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Welcome to ANGEL2021

Changhao Liang

ANGEL2021 conference chair
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 Notes
ANGEL2021 Conference 

Venue: Swan Lake Hotel, Huaihe Hall

On-site registration: 15 June and morning 16 June, 2021

Conference date: June 16th-18th, 2021

Social program: Hefei Science-island Tour 

Date: Morning of 2021.6.16

Travel: bus (arrive and depart)

Welcoming banquet

Date: 2021.6.16 evening

Location: Swan Lake Hotel

Accomodation

Hotel: Swan Lake Hotel
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Programme Committee 

Vincenzo Amendola (University of Padova/IT)

Tsuyoshi Asahi (Ehime University/JP)

Stephan Barcikowski (University of Duisburg-Essen/DE)

Giuseppe Compagnini (University of Catania/IT)

Naoto Koshizaki (Hokkaido University/JP)

Fumitaka Mafune (University of Tokyo/JP)

Georgy A. Shafeev (Russian Academy of Science/RU)

Nikolai Tarasenko (National Academy of Sciences of Belarus/BY)

International Advisory Board

David Amans (Claude Bernard University Lyon 1/FR)

Niko Baersch (Particular GmbH/DE)

Weiping Cai (Hefei Institutes of Physical Science/CN)

Takeshi Tsuji (Kyushu University/JP)

Guowei Yang (Sun Yat-Sen University /CN)

Committees
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It was back in early spring 2009, when I first met one of the 

laser synthesis pioneers, Fumitaka Mafuné, in Japan. In 

Japanese (and also in European) tradition, you go to a bar 

to find out if you are likely to become friends in future. So 

we went to a nice place, and I have enjoyed some beer 

and edamame, wh i le chat t ing about the growing 

community of this emerging field, we started putting down 

a list of pioneers and researchers we want to meet and 

talk to in future. (I still have this sheet of paper where all 

begun, but I cannot read my own handwriting of that 

evening anymore). We discussed back and forth about 

organizing a session on a larger conference, but as we do 

not like huge conferences with multiple parallel sessions 

ourselves, we agreed that we should give it a try to 

organize a free-standing conference without parallel 

session, purely on laser synthesis and processing of 

colloids. As he was the pioneer, older and much higher 

reputed, it was of course me who had to take over the 

work. First thing was finding a crispy acronym, and my 

PhD student Anna Neumeister who was our talented 

“acronym-machine” at these days created it: ANGEL. My 

former boss said “you wil l not have more than 20 

attendees” and it was not so easy to find a good place. 

Silke Kramprich from the European Optical Society 

he lped me a lo t and we found “Engelberg” as a 

picturesque place. I thought that must be a good 

circumstance as “ENGEL” in German means “ANGEL”. 

Sasha Ediger created a nice logo, and everything went 

step-by step, now handed over to international chairs, 

trying to find beautiful places to meet, with exciting social 

p r o g r a m  a n d  e v e n  m o r e  e x c i t i n g  s c i e n c e .

Prof. habil. Dr.-Ing. Stephan Barcikowski

4



 Hefei Institutes of Physical Science,  Hefei Institutes of Physical Science, 

 Chinese Academy of Sciences (CAS) Chinese Academy of Sciences (CAS)

 Hefei Institutes of Physical Science, 

 Chinese Academy of Sciences (CAS)

OrganizerOrganizerOrganizer
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Conference Chair

Changhao Liang 

Yunyu Cai (Institute of Solid State Physics)

Jun Liu (Institute of Solid State Physics)

Hui Liu (Tianjin University)

Pu Liu (Sun Yat-Sen University)

Pengfei Li (Institute of Solid State Physics)

Shouliang Wu (Institute of Solid State Physics)

Lingli Wu (Institute of Solid State Physics)

Yixing Ye (Institute of Solid State Physics)

Local organization committee
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Sponsors

Beamtech Optronics Co., Ltd. Zhongke (Hefei) Napu New Materials Co., Ltd.
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 Accomodation

Heifei Xinqiao 

Internationl Airport

Hefeinan 

Railway Stationt

Airport bus (line 3)

Taxi

ANGEL Conference shuttle

Bus( line156/108/104)

Taxi

ANGEL Conference shuttle

~80min

~50min

~50min

~60min

~15min

~15min

RMB25 Yuan

RMB100 Yuan

Free

RMB2 Yuan

RMB20 Yuan

Free

8



Call for papers
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Hefei Institutes of Physical Science is located on an island, so it is also called as 

Science Island and is one of China’s top ten science tourism destinations. 

1. EAST- Experimental Advanced Superconducting Tokamak

EAST is called as “Chinese Artificial Sun”. Scientists in Hefei Institutes of Physical Science 

have set a new world record of achieving a plasma temperature of 120 million degrees 

Celsius for 101 seconds in the latest experiment in this May, a key step toward the test 

running of a fusion reactor. The ultimate goal of EAST, located at ASIPP in Hefei, is to 

create nuclear fusion like the Sun, using deuterium abound in the sea to provide a steady 

stream of clean energy.

EAST is designed on the basis of the latest tokamak achievements of the last century, 

aiming at the world fusion research forefront. Its mission is to conduct fundamental physics 

and engineering researches on advanced tokamak fusion reactors with a steady, safe and 

high performance, to provide a scientific base for experimental reactor design and 

construction, and to promote the development of plasma physics and related disciplines 

and technologies. EAST device has three distinct features: non-circular cross-section, fully 

superconducting magnets and fully actively water cooled plasma facing components 

(PFCs) which will be beneficial to explore the advanced steady-state plasma operation 

modes. EAST construction and physics research will provide direct experience for the 

construction of International Thermonuclear Experimental Reactor project (ITER), and play 

a leading role in high-performance steady-state plasma physics research in the world, and 

ultimately contribute to the development of ITER and the fusion energy. Compared with 

ITER, although smaller, EAST is similar to ITER in shape and equilibrium, yet more flexible. 

During the 10 years for ITER construction, EAST will be one of a few international devices 

that can be an important experimental test bench for conducting ITER related steady-state 

advanced plasma science and technology research.

Date: June 16, 2021 (08:30-11:30; UTC+8)

Social programme: Science Island Tour
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2. SHMFF-Steady High Magnetic Field Facility

The Steady High Magnetic Field Facilities (hereinafter referred to as SHMFF), have been 

put into trial operation and commissioned for user service, since it started construction on 

May 18, 2008. SHMFF offers scientific researchers access to unique equipments housed in 

state-of-the-art facilities, and onsite experts to help visiting researchers take advantage of 

and make best use of the capabilities. Researchers also have the opportunity to 

collaborate with our experienced scientists and engineers who could be help in advance 

your scientific research.

SHMFF is a wide range of user facilities and services for multi-disciplinary and cross-

disciplinary researches under steady high magnetic field, that span condensed matter, 

electron strong correlation, topological insulator, nano-material fabrication, chemical 

reaction, neurosciences, biochemistry, pharmacology, biomedical sciences and more. It's 

open to all qualified domestic and international users and therefore you are welcome to 

visit us and join us with your creative scientific proposal. Your valuable comments or 

suggestions are greatly appreciated.

Three water-cooled magnets have been finished and put into service: a 10 MW magnet 

producing 27.5 T in a 32 mm bore, a 24 MW magnet with 35 T in a 50 mm bore, and a 25.2 

MW magnet producing 38.5 T in a 32 mm bore. The following instruments are available for 

users: an 18.8 T, 54 mm bore superconducting magnet with a 950 MHz spectrometer for 

high-resolution NMR; a 9.4 T, 400 mm bore, high field MRI scanner, an 18 T, 52 mm cold 

bore magnet with installed instrumentation for scanning tunneling microscopy, magnetic 

microscopy, and atomic force microscopy (SMA). Instruments not linked to particular 

magnets include cryostats and probes for transport and magnetic measurements; a fast-

pulse optical measurement system; a Fourier transform infrared spectrometry system; and 

a high pressure measurement system.

Date: June 16, 2021 (08:30-11:30; UTC+8)

Social programme: Science Island Tour
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3. ISSP-Institute of Solid State Physics, Chinese Academy of Sciences (CAS)

The Institute of Solid State Physics (ISSP), Chinese Academy of Sciences (CAS), was 

founded by Prof. T. S. Kê, a worldwide well-known solid-state physicist and metallurgist, in 

March 1982. ISSP is a support unit to the Anhui Provincial Key Laboratory of Materials 

Physics, Anhui Provincial Key Laboratory of Nanometer Materials and Technology, Anhui 

Provincial Engineering Technology Center of Nanomaterials and Applications and the 

Center for Computational Science.The founder of this Institute is the professor Ting-sui GE 

(T.S. Kê), a worldwide well-known solid-state physicist and metallurgist. T.S. Kê is the 

inventor of the Kê-type torsion pendulum (i.e. low-frequency torsion pendulum bears his 

name) and discoverer of the Kê grain-boundary internal friction peak in metals and metallic 

alloys. He also proposed the Kê grain-boundary model of disordered atomic groups. 

Meanwhile, he initially promote nanomateriabs fabrication in ISSP. Presently, research 

directions for ISSP cover Nano materials technology, new functional materials, 

computational physics, internal friction and defects of solids, materials physics under 

extreme environments, environmental and energy nanomaterials, nuclear engineering 

materials and special metallic materials.

Date: June 16, 2021 (08:30-11:30; UTC+8)

Social programme: Science Island Tour
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1.  Fojtik Henglein Prize

·      The Fojtik Henglein Prize rewards a significant scientific breakthrough, or a 

pioneering research result, within the framework of ANGEL conference series, then an 

uncommonly contribution to laser synthesis of colloids in liquids.

·      The Fojtik Henglein Prize is awarded biannually, during the Angel conference, and 

rewards published research in last 2 to 3 years.

·      It is mandatory for the prize winner to attend the ANGEL conference.

·       A pre-selection is performed by a jury on the basis of the accepted abstracts for an 

oral contribution to the ANGEL conference. The jury members are the chair(s), the 

programme committee members, and the international advisory board members.

·      The Fojtik Henglein Prize is delivered by the chair on behalf of the programme 

committee members, and the international advisory board members of the ANGEL 

conference series.

2. ANGEL Decennial Awards

On the occasion of the 10th anniversary, the ANGEL conference Program Committee and 

International Advisory Board present the “ANGEL Decennial Award” selection to celebrate 

all those people who contributed to the success of the field of Advanced Nanoparticle 

Generation and Excitation by Lasers in Liquids.

There are three award categories:

·      ANGEL Decennial Award for Best Image - The best image related to ANGEL research.

The image can be an artwork, an experimental image, a combination of the two or any 

other image related to the field of laser synthesis and processing of colloids.

·      ANGEL Decennial Publication Award - Innovative research article related to ANGEL 

topic.

Nominate a research article that inspired your research activity, or you consider 

exceptionally valuable for the field.

·      ANGEL Decennial Big Challenge Award - The next biggest challenge or imagined 

advance in the field of ANGEL research or application

To explain (in less than 100 words) what is, according to your personal opinion, the next 

biggest scientific challenge that should be addressed by the ANGEL community, in order to 

progress the field and further increase the interest in this field.

Awards
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Low intense laser irradiation of substrate/solution
interface as a single step synthesis of hybrid

metal/carbon nanostructures
A.Manshina

1- Institute of Chemistry, St. Petersburg State University, St. Petersburg, Russia

Main author email address: a.manshina@spbu.ru

Heterogenic systems (substrate-solution interfaces) are extremely curious targets for the laser irradiation
because of a wide diversity of processes that can be initiated as a result of laser effect as compared with
homogeneous systems (solutions or solids). Another peculiarity of this system is the possibility of the
initiation of not only physical process (evaporation, fragmentation, etc.) but also chemical process that
results in generation materials with diverse chemical compositions. Moreover one can provide the tuning of
the system’s chemical activity by selecting either photochemical or thermochemical mode of laser
exposure. Well and widely known approach using the highly intense laser irradiation of the interface
between solid substrate and liquid phase results in many effects connected with laser ablation in liquids and
the subsequent nanostructures formation. The low intense laser irradiation of substrate-solution interfaces
is uncommon approach; however as we found, it opens novel way of multiphase nanostructures synthesis
in a single step process. Here we present a particularly simple and efficient synthesis of hybrid
nanostructures that are bimetal (Au-Ag, Cu-Ag or Pt-Ag) nanoclusters incorporated into carbonaceous
matrix. This matrix can be amorphous or crystalline, and the details of the compositional outcome and the
morphology (nanoparticles, nanoflakes and nanoflowers) can be controlled and steered by the laser
deposition parameters.

Figure 1 SEM images of typical nanostructures: (a) nanoparticles, (b) a nanoflake, and (c) a nanoflower obtained at the surface of ITO
covered glass as a result of laser-induced deposition from solutions of supramolecular complexes [1].

The nanostructures (Fig. 1) are prepared in a single step as a result of laser-induced transformation of
supramolecular complexes providing the building blocks for the formation of these nanoobjects. The
deposited nanostructures offer a specific functionality as is exemplified by the surface enhanced Raman
spectroscopy, and by the electrocatalytical performance [2,3,4]. Another unique peculiarity of the approach
is the targeted decoration with hybrid metal/carbon nanostructures of different substrates (transparent and
non-transparent) which may have any 2D or 3D topology [5].
Acknowledgement – the work was supported by the RFBR grant # 20-58-12015 ННИО_а

[1] A. Povolotckaia, D. Pankin, Yu. Petrov, A. Vasileva, I. Kolesnikov, G. Sarau, S. Christiansen, G. Leuchs, and A. Manshina,
Plasmonic carbon nanohybrids from laser-induced deposition: controlled synthesis and SERS properties, J Mater Sci, 54,8177–8186,
(2019).
[2] A. Manshina, Laser-induced deposition of metal and hybrid metal-carbon nanostructures, Springer Series in Chemical Physics,
119, p. 387-403, (2019).
[3] S. Schlicht, A. Kireev, A. Vasileva et al A model electrode of well-defined geometry prepared by direct laser induced decoration
of nanoporous templates with Au–Ag@C nanoparticles. Nanotechnology, 28:65405,(2017).
[4] M.Y. Bashouti, M.Y. Manshina, A.Povolotckaia, S.Tunik, S. Christiansen, Direct laser writing of μ-chips based on hybrid
C-Au-Ag nanoparticles for express analysis of hazardous and biological substances Lab on a Chip, 15(7), p. 1742-1747, (2015).
[5] M.Y.Bashouti, M.Y. Povolotckaia, A.V.Povolotskiy, G.Leuchs, A.A.Manshina, Spatially-controlled laser-induced decoration of
2D and 3D substrates with plasmonic nanoparticles RSC Advances, 6(79), p. 75681-75685, (2016).
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Laser for NANO.
Pioneering pulsed laser synthesis of colloids

Anton Fojtik
National Research Nuclear Institute, Institute of Engineering Physics for Biomedicine, Russia &

Czech Technical University in Prague, Faculty of Biomedical Engineering

During the past several decades, “small-particle” research has become quite popular in various fields of physics and
chemistry. By “small particles” are meant clusters of atoms or molecules of metals, semiconductors and others
materials, ranging in size between single atoms or molecules and bulk materials.

In the year 1991 it has been assumed, that all substantial facts and technologies regarding nanoparticles were already
known.
We have been using methods: Pulls radiolysis, Stop flow techniques, and chemical synthesis in liquid system, in
solutions, chemical dissolution of big particles to small nanostructures.
What more was left besides tuning of existing manufacturing technologies and developing clever applications?

Could lasers be put to a good use?
Attempts were made, but without any particular breakthrough...
At that time, we aimed to new type of nanostructures and we really had not expected that usage of lasers could bring us
something revolutionary.

But there was a surprize waiting around the corner...
We hoped that by an absorption of intense laser beam by a solid state material, producing temperature of plasma of
many thousands kelvins (similar like in sonochemistry, where several thousand kelvins are reached in oscillating gas
bubbles in a liquids [1]), similar effects could be reached. Nothing more, nothing less.

Initiating plasma by a focused laser beam (694nm Ruby laser flash) to thin film of solid state material thus creates
conditions similar to a plasma discharge and cause ablation condition. When some liquid surrounds „hot plasma spot“,
evaporated products are very quickly cooled down and very small nanoparticles can be produced. We hoped that
maybe under these conditions new colloidal particles and clusters could be produced. Perhaps, even some new form of
nanostructures ?
First attempt was realised in a small 1 cm quartz cuvette. Filled by water, inside with a strip of metal.
Cuvette was placed into the laser beam focused on the metal foil.
All was working.
After several pulses…. show through potholes to the cuvette.
Very small, microscopic leak…..But was there.
In order to exclude this undesirable effect from happening, it was necessary to use a very short focal lens.
Reason: to avoid thermal destruction of cuvette walls.
What we had learnt from this experiment? We concluded that smaller particles are formed with increasing laser energy.
Smaller particles reacted more quickly with each other (case of silver oligomers) and some small metallic particles
reacted with water and oxidized (in the case of Si nanoparticles).
Relatively broad size distribution was found in all experiments at laser synthesis of colloids.
(At that time we did not expect that this idea would have such an enthusiastic following)

Presently, situation for such a field of research, i.e., „Nanoparticle Generation by Lasers in Liquids”, is becoming a
much hotter topic due to availability of picosecond and femtosecond lasers. Shorter time for energy deposition causes
less problems with high temperature, narrowing the size distribution, with possible applications in biological systems.

