electric field, two different
electric field being tested [27]. The current experiment will
utilize a broader range of electric field. We will demon-
strate that applying an external electric field during laser
ablation will enable precise control over nanoparticle size
and physical characteristics. This controlling provides the
basis for establishing a reliable database that links synthesis
parameters to nanoparticle properties, paving the way for
sensor fabrication and other industrial applications. Such
a database can further enable automated optimization of
fabrication through algorithms, artificial intelligence and
feedback-based control systems ultimately supporting a
fully reproducible and scalable nanoparticle production line
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[39]. Also, the plasma conditions generated by the laser
are modified by the applied electric field, suggesting that
non-spherical NPs may form under certain experimental
conditions. The fabrication of non-spherical NPs presents
a significant challenge, yet it holds substantial industrial
applications [29-40]. Additionally, in our experiment, the
laser pulse generated a transient plasma with extremely high
temperature and localized pressure. This energetic plasma
environment may facilitate interactions between hydrogen
and gold - similar to those observed metal hydrides by the
high- pressure hydrogen technique described by Degtyareva
[41].

2. Materials and methods

Methodology

Gold NPs were synthesized using laser ablation of a gold
plate in deionized water. In this experiment, we exclusively
utilized deionized water and a gold metal plate with the
purity of 99.99%. No chemical additives were intentionally
introduced into the solution. The ablation source employed
in this study was a Q-switched Nd:YAG laser (Q-PLUS
model from Spectrum A.T.N. Ltd). The first harmonic
wavelength was set at 1064 nm, with a specific repetition
rate of 10 Hz, a pulse width of 7 ns, and a total of 3000 laser
shots applied to each sample. The use of this wavelength is
preferred over its second harmonic at 532 nm due to greater
absorption by water molecules, which increases the likeli-
hood of ionization and interaction with gold plasma [42, 43].
Furthermore, previous studies have demonstrated that water
provides the optimal environment for achieving a uniform
size distribution of nanoparticles during laser ablation [27].
Before the experiment, the gold rectangular target (1 mm
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thickness, 99.99% purity) was polished using a 1500-grade
emery paper to achieve clean metal surfaces. Following
this, the target was thoroughly cleansed with distilled water,
acetone, and absolute ethanol using an ultrasonic device for
30 minutes to remove any contaminants. The polished tar-
get was then securely fixed to the bottom of a Pyrex vessel
which is rectangular with dimensions of 8 x 5.5 x 4.5 cm?.
A total of 30 mL of distilled water was added to the vessel,
creating a liquid environment with a depth of approximately
6 mm above the target. Figure 1 presents the schematic
illustration of the experimental setup. As shown, the laser
beam was delivered perpendicularly to the target surface
with a flounce of 1.5 J/cm?, using a plane mirror and an
objective lens with focal length of 10 cm. The laser spot
size on the target surface was 40 um for the wavelength of
1064 nm. The laser beam was concentrated by an especial
objective lens to a point around 6 mm in diameter. Two
gold electrodes (2 x 2.6 cm?), also with 99.99% purity,
were positioned 20 mm apart from each other, parallel to
the sides of the vessel and within the liquid. An adjustable
potential was applied to two electrodes positioned on ei-
ther side of the target. The applied potential were 0, 10,
20, 30, 40, and 50 V, corresponding to the electric field
magnitudes of 0, 5, 10, 15, 20, and 25 V/cm, respectively.
During the experiment, both the gold target and distilled
water were maintained at room temperature. The ablation
process lasted approximately 15 minutes for all samples.
The production of gold NPs was attributed to the interaction
between a laser beam and an electric field. In this experi-
ment, the colloidal solution exhibited various colors before
and after irradiation, ranging from colorless to yellowish-
brown, depending on different values of the electric field,
as illustrated in Fig. 2.

