Jasim et al.

Optical and Structural Properties of Cobalt Nanoparticles Synthesized by

Iragi Journal of Science, 2022, Vol. 63, No. 10, pp: 4292-4304

DOI: 10.24996/ijs.2022.63.10.16

ISSN: 0067-2904

Laser Ablation

Awatif Sabir Jasim*, Kadhim A. Aadim?, Sahar Naji Rashid '
!Department of Physics, College of Science, University of Tikrit, Tikrit, Iraq
Department of Physics, College of Science, University of Baghdad, Baghdad, Iraq

5L Jlafin) Ak s dabuall Ligilil) cdligSl) cilasnd dpSally Ay pwadl (ailadl)

Received: 25/11/2021 Accepted: 19/3/2022 Published: 30/10/2022

Abstract

Pulsed laser ablation in liquid (PLAL) technique can produce high purity
nanoparticles, it is a top-down physical method based on the principle of dividing
metal ion bulk precursors into metal atoms, this method was used in this work to
synthesis cobalt nanoparticals (CoPNs) with the use of Nd: YAG laser with two
wavelengths (355 nm) and (532 nm) at energies (500 mJ) and (600 mJ) respectively,
with number of pulses (1000,1100, 1200, 1300, and 1400) for each wavelength. The
properties of the prepared nanoparticles were studied by UV-Vis, XRD, SEM with
EDX, AFM, and FTIR analysis and then its antibacterial activity was studied by
applying it on two types of bacteria with gram-positive (Staphylococcus aureus,
Streptococcus mutans) and two gram-negative bacteria (Escherichia coli,
Pseudomonas aeruginosa) isolated from the oral cavity. The findings showed that
CoNPs prepared using the PLAL approach have antibacterial activity and could be
employed to kill hazardous and pathogenic bacteria.

Keywords: Laser ablation, CoNPs, Nanotechnology, Magnetic nanoparticles,
Antibacterial activity.
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1. Introduction

Nanotechnology is a multidisciplinary branch of science [1], that encompasses a wide
range of scientific and technological fields [1,2]. It has become one of the most important
components of scientific advancement because it employs matter manipulation on a scale
where materials exhibit distinct and appealing properties when compared to others on the
micro-macro scale. It has attracted a lot of attention, especially in the field of medical research
[3,4], which has a huge impact on the global economy [4]. It entails the nanometer-scale
modification of atomic materials to achieve the desired shape and properties for the field of
application [5]. Nanoparticles (NPs) have a high specific surface area while containing a low
metal mass [6], it can be used for numerous antibacterial activity applications [7,8], where it
possesses a high applicability amongst cells and biomolecules [4]. Metal NPs are typically
formed by reducing salts of metal found in a solution or by forming metal atom aggregates by
heating or vaporizing a metal in a vacuum or an inert gas [6]. They have recently received a
lot of attention due to their nontoxic nature, insensitivity to air and light, size-related
electronic properties, good conductivity, chemical stability, magnetic properties, potential
biological applications [9], increased surface-to-volume ratio and increased magnetic
properties [10,11]. Colloidal metal NPs are of great interest to researchers from a variety of
disciplines, including materials science, physics, engineering, and chemistry due to their
magnetic, electronic, and optical properties [12]. One of the unique properties of metallic NPs
is surface plasmon resonance (SPR) [6]. When exposed to certain light energies, free
electrons collectively oscillate on the metal surface, resulting in absorption and scattering
which depend on wavelength; metal NPs can highly absorb light in the region of the visible
spectrum by producing collective vibration of bands of conduction in powerful resonance
with fixed light frequencies [13]. The excitation of the plasmon enhances the electromagnetic
field in the surrounding environment and produce measurable changes in NPs that response in
the optical field [14]. Metal-based nanoparticles with potential antioxidant and antimicrobial
properties have led to their incorporation into biomaterials of importance in human health
care [15]. Magnetic nanoparticles have important properties that make them appealing for a
wide range of antibacterial activity applications, including magnetic resonance imagining
(MRI) contrast agents, cell separation and detection, and drug delivery [3]. Medical advances
in nanoscience and nanotechnology rely on precise knowledge of the magnetic properties of
nanoscale materials. According to research, magnetic properties at the nanoscale are
fundamentally different from those at the bulk scale. As a result, the importance of nanosized
biomagnetic nanoparticles (ranging from 1 to 100 nm) has drawn the attention of
biotechnological researchers [1]. Among many NPs, cobalt (Co) species piqued the interest of
researchers due to their diverse potential applications. Medical sensors, coatings, plastics,
nanofibers, nanowires, textiles, and high-performance magnetic recording materials can all
benefit from CoNPs. Because of their strong absorption of visible, infrared, and millimeter
waves, cobalt oxide NPs can also be used in military applications [16]. One of CoNPs and its
oxides NPs applications is in antibacterial activity [17,18]. Laser ablation is a flexible and
versatile technique used to synthesis CoNPs [19], and the presence of oxygen leads to
formation of the oxides of CoNPs during laser ablation [16]. The activity mechanism of
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antimicrobial is binding to the negatively charged bacterial cell wall, resulting in cell
envelope destabilization and altered permeability [20]. Laser ablation method which can
produce high purity nanoparticles without the use of a toxic chemical mixture, using a simple
and low-cost synthesis process [21], which is a top-down physical method based on the
principle of dividing metal ion bulk precursors into metal atoms [9,22]. Laser ablation is a
promising method for producing metal colloids and NPs. It provides the critical benefit for
biological applications of producing NPs with a surface that is not contaminated with reactant
residue ions, as well as the processing setup costs are very low [23,24]. Laser ablation of a
metal target in liquid is a novel and versatile method for preparing various nanomaterials. The
most special character of this method is the non-equilibrium growth process induced by the
transient plasma produced through laser ablation of a target in solution, which possesses
extremely high temperature, high pressure, and high concentration of excited species [25].
The response of materials to light is affected by the power of the laser beam, as well as the
temperature of the beam. Continuous laser irradiation of a material will result in a series of
reactions such as heating, melting, boiling [26], and plasma formation [27]. The response of
materials to a laser beam in terms of thermal effects such as melting, boiling, vaporisation,
and phase-explosion of nucleation [26,28], as well as some mechanical effects such as
deformation and stress in materials [26]. Figure 1 shows absorption process within matter as a
function of increasing power. The thermal diffusion depth of the laser pulse (D) can be
determined by the following relationship:

D= (4NTjas) @)

Where: (D) is the thermal diffusion depth, (N) is the thermal diffusion of the material, and
(Tuas) is the duration of the laser pulse [29].
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Figure 1: Absorption process within matter as a function of increasing power

The position of a metal colloidal solution's plasmon band depends on the type of liquid
environment used during laser ablation. Under the same laser beam parameters, the plasmon
peak of metal NPs is affected not only by the type of liquid, but also by the chemical
concentration of the liquid; the plasmon band can also be changed by changing the
wavelength of ablation laser light [26]. When discussing the role of solvent, it is important to
remember that the high oxidization of NPs alters the effects of plasmon resonance formation.
Because such oxide shells are difficult to destroy, small core-shell NPs appear to be
sufficiently stable [16]. In this work, CoNPs were prepared using the laser ablation method.
CoNPs physical properties and antibacterial activity were studied..

2. Materials and Methods

CoNPs were prepared using pulsed laser ablation technique in liquid (PLAL) using a pure
cobalt plate with dimensions (1 cm, 1 cm, & 2 mm) placed in (5 ml) of ethanol of (99.99% )
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purity in a beaker and at a distance (5 cm) from the laser source. Q-switched Nd: YAG laser
was applied, rate of repetition (6 Hz), wavelengths (355, 532 nm) corresponding to energies
of (500, 600 mJ), respectively and the number of pulses (1000, 1100, 1200, 1300, and 1400
Pulse) for each wavelength, as shown in Figure 2. Structural and optical analyses of the
prepared samples were carried out using XRD, FESEM, EDX, AFM, UV-Vis, and FTIR
techniques. CoNPs antibacterial activity on two types of gram-positive bacteria
(Staphylococcus aureus, Streptococcus mutans), as well as two gram-negative bacteria
(Escherichia coli, Pseudomonas aeruginosa) isolated from the oral cavity was tested.