Where are we now and what’s next?
Open the research mainly for biomedical and biomedicine applications.
For example, only this way can be prepare Fe /Ag magnetic nanoparticles, with high purity, which are at top interest
for research against HIV virus and strategically defence against gram-positive batteries like anthrax (our attempt).
See the lecture….

Literature
[1] A. Fojtik and A. Henglein, Laser Ablation of Films and Suspended particles in a Solvent: Formation of Cluster and Colloid Solutions, Ber.
Buns.Phys.Chem.Vol.97, No.9, 1993, p.252,
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Highly defective nanocrystals as ultrafast optical
switches: femtosecond laser processing in solution and

efficient nonlinear optical response
D. Tan

State Key Laboratory of Modern Optical Instrumentation, College of Optical Science and Engineering, Zhejiang University,
Hangzhou 310027, China

Email address: wctdz@zju.edu.cn

Exploring novel photonic materials with efficient nonlinear optical response is of great significance for
ultrafast photonics. The effective defect control approach is a promising technique for the development of
ultrafast optical devices because the optical properties and electronic structure of materials depend to a
large extent on their defect structure. Here, we demonstrate a universal nonequilibrium strategy of
femtosecond laser processing to synthesize a broad range of colloidal nanocrystals with simultaneous
generation of abundant defects at room temperature.[1,2] The defect states endow the nanocrystals with
broadband absorption and enhanced nonlinear optical response in the near-infrared region. The highly
defective nanocrystals exhibit an ultrafast optical response of about 160 fs and are used to drive an ultrafast
optical switch for generation of passively Q-switched laser pulses with a pulse duration of 910 ns at 1.0 μm.
The nonequilibrium synthetic strategy offers a scalable and versatile technique for the exploration of defect
mediated physical chemistry and high-performance nonlinear optical devices.

Figure 1 A universal nonequilibrium approach for the fabrication of plasmonic NCs along with simultaneous defect generation by fs
laser processing in solution.

[1] X. Zhang, D. Zhang, D.Tan, Y. Xian, X. Liu, J. Qiu, Highly defective nanocrystals as ultrafast optical switches: nonequilibrium
synthesis and efficient nonlinear optical response, Chem. Mater., 32, 10025−10034, (2020).
[2] X. Zhang, S. Liu, D.Tan, Y. Xian, D. Zhang, Z. Zhang, J. Qiu, Photochemically derived plasmonic semiconductor
nanocrystals as an optical switch for ultrafast photonics, Chem. Mater., 32, 3180−3187, (2020).
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What did we neglect to study on particle generation
during laser ablation in liquids?

Dongshi Zhang1,*, Koji Sugioka1

RIKEN Center for Advanced Photonics, Wako, Saitama 351-0198, Japan

Main author email address: dongshi.zhang@riken.jp

The technique of laser ablation in liquids is now advancing very fast, as witnessed by increasing groups all
over the world being dedicated to the fundamental and application aspects of this methodology. In the
comprehensive review pushed in 2017 [1], Zhang et al. summarized a series of processes for laser ablation
in liquids including the plasma phase, bubble gas phase, and liquid phase, as shown in Figure 1. Every
factor in each phase definitely influences the chemical and physical properties of the synthesized
nanomaterials. One may wonder whether it is the whole panorama of the ablation and whether some factors
were neglected? Will these neglected factors play an important role in the particle formation and to what
extent will they determine the properties of the nanomaterials?

Figure 1 The whole panorama of laser ablation in liquids [1].

In this work, we will present some factors that have been neglected in previous studies but definitely
influence the sizes and morphologies of as-prepared nanomaterials based on the data [2] we have obtained
recently, in order to better understand the mechanisms that are responsible for the particle generation [3].

[1] D. Zhang, B. Gökce, B. Barcikowski. Laser synthesis and processing of colloids: Fundamentals and applications, Chem. Rev., 117,
3990-4103, (2017).
[2] D. Zhang, S. Koji. Hierarchical microstructures with high spatial frequency laser induced periodic surface structures possessing
different orientations created by femtosecond laser ablation of silicon in liquids, Opto-Electron. Adv., 2, 190002, (2019).
[3] D.Zhang, J. Liu, C. Liang. Perspective on how laser-ablated particles grow in liquids, Sci. China Phys. Mech. Astron., 60,
074201, (2017).
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Ultrafast time-resolved studies on laser ablation of
metals

Maximilian Spellauge1, Jan Winter1, Heinz P. Huber1

1- Munich University of Applied Sciences, Department of Applied Sciences and Mechatronics, Lothstrasse 34, 80335 München,
Germany

Main author email address: heinz.huber@hm.edu

Ultrashort-pulsed lasers have gained widespread use for both scientific and industrial applications due to
high available peak intensities as well as their highly efficient and precise material ablation properties. A
surface, irradiated with an ultrashort-pulse passes through a sequence of physical processes that occur over
a wide temporal range, from femtoseconds to microseconds.
Open questions to date are why the pulse duration and why the temporal separation of pulse sequences
influence the energy specific ablation volume.
Pump-probe ellipsometry (PPE) [1] reveals changes of the complex refractive index for the first tens of
picoseconds, while pump-probe microscopy (PPM) [2] gives access to changes of the relative reflectivity
from the initial femtosecond pulse impact to the final state at 10 µs. Figure 1 displays PPM experiments
on Cu, Al and AISI304 in air, showing the transient evolution of the relative reflectivity change ΔR/R for
probe-pulse delay times ranging between -12.5 ps and 10 µs. The samples were excited with a 680 fs laser
pulse exhibiting a wavelength of 1056 nm at a fluence of 2.5×Φth, where Φth denotes the respective ablation
threshold fluence.

Figure 1 Relative reflectivity change ΔR/R of Cu (black open squares), Al (red open circles) and AISI304 (blue open triangles) for
probe-pulse delays ranging between -12.5 ps and 10 µs. Each sample was excited by a fluence of 2.5×Φth, where Φth denotes the

ablation threshold fluence. Final state values of ΔR/R, measured several seconds after pump-pulse impact are shown in the figure by
solid symbols with respective shape and color.

The experiments indicate an ultrafast density decrease at the surface of 30% within the first 5 ps, a surface
mechanical motion [3], separation and propagation of a spallation layer from about 100 ps to 5 ns, followed
by spallation layer disintegration and generation of particles in the time range from 5 ns to 100 ns. The
observed ablation dynamics help to explain pulse duration and separation trends on energy specific ablation
volume.
Our measurements and simulations support the conclusion that the ablation process should be initiated by
pulse durations shorter than the mechanical relaxation time of 5 ps and left un-interrupted until the final
state is reached after about 1 µs.

[1] S. Rapp, M. Kaiser, M. Schmidt, H.P. Huber, Ultrafast pump-probe ellipsometry setup for the measurement of transient optical
properties during laser ablation, Opt. Express. 24,17572, (2016). https://doi.org/10.1364/OE.24.017572.
[2] M. Domke, S. Rapp, M. Schmidt, H.P. Huber, Ultra-fast movies of thin-film laser ablation, Appl. Phys. A Mater. Sci. Process. 109,
409–420,(2012) . https://doi.org/10.1007/s00339-012-7072-6.
[3] J. Winter, S. Rapp, M. Schmidt, H.P. Huber, Ultrafast laser processing of copper: A comparative study of experimental and
simulated transient optical properties, Appl. Surf. Sci. 417, 2–15, (2017). https://doi.org/10.1016/j.apsusc.2017.02.070.

25



Preparation of metastable metal catalysts with high
performance through laser ablation in liquid method

Hui Liu1, Chen Cui-hong1, Zhang Fei-fei1, Shang Long1, Dong Cun-ku, Du Xi-wen1

1- Institute of New Energy Materials, School of Materials Science and Engineering, Tianjin University, Tianjin 300072, China

Main author email address: hui_liu@tju.edu.cn

Electrochemical water splitting has been known as an efficient strategy for the storage of intermittent
electrical energy and obtaining clean fuel, via hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER). The main concern for this technology is to design efficient and stable HER and OER
electrocatalysts. Pulsed laser ablation in liquid (PLAL) method is usually adopted to prepare nanomaterials
with unique physical and chemical structures, which are the very characteristics for electrocatalysts with
high performance.

Figure 1 Schematic diagram of the synthetic process for single-atom catalysts.

In recent few years, we have reported a series of single-atom catalysts (SACs) with high HER or OER
performance through the PLAL method. Figure 1a shows a typical schematic diagram of the synthetic
process. Using this process, we realized the alloying of immiscible metals, and obtained RuAu[1], RuNi[2],
IrAg[3] SACs by controlling the concentration of metal salts in the liquid phase. These catalysts exhibit
unique electronic and geometric structures and thus possessing superior catalytic performance to
commercial electrocatalysts such as Pt/C and Ir black. For example, RuAu SAA exhibits a high stability
and a low overpotential, 24 mV@10 mA cm-2, which is much lower than that of a Pt/C catalyst (46 mV) in
alkaline media. Moreover, the turnover frequency of RuAu SAA is three times that of Pt/C catalyst.
Density functional theory computation indicates the excellent catalytic activity of RuAu SAAs originates
from the relay catalysis of Ru and Au active sites. These work opens a new avenue toward
high-performance SACs via fast quenching of immiscible metals.

[1] C.H. Chen, D.Wu, Z. Li, R. Zhang, C.G. Kuai, X.R.Zhao, C.K..Dong, S.Z. Qiao, H. Liu, X.W. Du,
Ruthenium-Based Single-Atom Alloy with High Electrocatalytic Activity for Hydrogen Evolution. Adv. Energy Mater, 9 (20),
1803913, (2019).
[2] L. Shang, J.Q. Wang, C.Q. Cheng, Y. Zhang, F.F. Zhang, Y.M. Xie, J.D.Lu, J. Mao, Q.J.Guo, C.K..Dong, H. Liu,
X.W. Du, Oxidized single nickel atoms embedded in Ru matrix for highly efficient hydrogen evolution reaction, Journal of Alloys
and Compounds 874, 159909,(2021).
[3] F.F. Zhang, C.Q. Cheng, J.Q. Wang, L. Shang, Y. Feng, Y.Zhang, J.Mao, Q.J.Guo, Y.M. Xie, Y.M. Dong,
Y.H.Cheng, H. Liu, X.W. Du, Iridium Oxide Modified with Silver Single Atom for Boosting Oxygen Evolution Reaction in
Acidic Media, ACS Energy Letters, 6 (4), 1588-1595, (2021).
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Laser ablation of gold in water by short and long pulses
N.A. Inogamov1,2, V.V. Zhakhovsky2,1, V.A. Khokhlov1, Yu.V. Petrov1,3

1- Landau Institute for Theoretical Physics of the Russian Academy of Sciences, Chernogolovka, Russian Federation
2- Dukhov Research Institute of Automatics, Moscow, Russian Federation

3- Moscow Institute of Physics and Technology, Dolgoprudny, Russian Federation

nailinogamov@gmail.com

Laser ablation through liquid is an important process that have to be studied for numerous important
applications which use laser ablation in liquid (LAL) [1-10] and laser shock peening (LSP)
[6,7,11,12]. LAL is employed for production of suspensions of nanoparticles, while LSP is applied to
increase hardness and fatique/corrosion resistance properties of a surface layer. A bubble appears in
liquid around the laser spot focused at a target surface after strong enough laser pulse. In the paper we
connect the early quasi-plane heated layer created by a pulse in liquid and the bubble forming at much
later stages. In the previous works these early stage from one side and the late stage from another side
existed mainly as independent entities. At least, quantitative links between them were unknown. We
consider how the quasi-plane heated layer of liquid forms thank to thermal conduction, how gradually
conduction becomes weaker, and how the heated layer of liquid nearly adiabatically expands to few
orders of magnitude in volume during the drop of pressure. Our molecular dynamics simulations show
that the heated layer is filled by the diffusive atomic metal-liquid mixture. Metal atoms began to
condense into nanoparticles (NP) when they meet cold liquid outside the edge of a mixing zone.

These Figures are Figs 2 and 4 from [1], see also [2-10]. They show the LAL flow generated by 1 ns (full width e-folding time)
duration, 0.9 J/cm2 absorbed energy pulse at time 27 ns. The left panel presents distribution of pressure in global sense. We see shock

in water. Gold-water contact is near x=0. Fine structure of the near contact zone is shown in the right panel. From left to right it
consists from: solid gold (Au), liquid Au (a layer approx. 1 um thick), vaporized hot (T=5 kK) Au, hot (T=3-4 kK) very rarified

(density 30 times less than 1 g/cm3) water, and cold dense (“usual”) water compressed to 400 bar, see the left panel.

[1] N. A.Inogamov, V. A.Khokhlov, Y. V. Petrov, V. V. Zhakhovsky, Laser ablation in liquid: bridge from a plasma stage to bubble formation, arXiv:1910.08924. Optical and Quantum Electronics (December
2019, accepted)
[2] Y. V. Petrov, N. A. Inogamov, V. V. Zhakhovsky, V. A. Khokhlov, Condensation of laser-produced gold plasma during expansion and cooling in a water environment, Contrib. Plasma Phys., 59(6),
e201800180, (2019).
[3] Y. V. Petrov, V. A. Khokhlov, V. V. Zhakhovsky, N. A.Inogamov, Hydrodynamic phenomena induced by laser ablation of metal into liquid, Applied Surface Science, 492, 285-297, (2019).
[4] N. A.Inogamov, V. V.Zhakhovskii, V. A. Khokhlov, Dynamics of Gold Ablation into Water, J. Experim. Theor. Phys. (JETP), Vol. 127(1), 79-106, (2018).
[5] N. A. Inogamov, V. A. Khokhlov, V. V. Zhakhovsky, Formation of a Single Microstructure and Ablation into a Transparent Dielectric Material under Subnanosecond Laser Irradiation, JETP Letters, Vol.
108, No. 7, pp. 439-445, (2018).
[6] S. I. Anisimov, V. V. Zhakhovsky, N. A., Inogamov, K. P. Migdal, Y. V. Petrov, V. A. Khokhlov, High-Energy-Density Physics and Laser Technologies, Journal of Experimental and Theoretical Physics,
Vol. 129, No. 4, pp. 757-782, (2019).
[7] N. Inogamov, V. Zhakhovsky, D. Ilnitsky, V. Khokhlov, Picosecond-nanosecond laser flash, formation of powerful elastic waves in crystals, and shock peeningProc. of the 32nd International Symposium
on Shock Waves (ISSW32), Singapore pp. 14-19, (2019).
[8] C. Y. Shih, R.Streubel, J.Heberle, A.Letzel, M. V. Shugaev, C. Wu, L. V. Zhigilei, Two mechanisms of nanoparticle generation in picosecond laser ablation in liquids: the origin of the bimodal size
distribution, Nanoscale 10, 6900-6910, (2018).
[9] J. Xiao, P. Liu, C.X. Wang, G.W. Yang, External field-assisted laser ablation in liquid: An efficient strategy for nanocrystal synthesis and nanostructure assembly, Progress in Materials Science, v. 87, 140-220,
(2017).
[10] D.Zhang, B. Gökce, S. Barcikowski, Laser Synthesis and Processing of Colloids: Fundamentals and Applications, Chem. Rev. Vol. 117, 5, 3990-4103, (2017).
[11] U.Trdan, T.Sano, D.Klobčar, Y.Sano, J. Grum, R. Šturm, Improvement of corrosion resistance of AA2024-T3 using femtosecond laser peening without protective and confining medium, Corrosion
Science, 143, 46-55, (2018).
[12] C. Correa, D.Peral, J. A. Porro, J. A.Díaz, L. R.de Lara, A.García-Beltrán, J. L. Ocaña, Random-type scanning patterns in laser shock peening without absorbing coating in 2024-T351Al alloy: A solution
to reduce residual stress anisotropy, Optics & Laser Technology, Vol. 73, 179-187, (2015).
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Pulsed laser ablation in liquids (LAL) is a growing field of research for the generation of nanoparticles
with unique properties. Today, up to grams of nanoparticles can be produced per hour, but a
comprehensive picture of the fundamental mechanisms in LAL nanoparticle generation is still missing. The
ablation process is always associated with cavitation, because the high target temperature and ejection of
ablated material cause a phase transition in the adjacent liquid that produces a rapidly expanding bubble
filled with ablation products. After maximum bubble expansion, the bubble collapses again at the surface
of the ablation target. Thus, first during ablation and initial bubble expansion and later during bubble
collapse extremely high temperatures and pressures are reached, which result in specific features of
material synthesis and modifications [1].
To investigate the underlying mechanisms during LAL nanoparticle generation, researchers tried to
visualize the process by looking into the cavitation bubble. Unfortunately, neither shadowgraph flash
imaging [2], nor x-ray flash radiography [3] achieved the required temporal and spatial resolution to image
the initial material ejection and the subsequent nanoparticle formation process inside the cavitation bubble
(Figs. 1 (a) and (b)).