1064 nm
Gold Electrode
A
Pyrex Vessel
.~‘.-"
[ 30 mm
u"ﬂ‘ _
Distilled water Plagma Au Target

Figure 1. Schematic illustration of experimental setup.
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Voltage:0V
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Figure 2. Photos of the synthesized colloidal gold NPs by laser ablation at different voltages corresponding to electric field of 0, 5, 10, 15, 20 and 25

V/em.

Characteristics

Extensive diagnostics were conducted to examine the char-
acteristics of the products. The crystalline structure of the
samples was investigated using an XPERT PRO (Philips
PW 1730) XRD with Cu K« radiation (1 = 1.5406 A). To
obtain XRD data, several drops of the suspensions were
dried on a silicon substrate to create XRD patterns of gold
NPs. For TEM, one drop of the concentrated suspension
was applied to a carbon-coated copper grid and dried, uti-
lizing a Philips CM 120 operating at 100 kV, manufactured
in the Netherlands. The chemical bonds within the samples
were analyzed using FTIR spectroscopy (Spectrum Two
from PerkinElmer, USA). The optical absorption spectra of
the samples were analyzed at room temperature in a 10 mm
quartz cell using a UV-VIS spectrophotometer (Biomate
5 model) from Thermo Fisher Scientific, USA, operating
within the wavelength range of 190 — 1100 nm. Zeta poten-
tial analyses was conducted using a ZetaSizer device from
Malvern Instruments, UK.

3. Results and discussion

The effect of external electric fields on the crystalline struc-
ture of synthesized gold NPs is depicted in figure 3. X-ray
diffraction analysis revealed significant variations in the
crystallographic structure and the positions of the diffrac-
tion peaks of the generated gold NPs, contingent upon the
application of an electric field. Notably, when the maximum
electric field was applied, diffraction peaks corresponding
to the (200) and (111) crystal planes of face-centered cubic
gold were observed. On the other hand, the (200) crystal
plane was detected in the absence of an electric field (JCPDS
Card File No. 00-001-1174) [44]. Furthermore, in other
samples, the structure of the gold NPs exhibited a right-
ward shift. The peak observed at approximately 20 = 30°
corresponds to the silicon substrate. Additionally, the ab-
lation method facilitated the growth of the Au, O3 oxide
phases. The pattern was observed at 0 V/cm and at angles
of 61.48°, which were consistent with JCPDS Card File
No. 00-043-1039. This peak is indicative of the presence
of gold NPs associated with the formation of a crystalline
Au oxide structure. Across the other applied electric fields,

the formation of Au, O3 appears probable, consistent with
the trends depicted in the corresponding figure 3. It can
be claimed during ablation process the bond of gold atoms
breaks by energy of laser pulses and these atoms recombine
again in the cooling stage. In this time, some Au atoms
combine with oxygen atoms in the solution to form gold
oxides molecules [45]. In accordance with Bragg’s Law, the
lattice spacing (dhkl) corresponding to the (330) reflection
of the orthorhombic structure of gold has been determined
for the nanoparticles [46]. The average crystalline size of
nanoparticles was determined using the full width at half
maximum (FWHM) of the (330) diffraction peak based on
the Scherer equation [47]. The calculated crystalline size of
Au NPs was evaluated to be 7.7, 21.4, 21.1,18.4, 20.1 and
16.9 nm, corresponds to the sample prepared under exter-
nal electric field of 0, 5, 10, 15, 20, 25 V/cm, respectively.
Surprisingly, in addition to the well-known cubic structure
of Au, an orthorhombic lattice corresponds to AuHy com-
pound was observed, which aligns most closely with the
AuHg 35 structure (JCPDS No. 00-036-1209). The cell vol-
ume for pure gold in its cubic structure is 67.41 nm>, while
the volume of AuHj 35 is increased due to the incorporation
of additional hydrogen atoms into the Au lattice structure,
resulting in the formation of a hydride compound with a cell
volume of 512.98 nm>. Generally, the increase in volume
observed in metal hydride groups can be attributed to the
interaction between the hydrogen electron and the valence
bond of the host metal, which is mainly composed of d and
s orbits [41]. During the laser ablation process, hydrogen
species can interact directly with the surface of gold NPs.
The surface electronic states of gold, located close to the
Fermi level, enable charge redistribution between hydro-
gen and the metal surface. This interaction leads to the
formation of weekly bonded surface complexes, indicating
a partial incorporation or adsorption of hydrogen atoms on
the nanoparticle surface. As the particle size decrease, the
surface —to- volume ratio increase, providing more active
sites for hydrogen adsorption. The observed variability in
hydrogen adsorption on gold NPs produced by laser abla-
tion is strongly influenced by the applied electric field. At
certain electric fields, electron transitions from the fermi
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Figure 3. XRD spectra of the synthesized colloidal gold NPs by the laser ablation at electric fields of: (a) 0 V/cm, (b) 5 V/em, (¢) 10 V/em, (d) 15 V/em,