O Switchad Nd YAG Lacer
355nm& 532 nm

Figure 2: Schematic diagram of PLAL technique for NPs synthe‘sized

3. Results and Discussion
3.1 UV-Vis absorption analysis

It is one of the most widely used techniques for identifying various substances, such as
transition metal ions, organic compounds, and biological molecules. The first evidence of a
synthesis reaction is the color change of the cobalt colloidal solutions from colorless to light
yellowish brown color and then darker color by increasing the number of pulses as a result of
the cobalt ablation process. Initial characterization of CoNPs and their oxides was performed
by UV-Vis analysis. It was noticed, as shown in Figure 3, using Nd: YAG laser of 355 nm
wavelength and energy of (500 mJ), that the maximum absorption increased with the increase
of the number of pulses; its range was (277-293 nm) and the highest absorption was using
(1400 pulses). While, when using the wavelength (532 nm) and energy (600 mJ) the
maximum absorption ranged between (280 and 299 nm), as in Figure 4. In general, the
maximum absorptions at (355 nm) were higher than those at (532 nm) which means that the
sizes of NPs at this wavelength were smaller than those at (355 nm), where the maximum
absorption represents the SPR of CoNPs.
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Figure 3: UV-Vis absorption spectra at 355 nm Figure 4: UV-Vis absorption spectra at 532
nm
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The figures show that shorter wavelengths led to a more width uniformity of the absorption
peaks with the increase of the number of pulses; the higher SPR peak with the increase of the
number of pulses is attributed to a more efficient redistribution of nanoparticles due to the
longer period and the accumulation of an effective electric bilayer around the NPs. This result
is in agreement with that of Ali [30].

3.2 XRD analysis

Figure 5 represents the XRD patterns obtained of the synthesized CoNPs for those
prepared with (355 nm — 500 mJ — 1400 Pulse) and (532 nm — 600 mJ — 1400 Pulse). A
number of intensities and peaks are noted in both spectra which belong to CoNPs with a
hexagonal crystal structure (the fitted XRD pattern was compared to the standard pattern,
COD Card Number [96-901-2885]) and another section refers to cobalt with a triclinic
(anorthic) crystal structure (COD Card Number [96-410-5681]). A number of peaks are also
noted which represent cobalt oxides NPs, which are (CozO4 — COD Card Number [96-900-
5896]), (CoO, — COD Card Number [96-152-6823]), and (CoO — COD Card Number [96-
152-8839]). In this figure, the apparent crystal systems, angles, and Miller's index are
indicated.
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Figure 5: XRD patterns of CoNPs

The effect of laser induced oxidation is an unavoidable consequence of the laser effect on
metals in the presence of air. This effect occurs as a result of the high temperatures
experienced by the metal directly exposed to the laser; heat dissipation to the surroundings
quickly turns in, allowing heat to propagate to the vicinity, oxidizing a metal area beyond the
directly exposed and ablated channel. The results show chemical composition changes on
metal surfaces as a function of net delivered fluency. The ablated material is melted and
vaporized in the nanosecond regime, growing in the plasma as a result of interaction with the
surrounding gas; this thermal process favors the oxidation of the ultimate NPs. This result is
in agreement with that of Arias et al. [31]. Korkmaz and Karadag [10] stated that the
formation of metal oxides NPs was caused by the interaction of metal atoms with oxygen
atoms or radicals during their decomposition in liquid. They also stated that the type of oxide
formed depends on the temperature and oxygen partial pressure.
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3.3 SEM analysis

SEM images of the synthesized CoNPs were obtained to determine its morphology.
Figures 6,7 show that the synthesized particles, which were ablated in ethanol, to be
nanospheres, and the particle size variation is widely distributed. Also the particle size
distribution indicates that the NPs average size was (28.5 nm) at (355 nm), and (52.7 nm) at
(532 nm).
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Figure 7: SEM images of CoNPs at 532 nm-600 mJ-1400 P zoom (A)1um (B)200nm

From the above two figures, it was found that the prepared particles using the highest
number of pulses led to the production of NPs of small sizes and structures, which later helps
in the speed and ease of absorption and interaction with the bacterial cell wall, also noted that
the shorter wavelength led to smaller and more regular nanoscale sizes and structures.

The EDX analysis determined the elemental compositions of CoNPs as shown in Figures

(8 and 9), the long peak indicates the presence of cobalt in the prepared sample, it shows in
general, that the apparent concentrations of the samples prepared at (355 nm) are clear.
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Figure 8: EDX analysis at 355nm-1400P  Figure 9 :EDX analysis at 532nm-1400P

3.4 AFM analysis

From Figures 10 and 11, it was noticed that the samples prepared at higher number of
pulses are much more uniform and dense. It can be said that the surface topography analysis
showed that the surface grain size was higher at the shorter wavelength, where the grain size
of the prepared CoNPs at (355 nm — 500 mJ) was (72.22 nm) using (1400 pulses); while, it
was (67.27 nm) at (532 nm — 600 mJ) using (1400 pulses).
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Figure 10: AFM analysis at 355 nm-500 mJ-1400 P (A) 3D image, (B) Granularity
cumulative distribution
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Figure 11: AFM analysis at 532 nm-600 mJ-1400 P (A) 3D image, (B) Granularity
cumulative distribution
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3.5 FTIR analysis