(a) (b) (c)
Figure 1 : Imaging of mm sized cavitation bubbles during laser ablation in liquids: (a) Shadowgraph image [2], (b) x-ray flash

radiography [3]. Both imaging techniques are not well suited for investigating material synthesis inside the bubble.
In contrast, flash photography and Köhler illumination allows for a good view inside cavitation bubbles (c).

We developed a novel concept for the investigation of primary processes in gold nanoparticle generation
with unprecedented temporal and spatial resolution. High temporal resolution is achieved by pumping a
dye cell (LDS 698) with a SBS compressed Q-switched laser pulse (125 mJ, 532 nm, 100 ps). Sufficient
dye concentration and a large laser spot provide a flat, extended incoherent light source that is well suited
for Köhler illumination in flash photography which enables a view into the bubble (Fig. 1 (c)). High spatial
resolution is achieved by photography of the LAL cavitation bubble through a water immersion microscope
objective at large numerical aperture (NA = 0.8).
This experimental approach enables the investigation of LAL in a large range of laser parameters, using
pulse durations from femtoseconds to nanoseconds at different radiant exposures. Experimental
investigations can cover a larger parameter space and longer time span than molecular dynamics (MD)
simulations that provide very detailed information on the early phase (few nanoseconds) of LAL with
ultrashort laser pulses [4]. Comparison of experimental results and MD simulations will finally lead to a
better understanding of the mechanisms of nanoparticle generation, and allow for an optimization of the
process.
[1] S. Barcikowski, A. Plech, K.S. Suslick, A. Vogel, Materials synthesis in a bubble, MRS Bulletin, 44 (5), 382-391, (2019).
[2] J. Tomko, J. J. Naddeo, R. Jimenez, Y. Tan, M. Steiner, J. M. Fitz-Gerald, D. M. Bubb, S. M. O'Malley, Size and polydispersity trends found in gold
nanoparticles synthesized by laser ablation in liquids, Phys. Chem. Chem. Phys., 17, 16327-16333, (2015).
[3] S. Reich, P. Schönfeld, P. Wagener, A. Letzel, S. Ibrahimkutty, B. Gökce, S. Barcikowski, A. Menzel, T.S. Rolo, A. Plech, Pulsed laser ablation in liquids:
Impact of the bubble dynamics on particle formation, J. Colloid Interface Sci., 489, 106-113, (2017).
[4] C.Y. Shih, R. Streubel, J. Heberle, A. Letzel, M.V. Shugaev, C. Wu, M. Schmidt, B. Gökce, S. Barcikowski, L.V. Zhigilei, Two mechanisms of nanoparticle
generation in picosecond laser ablation in liquids: the origin of the bimodal size distribution, Nanoscale, 10, 6900-6910, (2018).
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A tightly focused femtosecond laser can produce high-energetic field at the focus. When the high-energetic field was formed in water,
optical breakdown of water molecules occurred through multiphoton absorption process. Then reactive species (i.e., H2O → eaq-, H˙,
OH˙, etc.) were generated. We reported formation of metal1 and solid-solution alloy nanoparticles (NPs) with tunable compositions2-8
by high intensity laser irradiation of mixed metallic salt solutions. The formation of those NPs in the absence of any reducing agents
can be attributed to the reactive species generated by high-intensity laser irradiation of the solution. We named this noble
physicochemical method for formation of NPs as laser-induced nucleation method.

Figure 1 shows XRD profiles of NPs fabricated by laser irradiation of mixed solution of rhodium (Rh) and platinum (Pt) ions with
different mixing ratios. In the in the XRD profiles, single diffraction peaks were observed for all cases. In addition, XRD peaks were
in between that of pure metals and shifted proportionally to the Pt molar fraction in the solution. Lattice parameters estimated from
diffraction techniques were well agreed with the theoretical values obtained by Vegard’s law. High-angle annular dark field (HAADF)
and STEM-EDS mappings for RhPt binary alloy NPs were shown in Fig. 2. The EDS elemental mappings indicate a uniform
elemental distribution of Rh and Pt in alloy NPs. It is also observed in the reconstructed image that no core–shell or phase segregated
structures existed in the alloy NPs. Compositions of fabricated RhPd and RhPt alloy NPs in the solution with a mixing ratio of Rh : Pt
= 1 : 1 were Rh53.1Pt46.9. These results strongly indicate that formation of all proportional solid-solution binary alloy NPs with fully
tunable compositions irrespective to the immiscible nature of elements.

This talk will provide an outline of formation of metal and solid-solution alloy NPs by laser-induced nucleation method. Detailed
structure and property of fabricated NPs will be also demonstrated.

[1] T. Nakamura, Y. Mochidzuki, and S. Sato, Fabrication of gold nanoparticles in intense optical field by femtosecond laser
irradiation of aqueous solution, J. Mater. Res. 23, 968–974, (2008).
[2] Y. Herbani, T. Nakamura, and S. Sato,Synthesis of Near-Monodispersed Au-Ag Nanoalloys by High Intensity Laser Irradiation of
Metal Ions in Hexane, J. Phys. Chem. C 115, 21592−21598, (2011).
[3] T. Nakamura, Y. Herbani, and S. Sato, Fabrication of solid-solution gold-platinum nanoparticles with controllable compositions
by high-intensity laser irradiation of solution, J. Nanopart. Res. 14, 785, (2012).
[4] Y. Herbani, T. Nakamura, and S. Sato, Synthesis of platinum-based binary and ternary alloy nanoparticles in an intense laser field,
J. Coll. Interface Sci. 375, 78−87, (2012).
[5] M. S. I. Sarker, T. Nakamura, Y. Herbani, and S. Sato, Fabrication of Rh based solid-solution bimetallic alloy nanoparticles with
fully-tunable composition through femtosecond laser irradiation in aqueous solution, Appl. Phys. A 110, 145−152, (2013).
[6] M. S. I. Sarker, T. Nakamura, Y. Herbani, and S. Sato, Composition-controlled ternary Rh-Pd-Pt solid-solution alloy nanoparticles
by laser irradiation of mixed solution of metallic ions, J. Mater. Res. 29, 856−864, (2014).
[7] M. S. I. Sarker, T. Nakamura, S. Sato, All-proportional solid-solution Rh-Pd-Pt alloy nanoparticles by femtosecond laser
irradiation of aqueous solution with surfactant, J. Nanopart. Res. 17, 259, (2015).
[8] M. S. I. Sarker, T. Nakamura, S. Kameoka, Y. Hayasaka, S. Yin, and S. Sato, Enhanced catalytic activity of inhomogeneous
Rh-based solid-solution alloy nanoparticles, RSC Adv. 9, 38882-38890, (2019).

Figure 1 XRD profiles of NPs fabricated in RhPt
mixed solutions.

Figure 2 STEM-EDS mapping for the NPs fabricated in RhPt solution.
(a) HAADF-STEM image, (b) Rh-L and (c) Pt-L STEM-EDS mappings,
(d) reconstructed image, (e) magnified HAADF-STEM image of a
particle in (a), and (f) line profile of Rh and Pt along the arrow in (e).
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Plasmonic metal nanoparticles have emerged as particularly attractive exogenous contrast agents for a wide variety of
biomedical imaging techniques, largely due to their excellent biocompatibility, low toxicity, and intense light
absorption/scattering induced by the localized surface plasmon resonance tunable from ultraviolet to near-infrared
holding great potential to improve these imaging techniques for detecting early-stage diseases with high sensitivity and
specificity.
In this presentation, the application of gold (Au) and gold-silver (AuAg) alloy nanoparticles (NPs) for both dark-field
light scattering imaging of live human cancer cells and enhanced photoacoustic microscopy (PAM) imaging of retinal
blood vessels in vivo will be discussed. The Au and AuAg alloy NPs used in the present study were physically
prepared via an approach of femtosecond laser ablation of bulk target in ultrapure water, allowing the fabrication of
NPs with unique properties of capping agent-free surface and high purity. These unique properties enable us to
functionalize NPs via the method of sequential conjugation as reported in our previous publication [1], which offers the

capability of precisely tuning the number
of different kinds of ligands bound onto
NPs, thereby optimizing targeting ability,
biocompatibility, and colloidal stability of
the obtained nanoconjugates [2-4].
Figure 1. Dual-color dark-field light scattering
imaging of live human cancer cells (HeLa cells). (a)
Cells stained with spherical Au NPs (30 nm
diameter) having LSPR peak around 520 nm
appear green in colour. (b) Cells stained with
spherical AuAg alloy NPs (30 nm diameter)

having LSPR peak around 450 nm are seen blue in colour.
By using the method of sequential conjugation, Au and AuAg alloy NPs were conjugated with both
thiol-functionalized methoxy polyethylene glycol (mPEG-SH) and RGD peptide, serving as stabilizers and targeting
molecules for binding to cancer cells or specific biological sites of interest in vivo, respectively. After the fabrication of

these nanoconjugates, they were incubated with HeLa cells and their
application in dual-color (green and blue) dark-field light scattering
imaging of live human cancer cells was demonstrated as shown in the
figure 1.
Moreover, the 20 nm PEGylated Au NPs were intravenously injected
into living rabbits for enhancing in-vivo imaging of retinal blood vessels.
As it could be seen from PAM images in figure 2, there is a higher than
50% increase in PAM signal after intravenous administration of
PEGylated Au NPs.
Figure 2. In-vivo PAM imaging of retinal blood vessels in living rabbit at the excitation
wavelength of 532 nm before and after injection of PEGylated Au NPs. The PAM

signal from retinal shown a higher than 50% increase after intravenous administration of Au NPs.

[1] W. Qian, M. Murakami, Y. Ichikawa, Y. Che, Highly efficient and controllable PEGylation of gold nanoparticles prepared by
femtosecond laser ablation in water, J. Phys. Chem. C., 115, 23293-23298, (2011).
[2] C. Tian, W. Qian, X. Shao, Z. X. Xie, X. Cheng, S. C. Liu, Q. Cheng, B. Liu, X. D. Wang, Plasmonic nanoparticles with
quantitatively controlled bioconjugation for photoacoustic imaging of live cancer cells, Adv. Sci., 3, 1600237, (2016).
[3] P. H. Wu, Y. Onodera, Y. Ichikawa, E. B. Rankin, A. J. Giaccia, Y. Watanabe, W. Qian, T. Hashimoto, H. Shirato, J. M. Nam,
Targeting integrins with RGD-conjugated gold nanoparticles in radiotherapy decreases the invasive activity of breast cancer cells, Int.
J. Nanomedicine, 12, 5069-5085, (2017).
[4] V. P. Nguyen, Y. X. Li, W. Qian, B. Liu, C. Tian, W. Zhang, Z. Y. Huang, A. Ponduri, M. Tarnowski, X. D. Wang, Y. M. Paulus,
Contrast agent enhanced multimodal photoacoustic microscopy and optical coherence tomography for imaging of rabbit choroidal and
retinal vessels in vivo, Scientific Reports, 9, 5945, (2019).
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Interest in the production of 2-dimentional (2-D) transition metal dichalcogenides (TDMCs), such as MoX2,
were X is a chalcogen atom such as S, Se or Te, continues to be of great interest due to their optical and
electronic properties [1]. Once fabricated into atomically thin layer structure, these materials have a direct
bandgap, strong spin–orbit coupling and favourable electronic and mechanical strain dependent properties
which are attractive for electronics. Synthesis efforts of TMDCs have focused on methods such as chemical
vapour deposition which results in small quantity yields, slow growth rates, toxic by-products and have
high cost of production [2]. As an alternative, pulsed laser ablation in liquid (PLAL) is a promising
economic, green alternative for synthesis of TMDCs. However, there are some barriers with the technique
that limits synthesis of TMDCs and their subsequent application. Specifically, it has been shown that in the
case of MoX2 (X=S, Se, Te) the chemical processes during the plasma phase of the ablation can yield
formation of variants including MoO3 quantum dots when oxygen containing solvents are used [3].

Figure 1. (a) Difference of the yield concentration in ppm of selenium present in MoSe2 nanosheets synthesized in deep eutectic
solvent (DES) and H2O. (b) EDS analysis of MoSe2 nanosheets synthesized in DES showing a low oxygen existence, compared to

the selenium peaks. (c) TEM image of MoSe2.Insert shows fringes indicating crystallinity.

To overcome this problem, in this work we produced MoSe2 nanostructures via pulsed laser ablation in
deep eutectic solvents (PLADES). We demonstrate that the introduction of an ionic liquid-like solvent
which has low vapour pressure and low oxygen content is a viable alternative to obtain high yield of
crystalline structures, compared with other solvents like water. The resulting crystalline structures and
composition are confirmed by transmission electron microscopy (TEM) and energy dispersive X-ray
spectroscopy (EDS). Our results show that in the presence of DES solvent forms nanosheets and
nanoscrolls of MoSe2 with minimum side product of MoO3 which is influenced by the gradient of the
viscosity, temperature and chemical composition of the solvent during the ablation process. Results of this
work support the development of stable colloids of TMDCs in scalable quantities which can be readily
integrated into future applications including biosensors and flexible electronics.

[1].Kang, J., et al., Band offsets and heterostructures of two-dimensional semiconductors. Applied Physics Letters, 102(1): p. 012111.
2013.

[2].Shaw, J.C., et al., Chemical vapor deposition growth of monolayer MoSe2 nanosheets. Nano Research, 7(4): p. 511-517. 2014.
[3].Balati, A., et al., Simultaneous formation of ultra-thin MoSe2 nanosheets, Inorganic Fullerene-Like MoSe2 and MoO3 quantum
dots using fast and ecofriendly Pulsed Laser Ablation in Liquid followed by microwave treatment. Materials Science in
Semiconductor Processing, 99: p. 68-77. 2019.
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It has been established that organized communities of pathogenic bacteria having a complex structure can
form on almost any surface and are the cause of many problems, including medical ones [1-3]. The
growing resistance of bacteria to existing drugs and the lack of structures that could potentially form the
basis of new antibiotics have put on the agenda the search for alternative ways to combat pathogenic
microorganisms.

In this work, Ag, Cu, Au, nanoparticles produced by a method of laser ablation with the use of an Yb3+

doped fiber laser HTF Mark, Bulat (central wavelength λ = 1064 nm, pulsewidth FWHM τ = 120 ns),
equipped with a galvanometric scanner and an f-theta objective (focal length F = 160 mm) were tested on
antibacterial activity regarding Staphylococcus Aureus and Pseudomonas Aeruginosa. The resulting
ablation products were deposited on the bare silica glass for nanoparticles investigation by methods of
scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX) (Fig.1). For
research, the standard microbiological method for determining CFU (colony forming unit) was used.
Experimental studies have shown that the use of the method of application laser transfer of silver and
copper nanoparticles is an effective method in the fight against biofilms formed on a solid substrate.

Figure 1 SEM image of Cu nanoparticles; insets: TEM image and EDX analysis

This work was supported by Russian Science Foundation (grant #18-15-00220)

[1] G. O'Toole, H. Kaplan, R. Kolter, Biofilm formation as microbial development, Annual Reviews in Microbiology, 54(1), pp.
49-79, (2000).
[2] S. Hunt, E. Werner, B. Huang, M. Hamilton, P. Stewart, Hypothesis for the role of nutrient starvation in biofilm detachment, Appl.
Environ. Microbiol. 70 (12), pp. 7418-7425, (2004).
[3] J. Water, S. Smart, H. Franzyk, C. Foged, H. Nielsen, Nanoparticle-mediated delivery of the antimicrobial peptide plectasin
against Staphylococcus aureus in infected epithelial cells, European Journal of Pharmaceutics and Biopharmaceutics, 92, pp. 65-73.
(2015).
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Pulsed laser ablation in liquids (PLAL) is an efficient and flexible technique for nanoparticle production
and surface nanostructuring. Although PLAL is simple in realization, the process itself is very complicated
and still poorly understood. The complexity of the PLAL process can be illustrated by the example of the
laser-induced damage threshold (DT), a well-defined parameter which can serve as a reference for
modelling of the PLAL process. Available data on DTs in liquids are rather contradictory, provide
threshold fluences higher, equal to, or lower than the corresponding values in air, and various mechanisms
are invoked to explain the difference [1-3]. In this work, we have systematically investigated the DTs of a
number of metals (Au, Ag, Au-Ag alloys, Sn, Ti) and semiconductors (Si, Ge) irradiated by IR laser pulses
in water and air. The experiments were carried out with nano-, pico- and femtosecond pulses in single-shot
and multi-short irradiation regimes. The experimental results are analyzed theoretically by solving the heat
flow equation for the samples irradiated in air and in water. We demonstrate that ns-laser induced DTs of
fairly refractory metals in water are considerably higher than the air values due to scattering of the incident
laser light by the vapor-liquid interface. In contrast, for low-melt materials, when the melting point is
below the water critical temperature, the DTs in air and water are virtually identical (Fig. 1). The scattering
effects do not play any role for ultrashort laser pulses but then other processes come into play. The
influences of the pulse duration, focusing conditions, water superheating and nucleation, accumulation
effects and non-linear effects during laser pulse propagation in water are discussed. The effects of
peculiarities of melting and ablation of different materials in liquids on nanoparticle formation under PLAL
are also discussed.