(e) 20 V/cm, (f) 25 V/cm.

level of the gold NPs to the antibonding orbitals of hydrogen
are energetically favorable, promoting adsorption. While,
at other electric fields this process is suppressed [48, 49]. In
our experiment, the observed formation of a minor amount
of AuHy 35, as evidenced by X-ray diffraction data, indi-
cates that water undergoes partial decomposition during
the process — a factor that contributes significantly to the
emergence of this hydride compound. In this ablation pro-
cedure, the generation of Au plasma results from the high
pressure and temperature induced by the laser pulse. Con-
currently, reactive OH/H species produced from the water
decomposition surround the plasma and interact with Au™,
leading to the formation of AuHj 35 alongside the primary
gold NPs [31]. The experimental observations indicated
that the formation of gold —hydrogen nanostructures un-
der the applied electric fields was week. The low intensity
of the corresponding peaks suggested that the interaction
between hydrogen species and the gold surface was not
sufficiently strong to produce stable chemical bonding. In
addition, although a weak Au-H hybrid peak was observed
under most applied electric field conditions (as shown in
Fig. 3), it seems that no interactions or very weak interac-
tions occur between hydrogen and gold in the electric field
of 20 V/cm. In fact, the formation of hydrides generally ex-
hibits a non-monotonic behavior with respect to the applied
electric fields [48, 49]. Under the electric field of 20 V/cm,
it is assumed that the plasma conditions- including plasma

density, hydrogen availability and surface interaction time
— are not favorable for stabilizing Au-H bonds, and as a
result, hydride formation is suppressed. To date, numerous
transition metal hydrides have been synthesized using the
high-pressure hydrogen technique [41]. In this report, we
observed interactions between gold and hydrogen during
laser ablation synthesis in the presence of an electric field.
Gold hydrides, as a class of transition metal species, are
utilized in gold-catalyzed reactions. Therefore, the produc-
tion of AuHy 35 represents a significant advancement in this
field [7].

Figure 4 presented the TEM images and figure 5 illustrated
the size histograms of gold NPs produced under varying
electric fields. The approximate size of the gold NPs was
determined by Digimizer software, yielding average sizes
of 10 —20, 4.5—-6.5, 5—12.5, 6 — 10, 20 —24, 15-30
nm for electric fields of 0, 5, 10, 15, 20, and 25 V/cm,
respectively. Also, the synthesized gold nanorod had an
average length of 103 nm and a diameter of 19 nm , in the
electric field of 15 V/cm. The images indicate two distinct
types of size distribution, initially, the formation of larger
particles is anticipated as the laser beam ablates the surface.
However, with continuous laser ablation, the occurrence
of secondary ablation becomes inevitable. Primary parti-
cles exposed to the laser may be re-irradiated, leading to
their fragmentation into smaller nanoparticles [45]. Con-
sequently, we observed two distinct size distributions: one
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Figure 4. TEM images of the synthesized colloidal gold NPs at electric fields of: (a) 0 V/cm, (b) 5 V/em, (c) 10 V/em, (d) 15 V/em, (e) 20 V/em, (f) 25
V/em.

