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Abstract

Laser ablation of any solid target in the liquid leads to fabricate nanoparticles (NPs) with metal or different
compositions of materials such as metals, alloys, oxides, carbides, hydroxides. The fabrication of NPs in liquids
based on laser ablation has grown up rapidly in the last decades compared to other techniques. Nowadays, laser
ablation has been improved to prepare a different types of NPs with special morphologies, microstructures,
phases and sizes, which can be applied in various field. The paper reviews and highlights the different sizes,
shapes and application field of nanoparticles that are produced by laser ablation under different liquids and
materials. Also the paper provide a case study for producing a titanium NPs produced by laser ablation
submerged in distilled water. The Size of NPs is an important parameter especially for their usage and
applications. The size and shape has been analyzed by SEM, (EDAX) was applied to evaluate the oxidation
and elements of titanium NPs and the XRD was used to evaluate the phase composition and the peaks of both
titanium and some element. SEM technique showed that the synthesized NPs size ranges were between 15-35
nm which can be applied in various field such as annihilator for cancerous cell etc.
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1 Introduction

In the last decades, the Nano-science has progressed, laser ablation (LA) become a one of the important technique for the
synthesis of nanostructures. The laser ablation techniques of nanoparticles can be produced in two different environments: in a
vacuum, or gas or in a liquid (Zeng et al., 2012). Laser ablation of solids materials in liquids is a physical approach for NPs creation
of various elements. The layer molten on the target material is created by laser pulse which can be dispersed around the liquid as
NPs. The NPs made of composite materials that contain an alloy of two or more metals which has the ability to produces a NPs
with stoichiometry which similar to the target alloy (Semaltianos, 2016). Nanoparticles (NPs) depends too much on the material
and liquid type for their usage in various applications such as in chemistry, physics, engineering or biology. Moreover the size and
shape of NPs can be controlled by selecting the appropriate material and liquid used (Semaltianos, 2016).
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Metallic nanoparticle research is an attractive field in scientific studies due to the wide and varied ranges of potential and
available applications, from biological to industrial areas. Recently, researchers have published various preparation methods of
metal nanoparticles, including chemical and physical methods (Darroudi et al., 2011). NPs has been received an increasing attention
from researchers in various field such as manufacturing, biology, medical etc. However, this paper summarizes the articles reported
on producing NPs by laser ablation in liquid from 2010 through 2016 which include liquids, materials used and application areas.

The paper organized as follows: methods of nanoparticle synthesis that can be prepared by the breakdown (top-down)
technique and the build-up (bottom-up) technique in Part 2. Part 3 summarizes the literature review (summary) on size, shape and
application of NPs that produced by laser ablation under different materials and liquids. Part 4 shows the Classifications of NPs
and their applications. Part 5 presents the discussion and case study for a titanium NPs produced by laser ablation submerged in
distilled water. Part 6 shows the paper conclusion and some recommendations for future study.

2. Methods of Nanoparticle Synthesis

The nanoparticles can be prepared by various techniques as shown in Figurel. Two common methods has been defined to prepare
the NPs that comes from the old times. Firstly the breakdown (top-down) technique which has an external force to be applied to a solid
materials that can break-up the material into small particles. Secondly the build-up (bottom-up) technique in which individual atoms are
piled up one at a time on the substrate to form molecules (Brinker & Scherer, 2013).
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Figure 1. Typical synthetic methods for nanoparticles for the top-down and bottom-up approaches (Brinker & Scherer, 2013) .

3. Literature review (summary)

Nowadays, nanoparticles have received increasing attention from researchers in various field. This section focuses on the
different sizes, shapes of nanoparticles that has been produced by laser ablation and their application fields. The size is one of the
important parameter for NPs, so the liquid can control the size and shape. Moreover, this survey will come out with the articles that
have been reported on producing NPs by laser ablation in liquid from 2010 through 2016 which include the type of liquids and
material used. Figure 2 shows the number of reported papers on NPs producing by laser ablation in liquid.
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Figure 2. Number of articles per year NPs in liquid.