Figure 1 The area of the damage spots produced on the Sn surfaces in air and water as a function of laser pulse energy. The measured
threshold energy, fluence and efficient spot area are indicated. The insets show optical microscope image of typical spots.

The work was supported by the RFBR (project 18-08-01383).

[1] S.V. Starinskiy, Y.G. Shukhov, A.V. Bulgakov, Laser-induced damage thresholds of gold, silver and their alloys in air and water,
Appl. Surf. Sci., vol. 396, pp. 1765-1774, (2017).
[2] S. Dittrich, R. Streubel, C. McDonnell, H.P. Huber, S. Barcikowski, B. Gökce, Comparison of the productivity and ablation
efficiency of different laser classes for laser ablation of gold in water and air, Appl. Phys A, vol. 125, p. 432, (2019).
[3] S.V. Starinskiy, A.A. Rodionov, Y.G. Shukhov, E.A. Maximovskiy. A.V. Bulgakov, Dynamics of nanosecond.laser.induced
melting of tin in vacuum, air, and water, Appl. Phys A, vol. 125, p. 734, (2019).
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Gold nanoparticles (GNPs) were fabricated by pulsed laser ablation method (PLA) in DI water. PdCl2

solution with different concentration was added to the obtained GNPs colloidal solutions. X-ray diffraction
(XRD) confirmed the formation of metallic gold and presence of PdCl2 phases. Transmission electron
microscope (TEM) images along with X-ray photoelectron spectroscopy (XPS) revealed formation of the
core-shell-like structures of PdCl2/Au NPs. Au@Pd colloidal nanoparticles were prepared by simple
mixing of PdCl2 and colloidal gold nanoparticles (Au1Pd2 sample with molar ratio Au:Pd (1:2)). The gold
LSPR peak first exhibits a red-shift due to accumulation of Pd2+ around the spherical gold nanoparticle and
then undergoes a blue-shift by reduction of Pd2+ to metallic Pd due to hydrogen exposure.

Figure 1 Left panel up: XRD, Left panel down: Absorption spectra of GNPs,Au1Pd2 sample before and after hydrogen exposure,
middle panel: XPS and right panel: TEM images of (a) GNPs, (b) Au1Pd2 sample before and (c) after 10% H2 exposure.

A strong correlation between gold LSPR spectral shift, PdCl2 concentration (from beer lambert law) and
hydrogen percent were observed [1]. The mechanism of LSPR gas sensing is, after adding PdCl2 solution
(in which Pd2+ cations exist), the surface negative charges of GNPs absorb palladium ions by the coulomb
attraction force. Then a layer of Pd2+ is formed around the GNPs (see the TEM images). The accumulation
of these particles causes the change in the dielectric properties of GNPs adjacent and leads to a red-shift in
LSPR peak [2][3]. In the next step, with the injection of hydrogen gas, this Pd2+ layer reduces to metallic
Pd NPs and as a result, the coulomb attraction force is eliminated. This causes the newly-formed Pd NPs to
be separated from the GNPs and bare GNPs are obtained again. As a result, the LSPR absorption peak
undergoes a blue-shift. As our data showed, these spectral shifts were correlated with the ratio of palladium
to gold, and in particular the concentration of hydrogen gas. This could be a good candidate for the
LSPR-based hydrogen gas sensor.

[1] H. Wang et al., “Fast hydrogen diffusion induced by hydrogen pre-split for gasochromic based optical hydrogen sensors,”
International Journal of Hydrogen Energy, vol. 44, no. 29, pp. 15665–15676, 2019.

[2] J. Jeon et al., “Sensors and Actuators B : Chemical In-direct localized surface plasmon resonance ( LSPR ) -based
nanosensors for highly sensitive and rapid detection of cortisol,” Sensors & Actuators: B. Chemical, vol. 266, pp. 710–716,
2018.

[3] Y. Wy, S. Lee, D. H. Wi, and S. W. Han, “Colloidal Clusters of Bimetallic Core–Shell Nanoparticles for Enhanced Sensing
of Hydrogen in Aqueous Solution,” Particle and Particle Systems Characterization, vol. 35, no. 5, p. 1700380, 2018.
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The presentation will overview our on-going activities on laser ablative synthesis of novel biocompatible
colloidal nanomaterials and their testing in biomedical tasks. Our original approach is based on ultra-short
(fs) laser ablation from a solid target or already formed water-suspended colloids to fabricate “bare”
(ligand-free) nanoparticles (NPs) with well-controlled size characteristics [1,2], as well as coating of
nanomaterials by functional molecules (dextran, PEG etc.) during the ablation process or afterwards [3,4].
The presentation will describe different approaches to achieve appropriate characteristics of plasmonic (Au,
TiN), semiconductor (Si-based structures) and polymer dye nanomaterials and overview their biomedical
applications. In particular, by performing in vitro and in vivo tests using small animal model we concluded
on safety of Au [4,5], TiN [6] and Si [7,8] nanoparticles. We also found that bare laser-synthesized Au NPs
can provide unique opportunities as SERS probes for identification of biological species such as yeast [9]
and bacteria [10] cultures, as well as serve as electro-catalysts of glucose oxidation in biofuel cells for
alimentation of bioimplantable devices such as pacemakers [11]. We also revealed a strong photothermal
effect under the use semiconductor (Si) and plasmonic (TiN) nanoparticles and applied this effect in tasks
of cancer hyperthermia [6]. We finally overview applications of Si NPs, which exhibit a unique
combination of biocompatibility and biodegradability options [12,13]. In particular, we show that
laser-synthesized NPs can be used as efficient markers in tasks of linear and non-linear optical Bioimaging
[14]. In addition, these nanoparticles can be used in mild cancer therapies, e.g. as sensitizers of
radiofrequency radiation-based hyperthermia [15] and safe carriers of therapeutic radionuclides in nuclear
nanomedicine tasks [16].
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The structure of a material depends on either thermodynamics or kinetics of the synthesitic reactions.
While thermodynamics defines the most stable structures, kinetics controls the path and time scale in
reaching the thermodynamic or metastable states. Steady-state energy supply may trigger near-equilibrium
synthetic reactions, localized and transient injection of external energy and cooling down can create a
non-equilibrium extreme environment, which is of great help in designing and synthesizing novel materials
with metastable structures that are typically inaccessible from the conventional synthetic routes. In this
presentation, we will firstly introduce our newly-developed GO-mediated pulsed laser heating method with
heating rate larger than 1.0×109 °C/s, and its application in synthesizing sub-1 nm metal clusters with high
loading amount of metal. Then, we will briefly introduce the synthesis of ultrasmall transition metal Oxides
via coordination-directed laser irradiation in liquids, as well as its application in electroreduction of CO2.
These studies for materials synthesize under laser triggered pulsed high-power field, presenting a primary
introduction toward the synthetic methodology under extreme environment, we hope this methodology to
open up new horizons for designing material synthesis reactions with high efficiency.

Figure 1. The strategy for constructing extreme environment for material synthesis.
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Speciation in pulsed laser ablation in liquids (PLAL) can be defined as the evolution of structures
following the expulsion process, including nature of species, particle size evolution or chemical valency.
While much is known for the final state, i. e. the post-mortem structures, it is still difficult to obtain such
information in situ despite recent time-resolved structural studies [1, 2, 3] or luminescent probes [4,5].

The ablation from a metallic zinc target can be considered as a model system to investigate the reactions
during the process. We have studied the nanosecond ablation of a zinc wire, which yields ZnO
nanoparticles as final state [6, 7]. In addition to our established methods, such as time-resolved small angle
X-ray scattering [8] or multicontrast imaging [2,9] we explored time-resolved X-ray absorption
spectroscopy (XAFS) to reveal the valency as well as the absolute mass yield within the bubble [10]
lifetime.

We found proof that (i) within a sub-millisecond time scale the ablated mass is entirely metallic and
oxidation would only start on a later time and (ii) in nanosecond ablation the ablated mass is initially not
only solid, but contains a considerable amount of cluster species. The derived absolute mass yield will be
put in perspective to the energy deposition during the laser pulse.

Figure 1: (a) Visible
snapshot of the PLAL bubble
at maximum extension at 40
µs compared to (b)
radiographic image overlaid
with dark-field signal (pink).
(c) XAFS spectrum of the
final state of the zinc
suspension after ablation
compared to model functions
of different chemical
products [7].
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Laser ablation in liquids is now commonly used to generate colloidal solution of nanoparticles. At the very
beginning of the ablation process, several shock-waves are released [1]. Understanding the origin and the
behaviour of each of these features is of first interest. Indeed, shock-waves dynamics could provide
information on pressure at the ablation point [2]. Furthermore, shock-waves in the target can damage the
sample which is an important issue in LIBS measurement especially on organic materials [3]. The
shock-waves can also induced phase transition in the target [4]. However, laser-generated shock-waves
dynamics has not been fully addressed yet at a solid/liquid interface. Such measurements require imaging
with a time resolution of a few nanoseconds and could be combined with local time-resolved pressure
probe. Thus, we used Shadowgraph measurement with a time triggered iCCD in order to observe the
phenomena. Thereby, we were able to measure the deceleration of the shock and we can deduce very high
pressure at the ablation point (~ 1 GPa). Using a large set of target materials, we confirmed that the oblique
shock waves (Mach cone) are due to the propagation of a Rayleigh surface wave. These two results open a
new way to measure ablation point pressure and enable the characterisation of the surface waves on the
target which is of first interest in surface characterisation and LIBS measurements. The subsequent better
control of the ablation could also help to prevent target crushing during PLAL whish require
post-processing to remove large particles from the as-produced colloids.
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Laser ablation in liquids (LAL) has matured to an economically feasible method with applications in many
areas [1]. While in many LAL-related studies the focus is placed on the effect of the surrounding liquid, the
laser parameters or the material properties of the ablation target, the surface structure of the target which
apparently changes during laser ablation is generally ignored. However, for nanoparticle productivity [2]
the surface structure needs to be considered, since the ablation rate is strongly dependent on the optical
properties of the target. If a surface structure such as laser-induced surface structures (LIPSS) are formed
on the target (Fig. 1), laser-matter-interaction will change and possibly influence nanoparticle formation.
One of the most important laser parameters in the context of LIPSS formation is the applied laser fluence,
it has an immense impact on whether LIPSS is formed or not. Typically, a laser fluence close to the
ablation threshold leads to distinct LIPSS features while in a high fluence regime LIPSS are often not
formed anymore [3]. In contrast to LIPSS formation, LAL-nanoparticle productivity increases with higher
fluence [2]. Hence, typically the highest possible fluence for a given LAL-setup is utilized for maximum
nanoparticle productivity [2]. To understand the interplay between LIPSS and LAL, LIPSS formation on
several metal targets are studied in this study [4]. Due to their relevance in plasmonics, biomedicine and
catalysis the alloy systems of iron-gold and gold-silver as well as their constituent metals are studied in
detail for different fluences and compositions and eventually correlated to nanoparticle productivity.

Figure 1 Scanning electron microscopy images of laser-ablated elemental metals and their alloys (50:50 composition) in water. Red
frames mark metals that didn’t form LIPSS while black frames mark the materials that formed LIPSS at the fixed laser parameters.

We find that the nanoparticles productivity linearly depends on the laser fluence when LIPSS is not formed,
while a logarithmic trend and a decrease in productivity is evident when LIPSS is formed. To cancel LIPSS
formation and recover from this decrease, a change to circularly polarized light is performed and an
increase in nanoparticle productivity of more than 30% is observed.
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Laser irradiation is a new area in the field of material growth at the nanometer or submicron scale, where
extreme non-equilibrium conditions, such as ultra-high temperature (~104 K) and ultra-high pressure (~106
Pa), may occur. [1] The instantaneous plasma caused by pulsed laser irradiation can be quenched in the
surrounding liquid environment, resulting in remodeling and phase transformation of materials. [2, 3] Herein,
we chose the metal nanoparticles (e.g. Cu, Ag) in a liquid as targets. The surfaces of metal particles melted
and changed gradually to nanospheres under the alternate selective nanosecond laser heating and peripheral
solution cooling. [4] Furthermore, the metal nanospheres by laser irradiation as lubricating additives
exhibited excellent friction reduction and wear-resistant properties, which benefit from their spherical
morphology and good solubility in different commercial lubricants. The spherical shape makes sliding
friction transform into rolling friction easily under low load. Besides, the metal particles can be deposited
and accumulated into the concave part of uneven friction surface to fill and repair the worn parts. Therefore,
using this strategy, metal nanospheres particles as lubricating additives are of great significance for
reducing mechanical friction and wear and improving the energy utilization efficiency.

Figure 1 (a) Schematic illustration for the formation of the Cu nanospheres by laser irradiation. (b-e) The SEM images of the Cu
nanoparticles with different laser irradiating time.
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Additive manufacturing by laser powder bed fusion (PBF-LB) of polymers is of great interest for
prototyping and small-scale production. Since polymer powders have material-related limitations regarding
their processability, they have become a decisive factor for PBF-LB. Nano-additives captures high interest
to overcome these limitations and for expanding the material variety. However, to use nano-additives, a
deep understanding of the interplay of the PBF-LB process with small mass fractions of nanoparticulate
additives is required. Conventional additivation methods such as ball milling typically come with the
disadvantage of agglomeration of the nanomaterial, which makes high filling rates necessary to achieve a
sufficient surface dose. As an alternative, clean and surfactant-free nanoparticles can be generated using
laser ablation and laser irradiation in liquids [1]. Thereafter, these colloidal nanoparticles are deposited on
polymer micropowder supports to create and qualify new nanoparticle-composite powders for PBF-LB [2].

Figure 1. a) Scheme of the proposed methodology for laser generated nanoparticles supporting on polymer powders and the
subsequent PBF-LB processing. b) Examples of a polymer powder after supporting of different laser generated nanoparticles.

Based on this approach polyamide 12 and thermoplastic polyurethane microparticles are decorated with a
variety of different nanoparticles (e.g. silver, iron oxide, carbon) and processed via PBF-LB. To fully
exploit the potential of this novel approach, an understanding of the electrostatic interaction between
polymer and nanoparticles as well as the overall colloidal stability is important [3]. They govern the
deposition process (support kinetics) and the dispersion quality. The nanoparticle material type, their
degree of dispersion on the polymer microparticle surface, and their surface-specific loading density can
alter the PBF-LB processability and enable introducing new functionalities to final parts.
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Regulation the metal–oxide interface is a crucial and feasible way to solve dynamic issues during the
electrochemical reaction process, to improve the catalytic activity, particularly, as result of the strong
interfacial confinement effects between metals and metal oxides.[1] Laser fabrication in liquids (LFL) is a
convenient, effective and unique technique for designing and building metal-oxide interfaces such as
Pd/TiO2, Pd-PdO. The constructed Pd/TiO2 can enable abundant protons and electrons to participate in the
electrochemical N2 reduction process to realize high selectivity and achieve a considerable NH3 yield rate
simultaneously.[2] Here, we present the design of heterogeneous catalysts to balance the relationship
between hydrogen evolution and N2 reduction reaction. Laser irradiation in liquids was first used to achieve
reduction of PdO in aqueous medium resulting from the photothermal effect of laser.[3] The reduction
degree of PdO and amount of PdO–Pd interfaces are intentionally controlled by adjusting the irradiation
time, as shown in Fig. 1. The composite of PdO/Pd/CNTs, after 10 min irradiation with an optimal mass
ratio of Pd (18%) to PdO (82%), presents the lowest overpotential and the highest NH3 production rate of
18.2 µg mgcat. ‒1 h‒1, their faradaic efficiency reached 11.5% at 0.1 V vs RHE. Compared with Pd/C and
PdO/CNTs, the abundant PdO–Pd interface on PdO/Pd/CNTs can act as the active site for N2 dynamic
activation and proton transitions, where the synergistic effect between Pd and PdO contributed to shorten
the transmission route of protons and reduce the overpotential of the chemical reaction. In summary, this
effort provides applicable strategy to design N2-to-NH3 transformation catalysts with controllable surface
states and defects.

Fig. 1 Schematic illustration of the reduction of PdO to form Pd-PdO interface by laser irradiation.
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Synthesis of FeNi nanoparticles by pulse laser ablation in liquids (LAL) is a topic of significant practical
interest due to the potential application of magnetic nanoparticles in biomedicine and catalysis [1,2]. While
the magnetic properties of nanoparticles are highly sensitive to the size, structure, and chemical ordering,
the complete understanding of the size-dependent equilibrium structures of the FeNi nanoparticles is still
lacking [3]. Moreover, the far-from-equilibrium conditions of nanoparticle synthesis in LAL further
complicate the problem of predicting the structure of nanoparticles and, at the same time, provide an
additional opportunity to control the structure through LAL synthesis parameters.
In this study, we combine computational and experimental study of nanoparticle generation in LAL of
FeNi targets, with the goal of obtaining a complete understanding of both the size dependence of the
equilibrium structure of nanoparticles and the effect of the highly nonequilibrium synthesis conditions
realized in LAL. In particular, the equilibrium structure and compositional ordering in nanoparticles of
different sizes are analyzed in a series of Metropolis Monte Carlo simulations. The formation of FeNi
nanoparticles in LAL is investigated in simulations performed with a combined atomistic-continuum model
developed for simulation of LAL [4] and parametrized for FeNi system [5]. Several large-scale (~122
million particles) simulations are performed in the phase explosion regime (see Figure 1a). Computational
predictions of the nanoparticle size distribution, structure, and chemical ordering are related to the results
of LAL experiments performed for similar conditions. In particular, high-resolution TEM images of
individual nanoparticles have revealed the presence of high density of defects in nanoparticles synthesized
by LAL, while the selected area diffraction measurements (see Figure 1b) suggest a possible existence of
L10 (chemically ordered) phase.