2008-9295[https://doi.org/10.57647/inl.2024.1401.04]


https://doi.org/10.57647/inl.2024.1401.04

Ojaroody et al.

comprising small nanoparticles with a narrow size distribu-
tion and another with larger nanoparticles, a phenomenon
previously reported for nanoparticles fabricated via pulsed
laser ablation in liquid [1]. The figure 4 indicated that at
lower electric field, insufficient field strength limits parti-
cle separation and enhances aggregation, resulting in large,
less dispersed gold nanoparticles (electric field of 0, 5, 10
V/cm). Under stronger electric field conditions, more en-
ergetic plasma species are generated, leading to enhanced
charge separation and increased coulomb repulsion. These
effects suppress particle coalescence, resulting in well, dis-
persed gold nanoparticles (electric field of 15, 20 V/cm)
[27, 50]. Moreover, as the electric field increased, some
non-spherical shapes emerged. Notably, we observed rod-
like nanoparticles when the applied electric field was set to
15 V/em. Although nanoparticles naturally adopt a spherical
morphology, which is thermodynamically more stable, the
application of an external electric field introduces additional
energy in to the system, enforcing preferential growth along
specific crystallographic planes. leading to the formation
of gold NPs with distinct morphologies. In other words,
stronger electric fields alter the crystal growth by promoting
anisotropic growth along preferred crystallographic orien-
tations. Such field- induced anisotropy facilitates particle
elongation along specific directions and suppresses growth
in others, leading to the formation of non- spherical mor-
phologies [51, 52]. Besides, by increasing the electric field
strength, the nanodroplet generated by laser ablation ac-
quire additional charges. The external field induces charge
separation within each droplet, rendering them elongated
and dipolar. These electrostatic interactions in the colloidal
medium not only influence particle stability and morphol-
ogy but also affect their size. As a result, the droplet adopts
non- spherical shapes, which mitigates the onset of Rayleigh
instability and reduces their propensity for fragmentation
[28, 38]. Also, analysis of TEM images revealed that, upon
applying the maximum voltage, all irregular shapes dimin-
ished, and spherical gold NPs became predominant. This
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phenomenon is likely related to Rayleigh instability, which
can be explained as follows: As the strength of the applied
electric field increases, the charge of the Nano droplets in-
evitably increases. Consequently, the charge of these Nano
droplets in the liquid state affects their size distribution due
to Rayleigh instability [38, 53]. We hypothesize that at 25
V/cm, the charge exceeded a critical threshold, resulting in
droplet instability and ultimately leading to the formation
of smaller fragments.

The UV-VIS absorption spectra of the synthesized gold
NPs under varying electric field strengths are presented
in figure 6. The peaks corresponding to localized surface
Plasmon resonance (LSPR) for all samples at electric field
values of 0, 5, 10, 15, 20, and 25 V/cm were observed
in the visible region, indicating the metallic nature of the
gold NPs. Upon increasing the particle size of gold NPs,
the surface Plasmon resonance band shifts toward longer
wavelengths (red shift). Conversely, reducing the particle
size results in a blue shift toward shorter wavelengths [44].
The results indicate that, while the positions of all peaks
remained relatively stable, we observed slight blue and red
shifts at varying electric field. Additionally, small peaks
around 1000 nm can be attributed to a few larger particles
observed in the TEM images, with their absorbance values
being lower than that of the main peak. We investigated the
effect of hydrogen incorporation in to the gold lattice using
UV-Vis spectroscopy. At each electric field, where an XRD
peak indicative of AuH appeared, a corresponding blue shift
was detected in the UV-Vis absorption spectra. In previous
research conducted by Sil and colleagues (2019), a blue
shift in the UV-Vis spectra was observed. This phenomenon
indicates that the incorporation of hydrogen into the lattice
modifies optical properties, leading to a shift of absorp-
tion features or scattered light toward shorter wavelengths
[54]. In our experiment, based on the XRD analysis, we
assumed that the interaction between hydrogen atoms and
gold NPs is more probable under an electric field strength
of 10 V/cm, which induce a slight blue shift in the UV-
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Figure 5. The size distribution of the synthesized colloidal gold NPs at electric fields of: (a) 0 V/cm, (b) 5 V/cm, (c) 10 V/em, (d) 15 V/em, (e) 20 V/em,
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Figure 6. UV-Vis absorption spectra of the synthesized colloidal Au NPs
at electric field of 0, 5, 10, 15, 20 and 25 V/cm.