Types Of Liquid Used In Articles

35
30
25
20
15
10 I
0 - I__- . — -
S & &P QO STE R F L PP EE S E
PELPLCLLITLTETSEIFLLEFT TS T FTLLE
CRNLLEL €T T F T ELE N F T VT SR
PN TSI F I LSO I O E &S S L
*‘bél\o(\ 6\") 6\") (\0' \\§’\0 «c:,b @'b Q}/b ‘6\\\ @ *«50 C}\?QI bé>0° 6\‘" o}\c 6o6 0\?\ Q\,’b L)OQ O\Ib AR\ \'Q}
@ &Y o & xS v ¢ @ AN > o
N Q/bé & \\\‘\O £ & .Q\}Q R & Qo" < é‘é‘% ~
¥ W 3 BN N \4\ RS ) ob & N
~\o° 0\?6 &e é@ & & & %r, Q
bQ/ ey Q\ (&) o c)o

Figure 3. Types of liquids use in different articles

Figure 3 presents the different liquids that has been used to produce a NPs with different sizes and shapes. Deionized water
is the most liquid used in producing a NPs by laser ablation technique regarding to their ability to produce a NPs with different size
also due to their cheapest cost compared to other liquids. In general the selection of liquid is too important to control the size and
shape of Nanoparticle, so the liquid should be chosen properly. Figure 3 comes out with a very important summary about the most
commonly used liquid (deionized water) to produce NPs due to its huge application

4 Classification of Nanoparticles and their applications

NPs has taken more attention from authors and researchers in terms of different sizes, shape and application areas. Figure 4
present the classification of nanoparticles. The figure shows that, NPs in terms of size have been classified into four categories: the
size with less than 50 nm, between 50-100 nm, greater than 100 nm and others. The NPs has been classified in into four categories:
size with less than 50 nm, size between 50-100 nm, size greater than 100 nm and others.
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Figure 5 present the classification type with number of papers in each type. The figure shows that, 54 % of the collected
papers are with size less than 50 nm, 40 % with other size than the three mentioned types of classification, 4% with size between 50-
100 nm, and only 2 % with size greater than 100 nm from the collected articles. However, Figure 5 present that most of studies are
focused on producing the sizes with less than 50 nm regarding to their wide usage. In general, the efficient and suitable NPs size is
less than 80 nm which can be efficient and appropriate to be applicable in various areas. The review also concludes that, the most of
NPs shapes were spherical and few articles produce NPs with cubic shapes as presented in classification section.

NPs
Sizes

Between Greter than

Less than 50 nm 50-100 nm 100 nm others

Figure 4. Classification of NPs in terms of size

Classifactions type |Number of papers
Less than 50 nm 55
Between 50-100 nm 4
Greater than 100 nm 2 B Lessthan 50 nm
other sizes 40 u Between 50-100 nm

Gregtar than 100 nm

ather sizes
Figure 5. Number of paper per classification
Table 1. NPs (some selected paper with less than 50nm)
Reference Liquid Material Size Shape Application field
(Ismail, Ali, Ismail, & Double Distilled Zinc Oxide average size spherical Applied in optoelectronic
Hassoon, 2011) Water (Zno) 35 nm P devices.
(Donato et al., 2011) distilled water  indium oxide ~ 10-20nm  spherical 2" b used for gas sensing

applications
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Used as annihilator for

distilled deionized titanium
. 2-50nm .. cancerous cell etc.
water oxide
twice-distilled average size . N .
water Ag of 12 nm spherical Applied in Nano-medicine.
distilled water and - average 2.4 . It applied as biocompatible
A Silicon spherical ;
liquid nitrogen nm photoluminescence marks.
SDS . .
Sodium dodecyl . cubic and Used m_electrlcal double
s silver 10-35 nm Layer which used to prevent
sulfate& distilled hexagonal -
the growth and aggregation.
water
(8.6 nm) Applied in injection-
liquid monomer gold-silver - spherical moldable optical
(11.1 nm) components
Pure water Copper 21 and 3.7 nm spherical Applied as catalysts.
complex
- . liquid .
liquid monomer gold-silver (8.6 nm) gold-silver
monomer

Applied in biology
pure water Copper 4-50 nm catalysis, electronics, and
information technology.

There are 55 articles collected in this part as presented in due to the various application areas. just shows
some of the collected papers. To illustrate more, applied a Double Distilled Water to produce a Zinc oxide
nanoparticles (mention the size here as well) that can be used in optoelectronic devices and some other devices due to the high purity
of the NPs. produced indium oxide NPs in various small sizes between 10-20 nm by laser ablation submerged
in distilled water to be used in gas sensing applications. From this category, it can be concluded that, the NPs with less than 50 nm
in size have dominated the rest categories due to their wide spread applications.