Figure 1. (a) Contour plot illustrating the density evolution at the initial stage of laser ablation of a FeNi target irradiated by a 10 ps
laser pulse, as predicted in a large-scale atomistic-continuum simulation. (b) TEM/SAD diffraction pattern of FeNi nanoparticle,

where the diffraction ring of plane (110) indicates the appearing of the superlattice structure.
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Pulsed Laser Ablation in Liquids (PLAL) of a solid target results in the formation of ligand-free NPs which
can be produced in organic or non-organic solvents. These systems are well-suited for the development of
different technological applications [1]. Their surface chemical composition is expected to take part in the
colloidal stability of the PLAL products. The resulting surface charge could be responsible of the
electrostatic repulsion impeding their aggregation. However, no consensus [2-6] has been drawn so far on
these questions and a precise knowledge of their surface properties and composition is mandatory. An
experimental investigation of the surface chemistry occurring at the PLAL NP surface will be presented
based on experiments conducted at SOLEIL synchrotron facility on the PLEIADES beamline. X-ray
photoelectron spectroscopy measurements performed on free-standing [7,8] gold NPs will be reported
addressing the question of (i) their surface oxidation state [9] and (ii) the chemical composition of their
first’s surface atomic layers. Signatures of halide-ions and possible gold oxidized atoms on the NPs surface
have been evidenced, demonstrating that this technique provides a promising new way to study bare gold
surfaces and a complementary insight to their colloidal stability.

Figure 1 : (Left panel) Experimental setup of the XPS measurement of the Au NPs beam generated by means of the aerodynamics lens.
(Right panel) Surface oxidation states of the Au NPs as a function of the measurement protocol.
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Bismuth silicates (BSO) are of great interest for application in photocatalysis due to the low recombination
rate and high mobility of the photogenerated charge carriers [1]. BSO is prepared by solid-state reactions,
mechanical activation, or the hydrothermal method. As a result of these synthetic approaches, micron and
submicron particles are usually obtained. In this work, bismuth silicates were obtained by pulsed laser
ablation in a liquid (PLA).
Pulse laser ablation was performed using a Q-switch Nd:YAG laser with the following parameters: 1064
nm, 7ns, 20 Hz, 160 mJ/pulse [2]. Separate colloids were preliminarily obtained by PLA of bulk targets of
crystalline silicon and metallic bismuth in water. Then, the colloids were mixed in an atomic ratio for Bi:Si
of 2:1, and additional irradiation with focused laser radiation for 2–3 hours was carried out [3]. As a result,
bismuth silicate composite particles were formed. Colloids were dried in air at 60 °C for further research.
The obtained powders were also annealed at the temperatures up to 600°C.
Figure 1a shows the UV-Vis spectra of BSO powders, showing the formation of an exciton absorption
band already in the initial powder. This band becomes more intense upon annealing. The initial and
annealed at 400 °C powders are amorphous for X-ray radiation and, presumably, may consist of various
types of bismuth silicates. After annealing at 600 °C, the powder shows a well-pronounced crystalline
structure of bismuth metasilicate Bi2SiO5. The initial BSO particles have a nearly spherical shape with an
average diameter of about 20 nm (Figure 1b), which increases upon annealing: ~ 40 nm at 400 °C and
~ 500 nm at 600 °C.

Figure 1 UV-Vis absorption (a) and TEM images of nanopowders BSO.

The photocatalytic properties of BSO powders in the decomposition of the rhodamine B dye under
irradiation with an LED source (λ=378 nm) were investigated. The best photocatalytic activity was
demonstrated by X-ray amorphous BSO samples having a large specific surface area.
This work was supported by the Russian Science Foundation, project No. 19-73-30026.
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Phtalocyanines may find high range of applications as stable and luminescent dyes [1,2]. In this work,
optical properties and morphology of laser generated Aluminum and Copper phthalocyanine nanoparticles
(nAlPc and nCuPc) in water and acetone are experimentally studied [3]. Near infrared ytterbium laser of
nanosecond pulse duration was used for Pc micro-powder fragmentation suspended in H2O. Extinction
spectra of Pc NPs colloidal solutions in MQ water were acquired by means of optical spectroscopy in the
visible and near-IR range. The optical density the colloidal solutions of both nCuPc and nAlPc increase
with laser fragmentation time. Transmission electron microscopy shows that nCuPc are made of short (100
nm) rectangular bars interconnected at various angles with other bars (Fig. 1). Similar morphology is
observed for nAlPc. Laser exposure of the mixture of either nCuPc or nAlPc with Au NPs leads to
aggregation of Au NPs and formation of core-shell nanocomposites.

Fig. 1. NPs of Cu Pc at various stages of laser fragmentation after 10 min of fragmentation. Scale bar denotes 100 nm.

[1] B. Kogan, N. Malimonenko, A. Butenin, N. Novoseletsky, S. Chizhikov, On the mechanism of pulsed laser ablation of
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[3]. I.I. Rakov, S.M. Pridvorova, G.A. Shafeev, Generation of nanoparticles of phtalocyanines by laser fragmentation, Laser Physics
Letters, 2019 (in press).
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The ultrathin and uniform oxide layer (<10 nm)-wrapped plasmonic metal (PM, such as Au, Ag and Cu,
etc.) nanoparticles (NP) can greatly ensure the short-range surface plasmon resonance (SPR) properties of
the inner core and the properties of the ultrathin shell synchronously, and thus have great potential in the
fields of analysis, catalysis, and energy. However, the facile synthesis of these NPs is always a challenge
for conventional physical or chemical methods. [1-2]

Here, we present a facile and one-step fabrication of such NPs through laser ablation of PM target in the
aqueous solution of hydrolyzed metal ions. Firstly, the cations in the solution are hydrolyzed to form
hydroxide [M(OH)x] clusters with several nanometer sizes. Then the laser ablation of the metal target
generates plasma, and further forms metal NPs with cooling. According to the double layer theory, these
M(OH)x clusters and metal NPs carry opposite charges due to different species adsorbed on their surfaces.
Through the coulomb interaction, these small M(OH)x clusters will be attracted to the larger sized metal
NPs evenly, thereby forming M(OH)x-wrapped metal NPs. With the subsequent thermal effect of the laser,
these M(OH)x eventually convert the oxide layer. Such a formation is shown in Figure 1a. Technique
analyses show that the shells and the PM cores are of several and tens nanometer, respectively (Figure 1b).
Because of ultrathin nature of the shells and sensitization of the metal core, such NPs show good
conductometric response to trace gases. Taking Au@SnO2 NPs response to H2S gas as an example, the
rapid detection can be realized with a detection limit at ppb level, as shown in Figure 1c. Additionally, the
SPR-based short-range (restricted within 10 nm near the metal surface) [3] surface-enhanced Raman
spectroscopy (SERS) effect enables efficient detection of the gaseous molecules via the chemical reaction
between the target molecule and the oxide shells. Taking the detection of H2S gas with Au@CuO NPs as
an example, the ppb-level H2S can be rapidly detected with the SERS identification of CuS, which is
rapidly produced via the chemical reaction between the CuO layer and H2S gas, as shown in Figure 1d.
This work provides a flexible and universal route to the ultrathin and uniform oxide layer-wrapped PM
metal NPs, which can realize ultrasensitive gas detection via conductometric response and SERS.

Figure 1 (a) The formation of the PM@oxide NPs, (b) a transmission electron microscopy image of a typical PM@oxide NP, (c)
conductometric response of Au@SnO2 NPs to H2S gas, and (d) SERS-based detection of H2S with Au@CuO NPs.
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Planar optoelectronics have achieved tremendous success in fields including photovoltaics,
light-emitting diodes, photodetectors, however, interface loss therein always acts as the dominate factor for
the limitation of device performance. We herein demonstrate the technological superiority of laser
processing of colloids on generating various nanocrystals in different solvents to address the interfacial loss
of the optoelectronic films[1-5]. Exemplified by the hybrid perovskite solar cells, we show that the unique
application of the laser processing of colloids on improving the extraction of the photogenerated charge
carriers at grain boundaries of perovskite active layer and decreasing the energy barrier at interfaces
between perovskite and charge transporting layer. In a simple device with regular planar configuration,
formamidinium lead iodide based perovskite solar cells achieve maximum efficiencies over 24%. In
addition, the PSCs based on the mixed-cation perovskite deliver more than one year of moisture stability as
well as 1000 hours of thermal stability. We thus believe that the interfacial embedding of laser generated
colloids will have important applications in optoelctronic applications.

Figure 1 Laser manufactured hydrophobic Nano-Colloids as bifunctional interfacial mediator. a)
Schematic illustration of interfacial embedding Nano-Colloids in the layer of perovskite. b) Schematic

illustration of the function of Nano-Colloids for carrier dynamics modulation and improving environmental
stability.
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The cause of the majority of diseases, acquired by humanity, is the activity of pathogenic microorganisms.
The constant use of antibiotics has led to the mutation of bacterial strains and their acquired resistivity [1,
2], which makes their use futile. Such “lion in the way” of human well-being is nowadays bypassed with
the use of micro- and nanostructures with a wide specter of functionality. One of the most eligible methods
of such structure manufacturing is laser ablation in liquid, which allows fabrication of nano- and
microstructures with pre-designed morphology [3].

In this work, several Ti nanosctructures were tested as potential elements for liquid sterilization filter. We
implemented the morphology (Fig. 1a) and tested their antibacterial properties with standard live-dead
viability kit, (Fig. 1b). The most efficient type of nanostructures were found to be Ti nanospikes, fabricated
with the use of ytterbium-doped fiber laser Satsuma (Amplitude Systems) (energy 7 µJ, repetition rate 100
kHz, scanning speed 50 mm/s). Nanostructured Ti was used afterwards for the construction of
flow-through filter, providing the optimal contact of the bacteria in liquid with functional surfaces (Fig. 1c,
d). Such filter allowed reducing the bacterial population from 106 to 104. Antibacterial properties were
suggested to originate from the combined chemical toxicity of nanoparticles and the mechanical damage,
caused by sharp nanoscale relief on Ti.

Figure 1. (a) SEM image of nanostructured Ti surface; (b) fluorescent photograph of the bacterial strains; (c) the upper view of
flow-through filter and (d) its 3D model.

This work was supported by the Russian Science Foundation (project no. 18-15-00220).
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The generation of chemically clean and environmentally friendly nanoparticles (NPs) through pulsed laser
ablation in liquids (PLAL) has a number of advantages over conventional chemical synthesis methods and
has evolved into a thriving research field attracting laboratory and industrial applications. The practical
importance of PLAL has stimulated computational efforts aimed at reveling the mechanisms of PLAL [1-4].
In particular, the results of recent large-scale atomistic modeling [2-4] suggest the existence of two distinct
mechanisms of the NP formation, the rapid nucleation and growth of small NPs in the metal-water mixing
region and the breakup of the hot metal layer into larger droplets due to the hydrodynamic instabilities.
This computational prediction provides a plausible explanation for experimental observations of bimodal
nanoparticle size distributions in femtosecond and picosecond PLAL experiments [4,5]. Moreover, the
injection of large nanoparticles into water beyond the cavitation bubble boundary predicted in the
simulations is confirmed in recent double-pulse cavitation bubble imaging experiments [4] as well as in
time-resolved X-ray probing of the size and crystallinity of NPs present in the expanding cavitation bubble
[6].

In the present study, we extend the atomistic simulations to longer (sub-nanosecond and nanosecond) laser
pulses and focus our attention on the mechanisms responsible for the generation of nanoparticles at the
initial dynamic stage of laser ablation. By relating results of these simulations to the physical picture
established in earlier studies performed for shorter (up to tens of picoseconds) laser pulses, the dependence
of the nanoparticle size distribution on laser pulse duration is discussed.

Figure 1. (a) Snapshots of an interfacial layer formed between the ablation plume and water environment in the simulation of a bulk
Ag target irradiated in water by a 400 ps laser pulse. Water molecules are blanked, and the coloring is based on the vertical

coordinate of Ag atoms. (b) The cumulative numbers individual Ag atoms and atomic clusters with diameters less than 1 nm (red
color), and nanoparticles of different sizes (color coding defined in the legend) identified at different times during the simulation.
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The industrial waters contain different toxic volatile organic pollutants, among them, benzene, toluene,
xylenes (BTX) and sulfolane are the most common and dangerous in petroleum refining operations and
liquid-liquid extraction processes.
TiO2 based nanoparticles have been largely employed in photocatalysis for their non-toxicity, good
stability and low cost [1]. However, TiO2 presents a wide band gap (3.2-3.0 eV) that restricts the use under
UV irradiation. In order to enhance the TiO2 photoefficiency under visible/solar light irradiation many
efforts have been made from researchers in the last years. In particular, the self-doping of TiO2 with Ti3+

atomic defects and the coupling with noble metal nanoparticles have attracted the attention of the scientific
community. Here we discuss the possibility to remove BTX and sulfolane from contaminated industrial
waters by using enhanced solar-light activated TiO2 photocatalysts produced and modified by pulsed laser
treatment (Figure 1a), a greener, cheaper and easier approach than other conventional methods able to
obtain highly photoactive TiO2 species [2].

Figure 1 . a) Defects induced by laser irradiation on TiO2; b) kinetic constants of the photodegradation of the BTX/sulfolane
aqueous solution, inset: UV-VIS spectra of the solution in presence of TiO2 laser treated catalyst.

Photocatalytic data (Figure 1b) showed that the laser treatment of the TiO2 led to a band-gap decrease
which in turn resulted in an enhanced solar photoactivity of the laser-treated TiO2 sample towards the
degradation of organic pollutants in the analysed industrial waters. It was also found that the addition of
gold nanoparticles to TiO2 colloids further increased the photodegradation rate (Figure 1b), due to the
plasmon effect of the noble metal nanostructures [4].

[1]. Daghrir, R., Drogui, P., and Robert, D., Ind. & Eng. Chem. Res. 52, 3581 (2013).
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[4]. Fiorenza, R., Bellardita, M., D’Urso, L., Compagnini, G., Palmisano, L., and Scirè, S., Catalysts 6, 121 (2016).
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Laser ablation of metallic nanoparticles in various liquids is an active research topic [1-3]. Ambient media
used for this purpose are typically liquid at room temperature. In this work, the generation of metal
nanoparticles by ablation of solid targets in ionic liquids was studied. Sodium nitrate NaNO3 and lithium
nitrate LiNO3 salts with a relatively low melting point were used as such liquids. An ytterbium fiber laser
with pulse duration of 200 ns and energy of 1 mJ at repetition rate of 20 kHz was used as a laser radiation
source. The salts were brought to the melting point from 300 to 320 C on a hotplate, then a solid target
was placed in the resulting liquid. Laser ablation was then carried out at a constant temperature of 320 C.
The spectrum of the resulting solid matrix after solidification (Figure 1) turned out to lack the usual
plasmon resonance peak at the wavelength of about 520 nm. Instead, an increase in the absorption in the IR
region (wavelengths from 750 to 1000 nm) was observed, which can be associated with the elongation of
nanoparticles under the influence of surrounding matrices. A similar effect was reported earlier in [4] in
case of polymer matrix.

Figure 1 Transmittance of gold nanoparticles in solid sodium nitrate.

Specific morphology of gold target formed under laser ablation in the melts is discussed.
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During the last decade, pulsed laser ablation in liquids (PLAL) received considerable attention when it
comes to colloidal nanoparticles production [1]. Compared to the conventional methods such as mechanical
milling, grinding, and wet chemical synthesis, it offers some appealing advantages [2] such as no
contamination by abrasive tools and lack of dangerous chemical reactants in the production. Extensive
research has already been devoted to this field, but the fundamentals of nanoparticles formation during
PLAL are still not completely understood. One of the most important criterion in the use of PLAL as a tool
for nanoparticle synthesis is the production rate. It has been shown [3] that productivity in the order of
grams per hour can be achieved when optimal combination of laser parameters is used. Furthermore, using
unconventional deformable geometry as the donor material can decrease the redeposition of nanoparticles,
yielding higher production rates [4].

In this study, we investigate the development of cavitation bubbles and liquid dynamics on unconventional
geometries [5]. Optical breakdown is thereby laser-induced in proximity to a sharp (“cliff-like” 90°)
geometry of the solid submerged in water, ethanol, and polyethylene glycol 300 [Fig. 1(a)], while
subsequent dynamics is studied by ultrafast shadowgraphy. Bubbles are induced by 1064-nm laser pulses
with durations of 7-60 ns and energies of 10-55 mJ. Formation of a fixed-type secondary cavity is observed
behind the edge where low-pressure area develops due to bubble-driven flow of the liquid [Fig. 1(b)]. This
occurs when the velocity of liquid overflow exceeds ~20 m s-1. A re-entrant liquid injection with up to
~40 m s-1 velocity may also occur inside the bubble as it overflows the edge of the sample [Fig. 1(c)].
Formation and characteristics of the injection evidently depend on the relation between the
breakdown-edge offset and the bubble energy, as well as the properties of the surrounding liquid. Higher
viscosity of the liquid prevents the generation of the jet.