vis spectra. In fact, at lower electric fields strengths, the
field is not sufficient to completely separate hydrogen from
gold surface, making the interaction between them more
probable. In addition, under an applied electric field of 15
V/cm, a slight red shift observed, which can be attributed
to the presence of non-crystalline nanoparticles detected
in TEM. The non —spherical nature of these nanoparticles
appears to cause the UV-Vis peak to shift toward longer
wavelengths [55]. Moreover, a red shift was observed at
an electric field of 25 V/cm compared to 0 V/cm which
could be attributed to the electric-field —induced migration
of gold NPs toward the electrode. The enhance collisions
and subsequent aggregation of the migrating nanoparticles
increase their effective size, leading to a red —shift in the
surface plasmon resonance peak [27]. This interpretation is
supported by the TEM analysis, which shows that average
particle size increase from approximately 20 nm at an elec-
tric field of 0 V/cm to about 30 nm at an electric field of 25
V/cm, confirming that the red shift originates from the field-
induced aggregation and growth of nanoparticles. Table 1
illustrated Surface Plasmon resonance (SPR) as well as the
main absorption peak for gold NPs at different magnitude
of applied external electric field.

Figure 7 presented the FTIR spectra used to identify any
adsorbed species across different electric fields, reported
within the spectral range of 4000 to 400 cm™~!. Overall, the
samples fabricated under various electric fields (0, 5, 10,
15, 20, and 25 V/cm) exhibited similar absorption bands
without any noticeable shifts. However, the profiles of the
bonds varied with the applied electric fields. Notably, the
profiles at 10 and 15 V/cm displayed distinct characteristics
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compared to the others which was explained later in this sec-
tion. The prominent and robust absorption band observed
at around 3600 and 3200 cm~! is associated with the vibra-
tional modes of the hydroxyl group (OH), as well as the
O-H stretching bonds in water molecules [56]. It is hypoth-
esized that interactions occur between the O-H groups and
metal nanoparticles [57]. Consequently, this bond can alter-
natively be represented as Au-OH. Additionally, the spectral
peaks observed in the vicinity of 3000 cm ™! correspond to
the C-H stretching vibrations [58]. The bond observed at
approximately 1650 cm™! is attributed to O-H-O scissoring
bending. The bonds around 1300 cm ™! correspond to twist-
ing vibrations and wagging motions [4]. Furthermore, it is
assumed that the absorption band observed within the fre-
quency range of 2126 — 1620 cm~! can be attributed to the
stretching mode of gold hydrides (Au-H). The observation
of gold-hydrogen complexes has been previously claimed
based on infrared spectroscopy. Garcia et al. reported a
weak band at 2126 cm ™! assigned to the Au-H stretching
vibration, while Boccuzzi et al. identified a frequency at
1620 cm~! as evidence for such a species. Both studies
referenced the foundational work of Wang and Andrews,
who generated gold hydride species via laser ablation and
provided theoretical IR frequencies for validation [59, 60].
In our experiments, the presence of Au-H species confirmed
by XRD analysis under different electric field, is likely to
also be observed in FTIR spectra. Specifically, a broad
band appears around 2000 cm~! in the FTIR spectra, cor-
responding to these Au-H species. The depth of this band
varies with applied electric field, being more pronounced
under electric field of 10 and 15 V/cm. The peaks between
1500 to 1000 cm !, were allocated to the stretch modes of
(CO3) carbonate complexes connected to a metal. It can be
presented in the form of (Au-OCO; or Au-OCO;,H), which
indicates carbonate or bicarbonate. In fact, Au or AuH can
connect to a carboxyl group. As observed in the XRD anal-
ysis, Au-H was detected at certain electric fields. Therefore,
both carbonate and bicarbonate can be seen in FTIR analy-
sis. The existence of carbonate complexes on the gold NPs
probably confirmed the presence of CO, which is soluble
in water or in the process of preparation for analysis, is
exposed to air. Also, this chemical group (CO3) may verify
the existence of Au-O compounds on the surface of gold
particles [61]. As shown in the figure, the peak indicates
carbonate exists in all electric fields, but their intensity and
forms are different. Additionally, in the electric fields of
10 and 15 V/cm, the vibrations associated with the COj3
band are weaker than those observed in the other fields; in
fact, fewer bands are associated with CO3. We hypothesize
that the interaction between hydrogen and gold under these