Table 2. NPs (the size between 50-100nm)

Reference Liquid Material Size Shape Application field
double gold 50-100nm ... Used in Nano- electronic devices and
distilled in optical labeling.
water
pure water Au Between50 ... Applied in higher polarizability field.
and 100 nm
Pure water  titanium  50-100 nm Elongated ~ Applied in electric field.
shape
ethanol Si 50nm. ... Applied to various target materials in

an ambient atmosphere.

shows all paper reported in producing a NPs with size between 50-100nm. There are a few studies reported on that.
However, prepared a Gold NPs which were submerged in double distilled water which can be applied in various
fields such as Nano-electronic devices and for optical labeling. Sterkov, et al., prepared Au nanoparticles submerged in pure water
so the NPs sizes was found between 50-100 that can be applied in higher polarlzablllty (
Shimotsuma et al., has use a high efficient synthesis of nanoparticles of Si submerged in ethanol with a diameter below the dlffractlon
limit of laser I|ght with 51 nm in size which can applied to various target materials in an ambient atmosphere
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Table 3. NPs (size Greater than100 nm)

Reference Liquid Material Size Shape Application field
Pure water Zn0O >200nm Applied in higher polarizability field.
DI water Er,YDb 100-200nm polygonal The nanoparticles generated singlet

oxygen that killed cancer cells

presents that, there are just 2 reported articles on producing a NPs with size greater than 100 nm from 55 collected papers.
produced a very special Er,Yb NPs submerged in deionized water by laser ablation which generated singlet
oxygen that can kill the cancer cells. prepared ZnO nanoparticles that has been submerged in pure water so the
NPs sizes was found greater than200 nm which can be applied in higher polarizability field
produced Titanium NPs with different sizes between 200-500 nm which can be applied in electric field.

Table 4. NPs (other sizes than the 3 classifications type)

Reference Liquid Material Size Shape Application field
Ethanol Bi203 Between ... Can be applied in photo-degradation
(Bismuth 10 -60nm of indigo carmine under 365nm light
oxide) emitting diode irradiation.
heavy water Palladium Between ... Applied in various field like
20 -160nm hydrogen storage, fuel cell and
catalyst.
deionized titanium 2-200nm cubic used in environmental engineering
water monoxide such as photocatalytic degradation of
water pollutants and paints industry,
deionized Alumina less than 100 nm spherical Applied in various field such as fire
water retard, catalyst, insulator, surface

coating, composite materials, thermal
protections etc.

Ethanol Al 5-200nm ... Can be wused in surface-active
substances.

Other sizes means the size of nanoparticles that not included any type of the 3 classification types mentioned above. To illustrate
more, during the production of nanoparticles some of the particles got sizes with less than 50 nm and other with more than 100

shows the NPs with other sizes that have been mentioned earlier in Table 1, 2, and 3. There are 40 articles reported on this section
with different application areas. produced a nanoparticles with 2-200 nm in sizes from bismuth oxide in ethanol
which can be applied in photocatalytic activity on the photo-degradation that emitting diode irradiation. proposed
a heavy water as a liquid to produce a Palladium nanoparticles which is one of the most requested functional materials regarding to
the large variety of applications to hydrogen storage, fuel cell and catalyst as presented in

Case study
The case study was done on producing titanium NPs as shown in figure 6 which has been conducted via laser ablation Nd:

YAG laser of solid target that has been submerged in distilled water to produce a NPs with different sizes. The analysis were done
by SEM, EDX and XRD.
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Figure 7. SEM images of titanium nanoparticles with different sizes

The morphology (size and shape) of the titanium NPs samples which were obtained from the laser ablation of titanium pellet
submerged in distilled water was investigated using the scanning electron microscopy (SEM). Figure 7 shows the SEM image of
titanium NPs powder. Figure 8 shows that the titanium NPs were non-spherical in shape with the size in range between 15-35 nm
which can be applied in various field as mentioned the classification part.
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Figure 8. EDAX elements and oxidation of Titanium NPs target

Figure 8 shows the energy-dispersive X-ray spectroscopy (EDAX) analysis that was done to reveal the composition of
resulting particles. Spectroscopy shows the evidence of oxidation and also provides the percentage of each elements of the NPs which
could particularly challenging due to the types of elements contains of material / particles. The principal transition in the (EDAX)
mappings of samples synthesized from titanium targets observed in SEM images as containing titanium as the highest percentage.
Contributions from v, Cu, La and Pt which could not be resolved due to the very low detection efficiency of the system for these

elements.
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Figure 9. XRD 2Theta (Coupled Two Theta/Theta) of dried titanium NPs.

XRD presented the phase composition of the dried NPs which display the peaks of titanium. Figure 9 shows that, the titanium
has some peaks which can be seen clearly. Several peaks of some elements are visible such as titanium oxide. The dried NPs can
also have some portion of amorphous of titanium oxide, which is not visible in the XRD in the figure above.