Figures 12 and 13 represent FTIR analysis of CoNPs obtained at (355 nm — 500 mJ) and
(532 nm — 600 mJ), respectively, where this analysis is used for the characterizing of the
surface chemistry of nanoparticles.
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Figure 12: FTIR analysis at 355 nm-500 mJ Figure 13: FTIR analysis at 532 nm-600 mJ

FTIR spectra in both figures showed absorption peaks corresponding to the group of
hydroxyl (O-H), alkane (C-H), and aliphatic amines (C-O) stretching vibrations, in addition to
carboxylic acid (C=0) stretching group in Figure 13 in the synthesis of NPs process. Also, in
both figures, the band below (600 cm™) is due to the formation of CoNPs and its oxides. The
number of pulses affects the value of the absorption peaks, the appearance, disappearance of
some of them, and the concentration of solutions.

3.6 Energy gap (EQ)

As it was noticed from the analysis of XRD, beside CoNPs, cobalt oxides NPs were also
formed in the samples prepared in this work, and to calculate the energy gap (Eg) for these
oxides, absorption as a function of wavelength was plotted, as in Figures 14 and 15 using the
following equation [32]:

Eg (eV) = 1240 / A4 (Nm) (2)

Where: A4 is the absorption edge calculated as the intersection of the absorption curve's
tangent and the abscissa coordinate [33]. In general, we found that Eg at (355 nm — 500 mJ)
was in the range (2.48 — 3.88 eV), and these values were fluctuating with increasing the
number of pulses. But at (532 nm — 600 mJ) the range was (1.88 — 2.95 eV), where the values
here decreased regularly by increasing the number of pulses. So, the results showed that a
higher Eg of cobalt oxides NPs at (355 nm) can be obtained under the conditions of this work.
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Figure 14: Energy gap of Co oxides NPs at  Figure 15: Energy gap of Co oxides
355 nm NPs at 532 nm

3.7 Antibacterial activity

The results of the antibacterial activity showed that the prepared CoNPs prepared did not
have significant inhibiting activity on the four mentioned bacteria (S. aureus, S. mutans, E.
coli, and Pseudomonas); this may be due to increased bacterial resistance proven by antibiotic
sensitivity test (not found in this research). However, the inhibition zones of CoNPs prepared
by laser ablation for both wavelengths and for all mentioned number of pulse can be
observed, as shown in Figures 16 and 17.

Figure 16: Antibacterial activity at 355 Figure 17: Antibacterial activity at 532

nm-500 mJ nm-600 mJ
(@)S. aureus (b)S. mutans (c)E. coli (d)Pseudomonas (@)S. aureus (b)S. mutans (c)E. coli
(d)Pseudomonas

From these two figures, we note that CoNps affected bacteria in different proportions, and
the nanoparticles prepared at the wavelength (355 nm) were more effective as they affected
all species because of the smaller particle size ratio, while at the wavelength (532 nm), it was
found that (Pseudomonas) bacteria were not affected by the prepared nanoparticles as they did
not show inhibition zones; also, (S. mutans) was only affected with using (1100 pulses). The
diameters of the bacteria lining areas were calculated as in Figures 18 and 19. An increase in
the diameters of the inhibition zones indicating an increase in antibacterial activity was
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noticed as the number of pulses was increased that resulted in the increase in the
concentration of NPs.
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Figure 18: Antibacterial activity histogram at Figure 19: Antibacterial activity
355nm histogram at 532nm
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4. Conclusions

This work synthesized CoNPs by the physical method that is PLAL, and its antibacterial
activity was studied. The results showed the possibility of obtaining CoNPs using two
wavelengths of Nd: YAG laser (355 nm and 532 nm) in the process of ablation and with
different numbers of pulses through the change of the color of the solution as a preliminary
proof of the nanosynthesis of the material. This laser treatment led to the formation of cobalt
nano oxides as well, and whose energy gaps were calculated. FTIR analysis was conducted
and it was found that the effective groups present in the prepared samples were (O-H, C-H, C-
O, and C=0). As for the structural analysis that were conducted, they included XRD, SEM
with EDX, and AFM for selected samples, which were prepared with the highest number of
pulses. The nanoparticles prepared using the highest number of pulses gave the highest
antibacterial activity for both wavelengths used. In general, it can be said that the prepared
samples at wavelength (355 nm) are the most effective under the conditions of this work. The
results obtained proved that pulsed laser ablation is an easy and fast method for metal
nanosynthesis and it can be a good alternative to other methods, and the NPs prepared with it
have antibacterial activity efficacy, however, additional studies may be needed to change the
laser parameters and study other applications.
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