Table 1. Surface Plasmon resonance (SPR) as well as the main absorption peak for gold NPs at electric fields of: 0 V/em, 5 V/em, 10 V/em, 15 V/em, 20

V/cm, 25 V/em.

Electric field (V/cm) 0

10 15 20 25

Absorbance 0.05

Wavelength (nm) 541.5

0.2 0.06
547 536

0.17 0.08 0.17

552.5 540 546

2008-9295[https://doi.org/10.57647/inl.2024.1401.04]


https://doi.org/10.57647/inl.2024.1401.04

Ojaroody et al.

160

140 ~

120

100

80

Intensity (a. u.)

60

40 -

ol

20

INL14 (2024) -142404 9/13

a
—b
¢

€
—f

— 77— T T T
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Wavenumber

Figure 7. FT-IR spectra of colloidal Au NPs prepared by laser ablation in distilled water at electric fields of: (a) 0 V/cm, (b) 5 V/cm, (c) 10 V/em, (d) 15

V/em, (e) 20 V/em, (f) 25 V/em.

electric fields limits the number of gold atoms available for
bonding with CO3. It seems the number of available sites
for carbonate adsorption appears to decrease due to the for-
mation of Au-H bonds, which compete with other surface
ligands; as a result, the intensity of carbonate-related peaks
noticeably decreases in FTIR spectra under these electric
fields [60]. The peaks observed between 800 and 400 cm~!
correspond to vibrations of gold (Au). We hypothesize that
these vibrations are associated with Au-Au, Au-H, Au-C,
and Au-O bonds. Typically, stretching vibrations related
to metal-oxygen interactions occur in the range of 600 to
500 cm™! [57]. This observation aligns with our the XRD
results, which suggest the formation of gold oxide either
within or on the surface of the gold NPs. Notably, in this
region and under the electric field of 10 and 15 V/cm, the
FTIR spectra exhibited broader peaks and altered overall
shapes compared to other electric fields. It is assumed that
the presence of non-spherical nanoparticles, as previously
confirmed by TEM images, contributes to the broadening
FTIR peaks in this region. Non- spherical nanoparticles of-
ten exhibit greater heterogeneity in size, shape and surface
structure, which leads to variations in vibrational frequen-
cies, resulting in peak broadening or, in some cases, the
absence of distinct peaks [40, 62].

Furthermore, we assessed the zeta potential of the synthe-
sized gold NPs using a nanosecond pulsed laser, as detailed
in Table 2. The stability of the gold NPs against agglom-

eration is established through the correlation between the
particle size distribution and their zeta potential. Coagula-
tion is likely to occur when the zeta potential magnitude
is low [10]. Colloidal stability is primarily associated with
the presence of negative charges on the surfaces of parti-
cles. Numerous researchers have attributed the negative zeta
potential observed in aqueous solutions to the presence of
oxidized gold species, such as (AuCO5 Iand AuQO7) on the
surfaces of the particles [63]. The creation of aggregates has
been reported which emphasized the low value of negative
charge around the particles in several experiments [64]. Two
various hypotheses are surveyed to determine the source of
the colloid stability: Either by a partial surface oxidation
[65, 66] or by an excess of electrons produced during the
plasma phase of the mechanism of the ablation process [67].
Moreover, the external electric field significantly impact the
surface charge of nanoparticles. This highlights the crucial
role of the electric field in modulating the electrostatic prop-
erties of laser-generated colloids, affecting not only particle
nucleation and growth dynamics but also directly altering
surface charge distribution [27-38]. In the analysis of the
obtain data, it should first be noted that the formation of
gold hydride is minimal, as evidenced by the weak intensity
of the corresponding XRD peaks. This indicates that the
presence of gold hydride in different electric fields has a
negligible influence on the zeta potential. In fact, the ob-
served zeta potential values are more likely attributed to the