Figure 1. (a) Cavitation bubble development following laser-induced breakdown near a sharp geometry. (b) Formation of a fixed-type
secondary cavity behind the edge. (c) Re-entrant liquid injection into the cavitation bubble.

[1] D. Zhang, B. Gökce, S. Barcikowski, Laser Synthesis and Processing of Colloids: Fundamentals and Applications. Chemical
Reviews, 117, pp. 3990-4103, (2017).
[2] V. Amendola, M. Meneghetti, Laser ablation synthesis in solution and size manipulation of noble metal nanoparticles, Physical
Chemistry Chemical Physics, 11, pp. 3805-3821, (2009).
[3] C. L. Sajti, R. Sattari, B. N. Chichkov, S. Barcikowski, Gram scale synthesis of pure ceramic nanoparticles by laser ablation in
liquid, The Journal of Physical Chemistry C, 114, pp. 2421-2427, (2010).
[4] A. De Giacomo, M. Dell'Aglio, A. Santagata, R. Gaudiuso, O. De Pascale, P. Wagener, G.C. Messina, G. Compagnini, S.
Barcikowski, Cavitation dynamics of laser ablation of bulk and wire-shaped metals in water during nanoparticles production, Physical
Chemistry Chemical Physics, 15, pp. 3083-3092, (2013).
[5] M. Senegačnik, K. Kunimoto, S. Yamaguchi, K. Kimura, T. Sakka, P. Gregorčič, Dynamics of laser-induced cavitation bubble
during expansion over sharp-edge geometry submerged in liquid – an inside view by diffuse illumination, Ultrasonics Sonochemistry,
105460 (2021).
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Despite the tremendous amount of research carried out in the field of pulsed laser ablation in liquids
(PLAL) for colloid production, there are only a few works regarding the early stage dynamics of the
involved processes. As pointed out by Kanitz et al. [1], a description of the ablation dynamics on a time
scale ranging from femto- to microseconds would give valuable information about how to control the
colloid production process and the chemical and physical properties of the laser generated nanoparticles.
Pump-probe microscopy measurements, investigating the early time scales during ultrafast laser ablation of
iron in different liquids show, that a hot dense metal layer is formed at the ablation plume-liquid interface
[2], which was also predicted by molecular dynamics simulation [3].

In this work we report on pump-probe microscopy measurements [4] of a high purity bulk gold sample in
air and water. Excitation of the sample was performed with a 3 ps pump-pulse, centred at 1056 nm. The
transient relative reflectivity change ΔR/R of the sample surface is monitored by a 500 fs probe-pulse,
centred at 528 nm. Figure 1 displays ΔR/R for probe pulse delay times Δt ranging between -15 ps and 4 ns.
In each case the sample was excited by a fluence of 1.5×Φth, where Φth denotes the ablation threshold
fluence, which was measured to be 1.44 J/cm2 and 2.35 J/cm2 for air and water, respectively.

Figure 1: Relative reflectivity change ΔR/R of a laser irradiated gold sample for probe-pulse delay times Δt ranging between -15 ps
and 4 ns. The transient reflectivity change is shown for the sample in air (black open squares) and water (red open circles). Image

inlets show pump-probe microscopy images for laser ablation in air (left) and water (right) at Δt=5 ps. The transient ΔR/R values were
obtained from the pump-probe microscopy images by averaging the relative reflectivity change over an area of 2.6 µm×2.6 µm,

located in the centre of the images.

By comparing ΔR/R for laser ablation of gold immersed in air and water, quite different behaviours are
observed. The decrease of the sample surface reflectivity to a minimum value of ΔR/R≈0.9 occurs much
faster in water. In air the reflectivity minimum is reached at Δt≈100 ps, while in water the reflectivity drops
rapidly within the pump-pulse duration and reaches its minimum at Δt≈5 ps.

[1] A. Kanitz, M.R. Kalus, E.L. Gurevich, A. Ostendorf, S. Barcikowski, D. Amans, Review on experimental and theoretical
investigations of the early stage, femtoseconds to microseconds processes during laser ablation in liquid-phase for the
synthesis of colloidal nanoparticles, Plasma Sources Sci. Technol. (2019) 1–21. https://doi.org/10.1088/1361-6595/ab3dbe.

[2] A. Kanitz, D.J. Förster, J.S. Hoppius, R. Weber, A. Ostendorf, E.L. Gurevich, Pump-probe microscopy of femtosecond laser
ablation in air and liquids, Appl. Surf. Sci. 475 (2019) 204–210. https://doi.org/10.1016/j.apsusc.2018.12.184.

[3] C.-Y. Shih, R. Streubel, J. Heberle, A. Letzel, M. V. Shugaev, C. Wu, M. Schmidt, B. Gökce, S. Barcikowski, L. V. Zhigilei,
Two mechanisms of nanoparticle generation in picosecond laser ablation in liquids: the origin of the bimodal size
distribution, Nanoscale. (2018) 1–4. https://doi.org/10.1039/C7NR08614H.

[4] M. Domke, S. Rapp, H. Huber, Ultra-fast Movies Resolve Ultra-short Pulse Laser Ablation and Bump Formation on Thin
Molybdenum Films, Phys. Procedia. 39 (2012) 717–725. https://doi.org/10.1016/j.phpro.2012.10.093.
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The synthesis of transition metal oxide nanoparticles in the liquid media is of great importance for many
applications such as chemical ad bio sensing [1]. These nanoparticles should also be activated for the
desired analyte, so core-shell or binary structures consisting of two different phases, the catalyst and the
active substance of the sensor, are required. In recent years, the optical sensing based on doped
semiconductors having localized surface plasmon resonance (LSPR) properties has become very important.
Pd or Pt are of most important hydrogen catalysts. Therefore, one of the interesting ways to synthesize
these systems is laser ablation of the transition metal target followed by adding a noble metal salt solution
(like PdCl2). In this article we report our research on WOx@Pd core-shell nanoparticles [2], [3]. Figure. 1
illustrates the laser ablation process, TEM image of core-shell NPs and the mechanism behind. It was
found that the addition time of palladium salt is very effective on doing or not doing the formation of
core-shell structures of WO3@Pd so that at very short period of rests, a thin shell of palladium is formed on
the tungsten oxide particles. In the presence of hydrogen, the system exhibits remarkable coloration and

appearance of localized surface plasmon resonance (LSPR) absorption band due to reduction of WOx

nanoparticles via hydrogen spill-over mechanism at the Pd shell. This phenomenon can be used as a visual
or LSPR sensor for hydrogen. If the ablated species experience prolonged rest, no such effect can be
observed. Overall, the process of laser ablation in the presence of reactive solutions is very extensive and
requires further study.

[1] K. A. Willets and R. P. Van Duyne, “Localized Surface Plasmon Resonance Spectroscopy and Sensing,” Annu. Rev. Phys.
Chem., vol. 58, no. 1, pp. 267–297, 2007.

[2] M. Ranjbar, H. Kalhori, S. M. Mahdavi, and A. I. Zad, “New gasochromic system: Nanoparticles in liquid,” J. Nanoparticle
Res., vol. 14, no. 4, 2012.

[3] H. Kalhori, M. Ranjbar, H. Farrokhpour, and H. Salamati, “ Fabrication of Pd/WO 3 colloidal nanoparticles by laser
ablation in liquid of tungsten for optical hydrogen detection ,” J. Laser Appl., 2019.

Figure 1 Laser assisted reduction process for synthesis of decorated LSPR materials WOx). TEM images of WOx@Pd (bottom
left panel) core-shell structures. The other parts show the ability to detect hydrogen by these systems and the effect of resting time

on core-shell structure formation.
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Electrochemical reduction of carbon dioxide (CO2) to valuable chemicals offers a promising means to
large-scale storage of abundant and renewable solar and wind electricity while simultaneously decreasing
worldwide carbon footprints. Until now, copper has been the predominant electrocatalyst for the
production of multi-carbon products. Here we present the accelerated discovery of catalysts using a
combined Density Functional Theory (DFT) and active machine learning (ML): we screen electrocatalytic
materials ab initio over 16,000 DFT simulations. The results suggest that copper-rich Cu-Al alloys provide
multiple sites and surface orientations that exhibit optimal CO adsorption energies near the top of the
activity volcano plot for CO2 reduction[1]. Experimentally, we develop a simple and scalable physical
vapour deposition and chemical etching process to fabricate nanoporous Cu-Al catalysts that
electrochemically reduced CO2 to ethylene (C2H4) with a record Faradaic efficiency of 80% at a current
density of 600 mA cm-2 (-1.8 to -2.1 V vs. RHE) in 1 M KOH electrolyte in a flow cell system. In situ
X-ray absorption reveals how Cu and Al enable a favourable Cu coordination environment that enhances
C-C dimerization[1]. The findings suggest new avenues by which multi-metallic systems can be devised that
go beyond the limitations of conventional single-metal electrocatalysts.

Figure 1. a. Schematic of electrochemical reduction of CO2 to C2H4 using the nanoporous Cu-Al catalyst on a gas diffusion electrode.
(b) Electrochemical performance of CO2 to C2H4 with Cu-Al and Cu under different testing conditions.

[1] M. Zhong, E. Sargent et al. Accelerated discovery of Cu-Al motifs for highly active CO2 electroreduction to ethylene, submitted.
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Irradiation of UV light into a H2O/EtOH solution of palladium ion, Pd(II), excites charge-transfer band of
the Pd(II) complex via one-photon absorption. Reaction of the excited Pd(II) complex with the EtOH
results in reduction from Pd(II) to Pd(0), which is followed by spontaneous formation of (Pd(0))k nuclei,

Pd2+ + CH3CH2OH + h
�1�
�1� 1

�
(Pd)k + CH3CHO + 2H+ . (1)

When the (Pd)k nuclei grow up to the (Pd)m particle with a give size, the (Pd)m behaves itself as a reduction
catalyst and promotes the particle growth (autocatalytic growth) [1]. The process is described as

(Pd)m + Pd2+ + CH3CH2OH
�2�
�2� (Pd)m+1 + CH3CHO + 2H+ . (2)

A series of reaction are called photo-induced particle formation and are used for recovery of Pd metal from
chemical waste solutions [2]. Previously, we showed that the irradiation of a nanosecond pulsed UV laser
with high pulse energy into the Pd(II) solution forms the Pd particle with submicron size (100–500 nm),
which has not been generated in the photo-induced particle formation using a UV lamp [3]. It indicates that
the laser irradiation with high pulse energy promotes the Pd particle growth, the mechanism of which is
unclear. In this work, we studied the particle formation in the Pd(II) solution in the laser irradiation with
high pulse energy using time-resolved X-ray absorption fine structure (XAFS) spectroscopy.
Experimental details are described in ref [4]. The Pd particle formation was induced by irradiation of the
pulsed 266-nm laser (10 Hz, pulse duration 8 ns) into the H2O/EtOH solution of the PdCl42– complex.
Figure 1 is a typical change of X-ray absorption near edge structure (XANES) in Pd K-edge, which gives
change of the electronic structure of the Pd(II) and the Pd(0), during laser irradiation. The time-resolved
XANES shows broadening of the edge width concomitantly with increasing the laser irradiation time.
Analysis of the XANES edge width gives us an information
on the Pd(II) concentration [4]. Figure 2 is temporal changes
of the Pd(II) concentration in the laser irradiation with a
fluence of 19.9–59.7 mJ/cm2. We analyzed the temporal
changes of the Pd(II) concentration using the kinetic model
based on the reactions 1 and 2, and shows that the fitting
curves reproduce the experimental results. We further
investigated dependence of the reaction rate coefficients, k1

and k2, on the laser fluences. The dependence elucidates that
the photons contribute to reduction of the Pd(II) by the
one-photon process and to the autocatalytic growth of Pd
particles by the multiphoton process.

[1] M. Harada et al. "In Situ Time-Resolved XAFS Studies of Metal Particle
Formation by Photoreduction in Polymer Solutions" Langmuir 25,
6049-6061 (2009).
[2] S. Asai et al. "Determination of 107Pd in Pd Recovered by
Laser-Induced Photoreduction with Inductively Coupled Plasma Mass
Spectrometry" Anal. Chem. 88, 12227-12233 (2016).
[3] M. Saeki et al. "Wet separation between palladium(II) and
molybdenum(IV) ions by using laser-induced particle formation:
Enhancement of recovery efficiency of palladium by laser condition" J.
Photochem. Photobiol. A 299, 189-193 (2015).
[4] M. Saeki et al. "In Situ Time-Resolved XAFS Studies on Laser-Induced
Particle Formation of Palladium Metal in an Aqueous/EtOH Solution" J.
Phys. Chem. C 123, 817-824 (2019).

Figure 1 Time-resolved XANES spectra during
laser irradiation with an interval of 5 min.

Figure 2 Temporal changes of the Pd(II)
concentration in various laser fluences. Red lines
are fitting curves of the kinetic model.
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Among the different doped ZnO structures, cobalt-doped ZnO films have attracted much attention because
of their potential applications in magneto-electrical and magneto-optical devices, spintronics, and as
passive Q-switchers (saturable absorbers) for near- and mid-infrared lasers [1,2]. In this work, we present
the pulsed laser assisted fabrication of Co-doped ZnO nanocrystals in liquid with their further deposition
into thin films on a glass substrate. The technique is based on sequential laser ablation of Zn and Co targets
in distilled water. Nd:YAG laser (LOTIS TII, LS2134D), operating at 1064 nm (energy 80 mJ/pulse,
repetition rate 10 Hz, pulse duration 10 ns) was used for ablation of the relevant targets [3]. The prepared
colloidal solution was additionally subjected to irradiation with the unfocused beam of the second
harmonic (wavelength 532 nm) of the same Nd:YAG laser. The purpose was to achieve the substitutional
incorporation of Co2+ ions on the Zn site through the fast laser induced heating, subsequent co-melting, and
re-solidification process at extremely high cooling rate. Figure 1 illustrates the scheme of the experimental
procedure.

Figure 1 Schematic illustration of the experimental procedure used for preparation of cobalt-doped zinc oxide nanostructures

The morphology, structure and optical characteristics of the synthesized nanocrystals were analyzed using
HRTEM, SAED, XPS, Raman and FTIR to find the optimal conditions for the formation of doped samples.
The doping was proved by XPS, XRD, Raman and optical absorption measurements. The XRD and SAED
patterns revealed lattice distortion of the nanoparticles prepared by sequential laser ablation. The average
size of the particles prepared was less than 15 nm. Laser irradiation of the formed colloid resulted in
co-melting of the nanoparticles with elongated structures formation.
The study of the phase composition of the ZnO:Co sample prepared by deposition of colloidal particles on
the surface of the substrate under the conditions of additional exposure to laser radiation proved ZnO
formation having wurtzite-type structure. After laser irradiation the reflections were weakened and
broadened indicative of lattice distortion. Raman spectroscopy revealed disorder induced due to Co
incorporation in the ZnO lattice and presence of defects. E2(high) mode at 437 cm-1 of ZnO was broadened
and weakened while the intensity of the LO band at 580 cm-1 related to the defects was increasing. The
XPS analysis showed the formation of ZnO:Co films with a dopant concentration of about 6%.
The work was partially financed by the National Academy of Sciences of Belarus under project
Convergence 2.4.06.

[1] S. Yang, R. Lv, C. Wang, Y. Liu, and Z. Song, Structural and magnetic properties of cobalt-doped ZnO thin films on sapphire (0 0
0 1) substrate deposited by pulsed laser deposition, Journal of Alloys and Compounds, vol. 579, pp. 628–632, (2013).
[2] S. Xu and Z. L. Wang, One-dimensional ZnO nanostructures: solution growth and functional properties, Nano Research, vol. 4, pp.
1013–1098, 2011.
[3] N.V. Tarasenko, A.V. Butsen Laser synthesis and modification of composite nanoparticles in liquids, Quantum Electronics, vol.
40, pp. 986 –1003 (2010).
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Laser irradiation of colloids can induce targeted changes in the structural and physical properties of
nanoparticles (NPs), that makes laser-induced modification (LIM) of NPs) in liquids a relevant topic in the
last decades [1,2]. By varying laser pulse duration, wavelength and fluence a control of NPs inner structure
and composition can be achieved. Among the novel applications of LIM, fabrication of multielement NPs
are of special interest. This work is focused on application of laser-induced processes in fields of alloyed
particles formation upon laser irradiation of the mixture of colloids (for synthesis of Ag-Cu, Ge-Sn, Zn-Cu
NPs), doping of oxide nanocrystals (for example, ZnO:Co and ZnO:N:Ag NPs formation) and
laser-induced chemistry in a mixture of NPs in solution (synthesis of SiC as well as binary and ternary Gd
compounds).
The initial colloids were prepared by laser ablation in liquid technique. Nd:YAG laser (LOTIS TII,
LS2134D), operating at 1064 nm (energy 80 mJ/pulse, repetition rate 10 Hz, pulse duration 10 ns) was
used for ablation of the relevant targets [3]. For laser-induced modification, the unfocused beam of the
second harmonic (wavelength 532 nm) of the same Nd:YAG laser was used. The phase composition,
morphology, structure and optical properties of the synthesized NPs were investigated. Laser induced rapid
heating, subsequent co-melting, and re-solidification processes at high cooling rates are considered to be
experimentally achieved at the optimized laser processing parameters. As the result of laser modification of
NPs is mostly determined by the temperature that is reached during the irradiation, a radiation emitted from
the hot NPs was detected and analyzed using the blackbody-like approximation. Figure 1 demonstrates a
principal scheme of laser assisted synthesis and modification experiments and as an example results of
characterization of the Gd-Si NPs synthesized by laser irradiation of Gd and Si colloidal solutions mixture.