6 Conclusions and Recommendations

The paper summarizes and highlights the different sizes, shapes and application field of nanoparticles prepared by laser
ablation with various materials under different liquids. It can be concluded that, the Laser ablation is an efficient and appropriate
technique that has the ability to produce NPs with different required sizes. The collected papers on NPs have been classified in into
five categories: the size less than 50 nm, between 50-100 nm, between 100-200 nm, greater than 200 nm and others. Moreover, this
research provides a case study for preparing a titanium NPs by laser ablation submerged in distilled water. The Size of NPs is an
important parameter especially for their applications. The size and shape has been analyzed by SEM, and EDAX was applied to
evaluate the oxidation and elements of titanium NPs. XRD was used to evaluate the phase composition of the titanium NPs. SEM
technique showed that the synthesized NPs size ranges were between 15-35 nm which can be applied in various field.

ACKNOWLEDGEMENTS

This work was supported by Department of Industrial Engineering in King Saud University in the Kingdom of Saudi Arabia. The
authors would like to thank all personnel involved in this work.

REFRENCES

Brinker, C. J., & Scherer, G. W. Sol-gel science: the physics and chemistry of sol-gel processing: Academic press.

Darroudi, M., Ahmad, M. B., Zamiri, R., Abdullah, A. H., lbrahim, N. A., Shameli, K., & Husin, M. S. (2011). Preparation and
characterization of gelatin mediated silver nanoparticles by laser ablation. Journal of Alloys and Compounds, 509(4), 1301-
1304, 2013.

Donato, N., Neri, F., Neri, G., Latino, M., Barreca, F., Spadaro, S., . . . Curro, G.. CO sensing devices based on indium oxide
nanoparticles prepared by laser ablation in water. Thin Solid Films, 520(3), 922-926, 2011.

Eroshova, O., Perminov, P., Zabotnov, S., Gongal’skii, M., Ezhov, A., & Kashkarov, P.. Structural properties of silicon nanoparticles

© IEOM Society International 2051



Proceedings of the International Conference on Industrial Engineering and Operations Management
Bangkok, Thailand, March 5-7, 2019

formed by pulsed laser ablation in liquid media. Crystallography Reports, 57(6), 831-835, 2012.

Hamad, S., Podagatlapalli, G. K., Tewari, S. P., & Rao, S. V. Synthesis of Cu 2 O, CuCl, and Cu 2 OCI 2 nanoparticles by ultrafast
laser ablation of copper in liquid media. Pramana, 82(2), 331-337, 2014.

Ikehata, T., Onodera, Y., Nunokawa, T., Hirano, T., Ogura, S.-i., Kamachi, T., . . . Wada, H. Photodynamic therapy using
upconversion nanoparticles prepared by laser ablation in liquid. Applied Surface Science, 348, 54-59, 2015.

Ismail, R. A., Ali, A. K., Ismail, M. M., & Hassoon, K. I. Preparation and characterization of colloidal ZnO nanoparticles using
nanosecond laser ablation in water. Applied Nanoscience, 1(1), 45-49, 2011.

Lin, G., Tan, D., Luo, F., Chen, D., Zhao, Q., Qiu, J., & Xu, Z. Fabrication and photocatalytic property of a-Bi 2 O 3 nanoparticles
by femtosecond laser ablation in liquid. Journal of Alloys and Compounds, 507(2), L43-L46, 2010.

Mahfouz, R., Aires, F. C. S., Brenier, A., Ehret, E., Roumié, M., Nsouli, B., . . . Bertolini, J. Elaboration and characterization of
bimetallic nanoparticles obtained by laser ablation of Ni75Pd25 and Au75Ag25 targets in water. Journal of nanoparticle
research, 12(8), 3123-3136, 2010.

Mendivil, M., Krishnan, B., Sanchez, F., Martinez, S., Aguilar-Martinez, J., Castillo, G., . . . Shaji, S. Synthesis of silver nanoparticles
and antimony oxide nanocrystals by pulsed laser ablation in liquid media. Applied Physics A, 110(4), 809-816, 2013.

Menéndez-Manjon, A., Schwenke, A., Steinke, T., Meyer, M., Giese, U., Wagener, P., & Barcikowski, S. Ligand-free gold-silver
nanoparticle alloy polymer composites generated by picosecond laser ablation in liquid monomer. Applied Physics A,
110(2), 343-350, 2013.

Nath, A., Laha, S., & Khare, A. Effect of focusing conditions on synthesis of titanium oxide nanoparticles via laser ablation in
titanium—water interface. Applied Surface Science, 257(7), 3118-3122, 2011.