Table 2. Zeta potential of gold nanoparticles produced at electric field of 0, 5, 10, 15, 20 and 25 V/cm.

Electric field (V/cm) 0

5 10 15 20 25

The value of zeta potential (mV) —13.5

-6.74 —-136 —-151 —-168 -2.14
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tapped electrons within the plasma or the surface hydroxyl
groups formed during the synthesis process [65—-67]. In
this experiment, a zeta potential value of —16.8 mV and a
mobility of —1.317 (um cm/Vs) were obtained at electric
field strength of 20 V/cm, indicating the relative stability
of the nanoparticles compared to other solutions. It seems
that under this applied electric field a more efficient charge
separation occurs within the plasma, resulting in a higher
number of electrons being captured on the surface of the
Au NPs. Also, it is assumed that the presence of Au,Os,
suggests a partial oxidation of gold under this electric field.
In Fact, increasing the electric field could enhance oxide
formation probability by boosting plasma energy and ac-
celeration electrons. As reported in previous studies, the
presence of gold oxide can enhance the stability of nanopar-
ticles. Consequently, this thin oxide layer, together with the
increased surface charge, contributes to a higher zeta poten-
tial and enhanced colloidal stability. On the other hand, the
lowest zeta potential value was observed under the applied
electric field of 25 V/cm. This significant decrease in zeta
potential could be attributed to the reduction of electrostatic
repulsion and the increase tendency of gold NPs to adhere
to each other, resulting in higher degrees of agglomeration.
This observation is consistent with the TEM results, which
revealed the presence of larger particles and clear signs of
agglomeration. In fact, at this electric field, it assumed the
induced dipole moment in the gold NPs, can drive them
to align and form chain-like or aggregated. Consequently,
the interfacial surface area decreased, leading to lower zeta
potential value and indicating reduced colloidal stability
[68].

4. Conclusion

In summary, we synthesized colloidal gold NPs without
the use of chemical precursors by employing a nanosecond
laser to irradiate a gold target in deionized water. We
investigated the effects of an external electric field (0 — 25
V/cm) on the morphology and structure of the resulting
products. The XRD revealed a pronounced effect of the
applied electric field on hydrogen incorporation in the
crystalline structure of Au nanoparticles. The formation
of gold hydride exhibited a non-monotonic behavior with
increasing electric field strength. In our experiment, the
tendency of hydrogen to interact with gold was enhanced
under specific electric fields, whereas it was suppressed
under another field regime. Also, the presence of a peak
around 2000 cm™! in the FTIR spectrum further supported
the likelihood of hydrogen — gold interactions under the
applied experimental conditions. The TEM images of
all samples exhibited predominantly spherical (or nearly
spherical) particles, However, at an electric field strength
of 15 V/cm, some Nano-rod-like structures were also
observed. The presence of these non- spherical NPs at this
field strength may contribute to the broadening of the FTIR
peaks around 600 cm~!. The slight blues shift observed
in the UV-Vis spectrum could indicated the interaction
between gold and hydrogen species. While the presence of
non- spherical NPs caused a slight red shift in the UV-Vis
spectrum. Additionally, the application of an external

Ojaroody et al.

electric field of 20 V/cm conferred moderate colloidal
stability to the synthesized NPs. This research serves as
a foundation for further studies aimed at enhancing the
effective incorporation of ions, such as hydrogen, into the
structures of gold nanoparticles for functional applications,
including optical hydrogen sensors.
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