Figure 1 Schematic diagram of the experimental set-up (a) and results of characterization of the synthesized particles (b).

To explain a mechanism and to predict the result of LIM of NPs in solution, a theoretical model based on
the balance between laser energy absorbed by the NP and the dissipation due to heat losses was proposed.
The obtained results demonstrated that laser irradiation of colloidal NPs could provide unique possibilities
not only for a change of the NPs size through the fragmentation and aggregation processes but also for the
synthesis of compound and alloyed NPs with a control over their composition.

[1] D. Zhang, B. Gökce, and S. Barcikowski Laser Synthesis and Processing of Colloids: Fundamentals and Applications. Chem.
Rev., vol. 117, pp. 3990 - 4103 (2017).
[2] N. Tarasenka, V. Kiris, E. Stankevičius, N. Tarasenko, V. Pankov, F. Krčma, P. Gečys, G. Račiukaitis, Laser Irradiation of
Gd−Si and Gd−Si−Ge Colloid Mixtures for the Fabrication of Compound Nanoparticles // ChemPhysChem., vol.19, pp. 3247-3256,
(2018).
[3] N.V. Tarasenko, A.V.Butsen Laser synthesis and modification of composite nanoparticles in liquids, Quantum Electronics, vol. 40,
pp. 986 –1003 (2010).
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The emerging ultrathin materials with suitable energy band structure have been regarded as a robust type of
photocatalyst. Among them, ultrathin Bi2WO6 nanostructure display intriguing piezo-photocatalytic
performance due to its unique structural, electronic properties, strong light response and appealing energy
band structure. On the other side, surface functional modification in materials usually play pivotal roles in
photocatalytic processes as they can provide extra active sites and tune the band structure of
semiconductors. Researchers have paid much attention on quantum-dots-modification in catalysts, however,
few work has been reported on the role of graphene quantum dots (GQD) modification on ultrathin
materials in the field of piezo-photocatalysis. In this study, the novel ultrathin GQD-modified Bi2WO6

nanosheets hydrogel (GQD-BWO hydrogel) with excellent usability and synergistic effect of
piezo-photocatalysis has been successfully synthesized utilizing a facile two-step laser ablation in liquid
(LAL) method and is applied in environment remediation. Specifically, in the porous hydrogel the ultrathin
GQD-BWO nanosheets as the efficient piezo-photocatalyst were homogenously distributed, make the
composite not only exhibits the great absorption toward the organic pollution, but also provides
multidimensional quality and piezo-photocatalytic channels. The 2D structure of GQD-BWO nanosheets
and its combination with porous hydrogel were beneficial to light absorption, which highly improves the
utilization rate of light. The synergistic effect of the GQD-BWO composite greatly enhanced the removal
rates of organic pollutants and made itself ease to separate and recycle in water purification. When the
visible-light irradiation time lasted for 74 h, the removal rate of MB is nearly unchanged, indicating that
the 2D GQD-BWO ultrathin nanosheets composite have a high stability. The construction of GQD-BWO
composite hydrogel resolved the reclamation problem of catalyst and improved the piezo-photocatalytic
activity of GQD-BWO nanosheets, thus greatly improved the removal rate of water pollutants and the
related commercial applicability. This study will open up a new route to design advanced materials with
GQD-modification vacancies for piezo-photocatalytic applications.
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TEM images of ultrathin GQD-BWO nanosheets: (a) ultrathin GQD-modified Bi2WO6 nanosheets (b) corresponding HRTEM
detection of the GQD-modified Bi2WO6 crystallographic plane.
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Every year thousands of oil tons are leaked and spilled into the oceans worldwide during the extraction and
transportation of oil, making it one of the principal sources of water pollution. Among the various explored
solutions against such an alarming problem, the recovery of clean water from oily-emulsions by its
effective filtration through nanofibrous membranes decorated with nanoparticles (NPs) is having a
significant impact on the field. The nanofibrous membranes by themselves prevent the passage of oil
droplets, enabling its separation from water. However, the efficiency and reusability of such materials are
often deteriorated by their fouling, i.e., accumulation of emulsified oils, macromolecules, or some other
foulants like organic matter over their surface [1]. Recently, the fouling problem has been partially
alleviated by the incorporation of NPs over the membrane’s surface, where the most explored NPs are
those that provide hydrophilicity, surface charge change, and antibacterial properties [2]. In the current
contribution, we explore the laser-mediated photoreduction of silver nitrate dissolved in water, which was
previously reported by J. P. Abid et. al. [3], to synthesize ligand-free Ag NPs with an average particle
diameter of 35 ± 10 nm in the presence of a dehydrofluorinated polyvinylidene-fluoride (PVDF)
nanofibrous membrane. As no reducing or stabilizing agents are used at any stage of the process, the
surface of the nanofibrous membrane, which has OH- functionalities acts as a capping agent for the
recently created NPs, reaching in this way the NPs synthesis and surface decoration of the membrane in a
single stage. As displayed in Fig. 1 a), the NPs decorate the surface of the membrane uniformly.

Figure 1 a) micrograph of the membrane decorated with the Ag NPs and b) contact angle test of the sample before and after the
nanoparticle decoration, displaying that after the decoration, the membrane becomes hydrophilic.

The decoration provides hydrophilicity to the membranes (Fig. 1 b)) and a 3.8-fold improvement in the
oil/water separation efficiency compared to the non-modified membranes. Overall, the methodology
enables the production of an efficient membrane to separate water from oily emulsions, while the chemical
waste production, often related to the NPs synthesis, is minimized.

[1] J. H. Jhaveri and Z. V. P. Murthy, A comprehensive review on anti-fouling nanocomposite membranes for pressure driven
membrane separation processes. Desalination, vol. 379, 137-154 (2016).
[2] J. H. Li, X. S. Shao, Q. Zhou, M. Z. Li and Q. Q. Zhang, The double effects of silver nanoparticles on the PVDF membrane:
Surface hydrophilicity and antifouling performance. Applied Surface Science, vol. 265, 663-670 (2013).
[3] J. P. Abid, A. W. Wark, P. F. Brevet and H. H. Girault, H. H, Preparation of silver nanoparticles in solution from a silver salt by
laser irradiation. Chemical Communications, vol. 7, 792-793 (2002).
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Advantages of pulsed laser ablation in liquid (PLAL) for the synthesis of nanoparticles are the simple
experimental setup, environmentally friendly process, high purity of the products and the formation of
stable nanocolloids with limited use of chemical reactants [1]. Antimony sulfide (Sb2S3 stibnite) is an
important environmentally benign material which finds applications in optical, optoelectronic and solar
cells [2] etc. Mostly the deposition of Sb2S3 thin films was done by chemical methods (CBD) [3]. Silicon
(Si) is well known as a semiconductor for commercial solar cells with high efficiency and long-term
stability. PLAL was successfully used for obtaining nanoparticles of Si [4] and Sb2S3. Nanocomposite thin
film fabrication from laser ablated nanocolloids by spray pyrolysis [5,6] and spin coating was already
known. In this work, we used PLAL technique to synthesize nanoparticles of Sb2S3 and Si in different
organic solvents using a nanosecond pulsed Nd:YAG laser.

Figure 1 (a) Nanocolloids of Sb2S3 and mono-Si by PLAL and their mix (b) Micrography of Sb2S3 with mono-Si (c) Band gap Sb2S3

with m-Si.

Here we obtained nanocomposite thin films of Sb2S3:Si by spin coating/spray deposition of a mixed colloid
containing Sb2S3 and Si nanoparticles. The nanoparticles as well as their composite thin films are
characterized by various techniques to study their morphology (TEM/SEM), structure (XRD/Raman),
composition and chemical states (XPS) and optical properties (UV-Vis-NIR spectroscopy). Further details
of the results of these analysis and properties will be presented in this work.
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Laser generation of colloidal nanoparticles (NPs) in liquids has matured as an eco-friendly and
high-throughput top-down nanotechnology method, successfully developing in respect of material
assortment, up-scaling and cost efficiency. In this talk, we demonstrate a breakthrough in in-vitro
quantization of short (ns) and ultrashort (fs-ps) laser-induced colloidal NP yield in liquids, calibrated by the
target mass-loss measurements and enabling comparative evaluation of NP yield in terms of absolute and
relative values irrespective of the used experimental conditions [1]. The proposed output quantity could be
further normalized to laser/electric power to represent cost-efficient NP yield.
First, this quantization was applied to our results on short-pulse (nanosecond) laser generation,
demonstrating, how subcritical ablative plasma can manage phase-explosion mass-injection into a vapor
bubble and drive its versus pressure and energy input (Figure 1) [2-6]. Our proposed quantitative parameter
characterized in vitro mass yield and nanoparticle transformations during the multi-shot scans.

Laser energy coupling to plasma (fraction)

Figure 1 Universal scaling relationships, connecting energy input (1), plasma pressure (2) and momentum coupling (3), mass ablation
rate (4) versus intensity I, pulse width , wavelength , atomic mass A and average charge Z ( - product of A,Z), justified for

liquid ambients in [2-6].

Similarly, the same quantitative parameter was employed to envision in vitro ultrashort-pulse (0.3-10 ps)
laser ablation and NP generation in water, exhibiting the distinct correlation of common mass loss [ 1,7]
and NP yields, as well as the NP formation paths.
Overall, the proposed novel quantitative NP yield criterion lays a ground for up-scaling and cost-efficient
ablative short- and ultrashort-pulse laser fabrication of colloidal nanoparticles.

[1] S. Kudryashov, A. Nastulyavichus, I. Saraeva, N. Smirnov, and A. Ionin, Efficiency of ultrashort (fs/ps) laser generation of gold
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Identifying and understanding structure-activity correlations in real-structure catalysts is essential for
tailored catalyst design[1] but catalyst materials with gradually tuned properties are needed. Pulsed Laser
Defect Engineering in Liquid (PuDEL) has shown to be a promising tool to gradually tune materials
properties (e.g. band gap, crystal phase or photo-luminescence of TiO2) and consequently catalytic
activities.[2-6] This is achieved by carefully controlling the number of laser pulses per particle (see Fig. 1).
Additional preabsorbed surfactant-free, laser-generated co-catalysts (e.g. Au NP) can further act as
nanoantenna’s especially efficient in case of low laser absorptivity e.g. when performing “on-resonant”
PuDEL of Au NP@TiO2 with 532 nm laser pulses[6] The latter enables further systematic catalytic studies
of potential active surface sites forming around the perimeter of co-catalyst and support during on-resonant
PuDEL. With the main driving force of laser-induced structural transformation being the applied laser
energy density, fluence gradients due to laser focussing by refraction at the cylindrically shaped liquid jet
in state of the art setups needs to be avoided.[4]

Figure 1: Effect of PuDEL of P25-TiO2 (without and loaded with 1 wt% and 3 wt% of laser-generated Au NPs) on the
catalytic activity shown for a): Photocurrent density j in photocatalysis[2,6] and b): Turn-over number (TONS) of ethanol to

acetic acid during selective oxidation reaction[2]. Data are shown with respect to the number (Ncycle) of laser irradiation cycles
(~number of laser pulses) applied. Figure was taken from Ref. [2].

Within this presentation, first, an introduction to previous studies on PuDEL will be given. Subsequently, a
new flat-jet setup, minimizing the effects of fluence gradients will be presented and evaluated regarding the
homogeneity of the laser post-treatment at the example of well-established laser fragmentation of Au NP.
Next, new results on PuDEL performed with spinel-based cobalt oxide nanoparticles in a flat jet setup
leading to an alteration of the cobalt oxidation state and cation location in the lattice as well as improved
electrocatalytic activity will be presented and discussed.
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Titanium dioxide (TiO2) appears typically in three phases, with the most common being the thermodynamically
stable rutile and metastable anatase. Rutile powders have been widely used in many applications such as cosmetic and
paint for high rate of visible light transmission and ultraviolet light shielding. Anatase powders are applied to
deodorization, antifouling and purification of water or atmosphere exploiting its high photocatalystic characteristics. In
the present work, we aim to synthesize Mn-doped TiO2 nanoparticles by laser ablation in pure water and aqueous
hydrogen peroxide solutions to control phase formation, dispersivity and size of nanoparticles.

Targets of pure and 0.5 mol.% Mn-doped rutile TiO2 were prepared by sintering at 1,500oC in air to get relative
density of about 97 %. Target sintered bodies were immersed in pure water and aqueous H2O2 solutions of 0-10 wt.%.
Laser irradiation was carried out with a Q-switched Nd:YAG pulse laser source (wavelength 1064 nm, pulse width: 6
nsec, repetition frequency: 10 Hz) [1,2].

Figures 1(a) and (b) shows TEM images of non-doped TiO2 nanoparticles synthesized by laser ablation in pure water
and H2O2 aqueous solutions. Particles prepared in pure water are spherical, but not well dispersed. Mixing of H2O2 into
water led to the decrease of particle size and the improvement of dispersivity. The changes would be due to
electrostatic repulsion among formed clusters or grown particles, which was confirmed by the increased negative
zeta-potential value of particles prepared in H2O2 aqueous solutions. Mn-doping gave a substantial change as shown in
Figs. 1(c) and (d). Particles prepared in pure water consisted of coarse submicron-size particles and agglomerated
nano-size particles, while those prepared in H2O2 aqueous solutions were composed of nano-size particles, which
aggregated to form cancellous structure.

More interestingly, H2O2 addition in water gave rise to the change of phase formation. Particles prepared in pure
water consisted of pure anatase phase irrespective of whether Mn is doped or not. Oxygen particle pressure in
generated plume by laser irradiation, where nucleation takes place from a vapour phase, is quite low via a reaction
equilibrium, H2O ↔ H2 + ½ O2. Formation of oxide ion vacancies in TiO2 induced by the low oxygen partial pressure
promotes the preferable formation of rutile nanoparticles [3,4]. H2O2 addition gave the change of phase formation.
Mixing of ≥ 5 and ≥ 10 wt.% H2O2 to water led to the formation of anatase phase in synthesized non-doped and
Mn-doped TiO2 particles, respectively. Anatase phase content increased with the increase of H2O2 content in water.
Oxygen is formed via a chemical reaction, H2O2 � H2O + ½ O2, and the increased oxygen partial pressure in plasma
plume decreased the concentration of oxide ion vacancies in oxide particles [2]. Anatase TiO2 particles were thus
formed in synthesized powders.

Figure 1 TEM images of TiO2 nanoparticles synthesized by laser ablation in pure water and H2O2 aqueous solutions: (a), (b)
non-doped TiO2, (c), (d) 0.1 mol% Mn-doped TiO2 .
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Nanoparticles (NPs) generated by laser ablation in liquids (LAL) can adsorb substances contained in the
solvent efficiently onto their clean surface. This feature is useful when we consider functinalizing NPs. For
example, NPs prepared in some organic solvents such as ethanol and acetone are negatively charged
because the NPs adsorb the solvent molecules (in the ion form) during LAL. By using the electric charge,
we can deposit the NPs on a plate using an electrophoresis method and prepare an electrode for lithium
secondary battery [1], and a substrate for surface-assisted laser desorption ionization mass spectrometry [2].
In this paper, we report that such surface modification during LAL shows another interesting phenomenon
that can be used to prepare functional materials, when we carried out LAL for CaO powder in alcohol [3].

0 min 30 min 60 min 90 min 120 min 180 min
Figure.1 Temporal appearance change of CaO powder dispersed in ethanol during laser ablation.

In the experiment, CaO powder was dispersed in alcohols (methanol, ethanol, and propanol). LAL for the
CaO powder was carried out using focused 266 nm laser beam of a nanosecond pulse Nd:YAG laser.
Figure 1 shows photographs of CaO colloids during LAL. In 30 min, the colloidal solution became opaque
slightly, indicating that fragmentation of the powders progressed. At ca. 60 min, the appearance of the
colloidal solution changed drastically. The opacity of the colloidal solution decreases, but gel-like
structures floating in the solution can be observed. When the colloidal solution in this state was dried, the
volume of the dried powders were larger than that of the source CaO powder, implying that the density of
the gel-like structures was lower than the original CaO powder. The gel-like structures disappeared after
LAL for more than 120 min. It was remarkable that gel-like structures were formed during LAL, because
we usually expect that only fragmentation can be induced by such strong laser irradiation. As the result of
further experiments, it has been suggested that i) the gel-like structures are formed via the CaO NPs
agglomeration, ii) the CaO NPs agglomeration is induced by partial neutralization of positively charged
CaO NPs by ethanol that can provide negative charge when they are adsorbed onto the CaO NP surface.
In addition, we found that the gel-like structures are still positively charged. Therefore, when the gel-like
structures were mixed with negatively charged gold or platinum NPs prepared by LAL in alcohol,
metal-CaO nanocomposites were formed (Figure 2).