Nikolov, A., Nedyalkov, N., Nikov, R., Atanasov, P., Alexandrov, M., & Karashanova, D. Investigation of Ag nanoparticles
produced by nanosecond pulsed laser ablation in water. Applied Physics A, 109(2), 315-322, 2012.

Nikov, R., Nikolov, A., Nedyalkov, N., Atanasov, P., Alexandrov, M., & Karashanova, D. Processing condition influence on the
characteristics of gold nanoparticles produced by pulsed laser ablation in liquids. Applied Surface Science, 274, 105-1009,
2013.

Nishi, T., Takeichi, A., Azuma, H., Suzuki, N., Hioki, T., & Motohiro, T. Fabrication of palladium nanoparticles by laser ablation in
liquid. J Laser Micro/Nanoeng, 5, 192-196, 2010.

Semaltianos, N. (2016). Nanoparticles by Laser Ablation of Bulk Target Materials in Liquids. Handbook of Nanoparticles, 67-92.

Semaltianos, N., Logothetidis, S., Frangis, N., Tsiaoussis, I., Perrie, W., Dearden, G., & Watkins, K. Laser ablation in water: A route
to synthesize nanoparticles of titanium monoxide. Chemical Physics Letters, 496(1), 113-116, 2010.

Serkov, A., Barmina, E., Kuzmin, P., & Shafeev, G. Self-assembly of nanoparticles into nanowires under laser exposure in liquids.
Chemical Physics Letters, 623, 93-97, 2015.

Serkov, A., Barmina, E., Shafeev, G., & Voronov, V. Laser ablation of titanium in liquid in external electric field. Applied Surface
Science, 348, 16-21, 2015.

Shimotsuma, Y., Yamada, Y., Sakakura, M., Hirao, K., & Miura, K. Nanoparticle synthesis by femtosecond laser ablation in liquid.
Paper presented at the Conference on Lasers and Electro-Optics/Pacific Rim, 2013.

Soliman, W., Takada, N., Koshizaki, N., & Sasaki, K. Structure and size control of ZnO nanoparticles by applying high pressure to
ambient liquid in liquid-phase laser ablation. Applied Physics A, 110(4), 779-783, 2013.

Viau, G., Colliere, V., Lacroix, L.-M., & Shafeev, G. Internal structure of Al hollow nanoparticles generated by laser ablation in
liquid ethanol. Chemical Physics Letters, 501(4), 419-422, 2011.

Zeng, H., Du, X. W., Singh, S. C., Kulinich, S. A., Yang, S., He, J., & Cai, W. Nanomaterials via laser ablation/irradiation in liquid:
a review. Advanced Functional Materials, 22(7), 1333-1353, 2012.

BIOGRAPHY

Fawaz M. Abdullah is a Mater student in Industrial Engineering department at King Saud University. He completed his Bachelor
degree (2013) in manufacturing engineering from International Islamic University Malaysia (IIUM). He has participated in various
manufacturing research which has been published. His teaching experience as a tutor are manufacturing processes and manufacturing
materials. Fawaz’s interested research areas are Manufacturing & Mechanical engineering. He's interested in the following research
areas manufacturing processes, additive manufacturing, advanced manufacturing, CNC turning & milling, petri nets and design of
experiments.

Prof. Abdulrahman M. Al-Ahmari is the Dean of Advanced Manufacturing Institute, Executive director of CEREM, and
Supervisor of FARCAM. He was Chairman of Industrial Engineering Department at King Saud University (2004-2008). He received
his Ph.D. (Manufacturing Systems Engineering) in 1998 from University of Sheffield- UK. His research interests are in analysis and
design of manufacturing systems; CIM; optimization of manufacturing operations. He obtained Stanford Innovation and
Entrepreneurship Certificate, February 2016, and Six Sigma Black Belt, June, 2006.

© IEOM Society International 2052



Proceedings of the International Conference on Industrial Engineering and Operations Management
Bangkok, Thailand, March 5-7, 2019

Madiha Rafaqat is a graduate student pursuing for MSc in Manufacturing Engineering from the Department of Industrial and
Manufacturing Engineering, University of Engineering and Technology (UET) Lahore. She did BSc in Industrial and Manufacturing
Engineering from the same university (UET) in 2011 and remained among top five students. She performed her duties as a lecturer
for 5 years (2012-2016) in the College of Science, Princess Nourah Bint Abdulrahman University, Riyadh, Saudi Arabia. In addition
to teaching, she was also participating in research activities with the collaboration of King Saud University and published couple of
research articles in well reputed ISl journals. Her present research interests include in the areas of: non-conventional machining,
design for manufacturing assembly, and synthesis of nano-particles.

© IEOM Society International 2053