(a) (b)

Figure.2 (a) CaO gel-AuNPs, and (b) CaO gel-PtNPs composite obtained by mixing a CaO gel colloid and a AuNP or PtNP
colloid prepared by laser ablation in ethanol.
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Micro/Nano Eng., 14, 147 (2019).
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Nanoparticles having strong absorption in the visible to near-infrared region have attracted considerable
interest in the research fields of photoacoustic imaging and phototherapy. [1] Important issues of
nanoparticle colloids for bio and medical applications are low toxicity. Laser fragmentation in water as a
nanoparticle preparation method has some advantages because an aqueous nanoparticle colloid can be
obtained directory from a water suspension of the target compound powder without using any organic
solvents.[2] Herein, we demonstrate the fabrication of porphyrin nanoparticle colloids and some results of
the studies on their toxicity to rat pheochromocytoma (PC12) Cells.

Figure 1 (a) photograph of the prepared Pt(OEP) nanoparrticle colloid and (b) its absorption spectrum. (c) Toxocity of Pt(OEP)
nanoaprticles to rat PC12 cells, which were incubated in a culture medium containing the nanoparticles for 1 day, before(blue bars)

and after (red bars) visible light (500-650 nm) irradiation.

Aqueous colloids of Pt octaethylporphyrin, Pt(OEP) were synthesized by nanosecond pulse laser
(532-nm wavelength, 6-ns FWHM, 10-Hz repetition rate) irradiation to the suspension of Pt(OEP)
powder (20 mwt%) in Pluronic® F127 aqueous solution (0.1 wt%). Figure 1(a), (b) show the photograph
and the absorption spectrum of the prepared nanoparticle colloid. The Pt(OEP) nanoparticles dispersed in
a phosphate buffered saline (PBS) solution and a cell culture medium stably for longer than 1 month.
Figure 2 shows the result the toxicity to rat PC12 cells. The cell viability examined by the MTT assay did
not changed by adding of the nanoparticles under a dark condition. On the other hand, the cell viability
decreased drastically by visible light irradiation (20 mW/cm2, 10 min) to the cells after 1 day incubation in
a culture medium containing the nanoparticles. The results demonstrate clearly that the Pt(OEP)
nanoparticles work as an effective photodynamic therapy reagent. The mechanism could be explained by
singlet oxygen generation photosensitized by the nanoparticles because we confirmed efficient
photosensitized generation of singlet oxygen in a solution by using 1,3-diphenylisobenzofuran as a Reagent
for determination of singlet oxygen.

[1] Zhang, Y. et al., WIREs-Nanomedicine Nanobiotechnology. 2018. 9.
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Laser ablation in liquid (LAL) allows the production of nanoparticles (NPs) with peculiar surface
chemistry and a large variety of compositions, included metastable phases and nanocomposites, all by the
same self standing and simple set up.[1-4] Currently, several efforts are undergoing to improve the control
on laser generated nanomaterials and to precisely understand the formation mechanism of NPs.[5,6] In this
context, nanoalloys of noble metals and transition metals are a useful case-study, because of the different
chemical transformations observed in different elements subjected to the same laser ablation process.[7-9]
On the other hand, these noble metal nanoalloys consist of metastable phases hardly achievable by other
synthetic approaches, and have multiple functions appealing for a wide range of applications from
catalysis[10] to photonics[11,12] and nanomedicine[13]. The results obtained so far with non-equilibrium
nanoalloys, that are of interest for the general understanding of the processes behind the LAL technique
and for improving the control on product structure, will be discussed. Then, it will be shown how these
results allowed to extend the range of applications by accessing to a library of multifunctional
nanomaterials.

Figure 1. (A) Iron-rich Au-Fe nanoalloys are obtained in ethanol by nanosecond laser ablation of a bilayer Au/Fe film (left). When the
same film is ablated in water, core-shell NPs of iron oxide-AuFe metal alloy (iron poor) are achieved.[8,9] These NPs possess

interesting properties for photonics (B), exhibiting localized surface plasmons,[11] and for catalysis (C), with enhanced activity
compared to single element analouges[10].
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Size and shape of metal nanoparticles play a key role in most of their technological applications because
they determine their optical properties in the UV-Vis-NIR range [1,2]. Here, we demonstrate the “in liquid”
formation of flat silver nanoparticles’ colloids by pulsed laser beams and monochromatic LEDs, along with
tri-sodium citrate (TSC) and H2O2 addition. Spherical Ag nanoparticles are initially obtained by pulsed
laser ablation in water and citrate. In a second step, such spherical particles are transformed into flat
nanoplates by adding H2O2 under monochromatic light irradiation at different wavelengths (405 nm, 515
nm and 730 nm) [3]. The obtained particles are characterized by UV-Vis spectrophotometry for plasmon
resonance, Scanning Electron Microscopy for size and shape, and Atomic Force Microscopy (AFM) for
thickness. The process yields nanoplates that show regular triangular shape and their size is dictated by
citrate concentration and irradiation wavelength. Indeed higher citrate concentration (10mM) tend to limit
the growth and to smaller and thinner nanoplates that show plasmon resonances in the Visible range, while
lower citrate concentration (1mM) allow the growth of larger and thicker nanoplates, with plasmon
resonances in the near IR (Fig. 1) [3]. Irradiation wavelength also plays an important role as longer
wavelengths produce larger nanoplates [3], especially at higher citrate concentration.

Figure 1. Absorption spectra from Ag nanoplates, at early (red lines), intermediate (green lines) and final (blue lines) growth stage at
TSC 10 mM (left column) and 1 mM (right column) and at 405 nm (top line), 515 nm (middle line) and 730 nm (bottom line)

irradiation wavelength, and initial spherical nanoparticles (black lines). Vertical dashed lines correspond to the plasmon resonance of
sherical nanoparticles at 393 nm and to the transverse quadrupole resonance of flat nanoplates at 330-345 nm.

[1] A. Gonzalez, C. Noguez, J. Beranek, A. Barnard, Journal of Physical Chemistry C, 118, 9128-9136 (2914)
[2] S. Zeng, D. Baillargeat, H. Ho, K. Yong, Chemical Society Reviews, 43, 3426-3452 (2014)
[3] V. Scardaci, M. Condorelli, G. Compagnini, Journal of Materials Chemistry C, under review
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The formation of the non-spherical metal oxide nanoparticles (MONPs) by laser ablation in liquids (water
and isopropyl alcohol) has been studied using Pb, Cu and Zn metals. The variety of the non-spherical
MONPs shapes, including circular and hexagonal sheets, octahedra, spindles, rods and fibers have been
produced by variation of the ablation parameters, treatment of the target surface, PH and subsequent
heating in water. The influence of unavoidable hot water treatment during laser ablation as an important
mechanism leading to formation of the non-spherical MONPs has been demonstrated [1].
The Yb fiber laser with 1062 nm wavelength and 100 ns pulse duration has been used. The laser beam has
been focused on the target surface (fluence 80 J/cm2, spot diameter 40 μm). The NPs synthesis was
performed in several stages: target surface treatment, laser ablation liquid, additional fragmentation and
heating of the suspension for formation of proper shapes [2,3].
The Pb, Cu and Zn targets (99.99% purity) were used for laser ablation in deionized water and in isopropyl
alcohol (IPA). The targets have been covered by oxide layer prepared by controlled oxidation procedure. It
was demonstrated that only stable spherical metal nanoparticles with diameter below 30 nm have been
produced by laser ablation in IPA. Thus, the key role of the water for MONPs creation was demonstrated.
The unavoidable hot water treatment during laser ablation in water plays a significant role in the formation
of non-spherical nano-particles. It was found that the octahedra and rods appeared at the target surfaces
even without laser ablation after water treatment at 75 ºC during about two minutes. (a)

(b)

Figure 1 Single crystalline non-spherical metal oxide nanoparticles: (a) CuO nano-spindles, (b) PbO nano-octahedrons.

The obtained formation of non-spherical particles was explained in terms of metal oxidation and oriented
growth processes. The PbO nanoparticles produced by laser ablation played the role of nuclei which phase
depends on the target preparation procedure. The elevated water temperature during laser ablation
accelerated the growth of nanocrystals.
The equipment of the Ural Center for Shared Use “Modern nanotechnology” UrFU was used. The work
was supported by Government of the Russian Federation (Act 211, Agreement 02.A03.21.0006).

[1] V.Ya. Shur, E.V. Gunina, A.A. Esin, E.V. Shishkina, D.K. Kuznetsov, E.A. Linker, E.D. Greshnyakov, V.I. Pryakhina, Influence
of hot water treatment during laser ablation in liquid on the shape of PbO nanoparticles, Applied Surface Science, vol.483, pp.
835-839, (2019).

[2] S. Barcikowski and G. Compagnini, Advanced nanoparticle generation and excitation by lasers in liquids, Phys. Chem. Chem.
Phys. vol.15, pp.3022-3026, (2013).

[3] A.E. Tyurnina, V.Ya. Shur, R.V. Kozin, D.K. Kuznetsov, E.A. Mingaliev, Synthesis of stable silver colloids by laser ablation in
water, Proc. SPIE vol.9065, Fundamentals of Laser-Assisted Micro- and Nanotechnologies, pp.90650D-1-8, (2013).
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At present, nanosecond laser ablation of biological tissues are used in coronary angioplasty[1,2]. However,
the complex lesions such as heavy thrombus, calcified plaque or long term atheroma are still challenging.
Ultrafast laser is a potential therapeutic for complex lesions due to its high peak intensity, non-selectivity
of target and small heat affected zone. When an ultrafast laser pulse is shot in biomedical liquid
environment, bubbles form as a result of cavitation[3].The mechanism of femtosecond laser cavitation in
physiological liquid has not been fully studied, which will provide a strong theoretical basis for the next
generation of laser coronary angioplasty.
In this paper, we study the cavitation of normal saline by femtosecond laser pulse from gas composition
and productivity. The productivity of the cavitation gas is quantitatively detected by a home-made setup.
The cavitation gas was collected and its composition was analyzed using GC2020 gas chromatograph. We
found an original method for measuring gas productivity, and discussed the relationship between cavitation
gas productivity and laser pulse energy with this method. The cavitation breakdown threshold of
femtosecond laser was 1.4971*1017W/cm2 by fitting the figure line. Through comparative experiments, it is
proved that each laser pulse independently generates cavitation gas when the repetition frequency is less
than 1000Hz. At the same time, we proved the main cavitation mechanism of femtosecond laser is the
chemical decomposition of water by analyzing the gas composition. Figure 1 shows the relationship
between gas productivity and average power as well as the gas chromatogram involved in this paper.

(a) (b)

Figure 1 the relationship between gas productivity and average power as well as the gas chromatogram involved in this paper. (a) The
relationship between gas productivity and average power. The laser amplifier used in the experiment is SOL ACE35F1KHp. The

wavelength of the pulse laser is 800nm, the pulse width of the pulse laser is 35fs, the repetition frequency of the pulse laser is 1000Hz.
(b) Gas chromatogram of cavitation gas. The peaks in the chromatogram correspond to hydrogen, oxygen, and nitrogen, from left to

right, due to the dilution of air during collection.

[1]Herzog, A., Steinberg, I. and Ishaaya, A.A., Shaping photomechanical effects in tissue ablation using 355 nm laser pulses. J.
Biophotonics, vol.10, pp. 1262-1270,(2017).
[2]A. Herzog, I. Steinberg, E. Gaisenberg, R. Nomberg, and A. A. Ishaaya, A Route to Laser Angioplasty in the Presence of
Fluoroscopy Contrast Media, Using a Nanosecond-Pulsed 355-nm Laser, Ieee. J. Sel. Top. Quant, vol.22(3),pp.1-6, (2016).
[3] Alfred Vogel, Norbert Linz, Sebastian Freidank, Günther Paltauf, Femtosecond-Laser-Induced Nanocavitation in
Water:Implications for Optical Breakdown Threshold and Cell Surgery, Physical review letters, vol.100(3), pp. 038102(4), (2008).
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Pulsed laser fragmentation in liquids (LFL) is a useful tool to tune the particle size distribution of
laser-fabricated gold nanoparticles (NP), [1] yielding ligand-free ultra-small gold nanoclusters (AuNCs)
with mean diameters < 3 nm highly relevant for applications in biology and catalysis. Herein, the particle
formation process of AuNC is based on the re-crystallization of evaporated particles [2], which is naturally
strongly affected by the surrounding medium and potential stabilizing additives. Therefore, in this
experimental study, we investigated the extent to which the ionic strength and the pH-value during LFL
influences the surface chemistry, the electrostatic stabilization, and, as a consequence, the particle size
distributions and the yield of produced AuNCs [3].
To this end we utilized high-intensity nanosecond pulse laser sources and conducted all experiments in a

liquid flow passage reactor, which allows
a precise control of the energy input per
volume. According to [1] LFL is a
one-pulse and one-step event, yielding
monomodal AuNCs in case a pulse peak
power of 1.62 x 1012 W/m2 is exceeded
and the resulting particles possess a
suitable electrostatic stabilization. Our
findings highlight the reduction of the
mean particle diameters and an increasing
yield of particles < 3 nm in the presence
of halide anions and at alkaline pH.
Interestingly, the highest yield of AuNC
is obtained when anions are applied at an
alkaline pH, which indicates a synergistic
influence of the ionic strength (at
micromolar concentrations) and the pH
value (at pH = 10). We further show that
this effect is anion specific for a series of
homologous halides. Here a direct
Hofmeister´s series (HS) of anions is
observed at neutral pH and reversal is
found in the alkaline regime. In
consecutive experiments, we examined
the evolution of the particle size after LFL
for samples in ultra-pure water and in salt
at basic pH at ultra-short time scales using
time-resolved X-ray scattering. We found
clear evidence of limited growth on a
microsecond time scale for samples in salt
at pH 10 compared to water, leading to a
final particle size of 3-4 nm.

[1] A. R. Ziefuß, S. Reichenberger, C. Rehbock, I. Chakraborty, W. J. Parak, H. Huang, S. Barcikowski, Laser Fragmentation of
Colloidal Gold Nanoparticles with High-Intensity Nanosecond Pulses Driven by a Single-Step Fragmentation Mechanism with a
Defined Educt Particle-Size Threshold, JPCC, 122 (38), 22125-22136 (2018)
[2] S. Hashimoto, D. Werner, T. Uwada, Studies on the interaction of pulsed lasers with plasmonic gold nanoparticles toward light
manipulation, heat management, and nanofabrication, JPPC, 13, 28-54 (2012)
[3] A.R. Ziefuß, S. Barcikwoski, C. Rehbock, Synergism between specific halide anion and pH effects during nanosecond laser
fragmentation of ligand free gold nanoparticles, Langmuir, 35, 6630-6639 (2019)

Figure 1 : A) Illustration of the fragmentation process, including
visualisation of studied chemical influence factores [3]. B) Mass yield of
particles after LFL using a 9 ns laser (532 nm, 0.1 kHz, 1.6 J/cm2) [3].
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The growing field of laser ablation in liquid (LAL) has emerged as a robust non-equilibrium synthesis
route of various materials. A multitude of reported syntheses have been accumulated in reviews over the
last decade [1, 2]. Most of these syntheses involve the ‘top-down’ approach of ablating a solid metal target
or metal powder immersed in a liquid. However, most top-down methods result in particle sizes >5 nm
with broad size distributions. Recently, sub-2 nm nanoparticles have been synthesized by employing
‘bottom-up’ approach of using molecular precursors instead of solid metal targets [3].

Figure 1 (a) Spectra of nickelocene during laser processing with photograph inset. (b) TEM image and size distributions of particles.
(d, e, f) HRTEM images with lattice spacings of different particles observed in the same sample.

We have synthesized ultrasmall (~1.3 nm) Ni nanoparticles supported on carbon from nickelocene
precursor in organic solvents using 800 nm, 30 fs laser pulses. Lattice fringe analysis of HRTEM images
identified only metastable phases of Ni, viz. hcp-Ni and hcp-Ni3C. No lattice fringes corresponding to the
thermodynamically stable phases (fcc-Ni or NiO) were identified. Deconvoluted high-resolution XPS
spectra of C1s and Ni2p contained peaks corresponding to Ni-C bonding. The reaction was monitored
through in-situ UV-vis absorbance spectroscopy and first order kinetics were observed. Further studies on
the reaction mechanism are currently underway. Preliminary studies indicate that the Ni-carbon materials
exhibit electrocatalytic activity towards oxygen reduction reaction (ORR). Optimization of ORR
experiments is also currently underway.
In summary, we have synthesized ultra-small, metastable and electrochemically active Ni nanoparticles on
carbon support through a simple bottom-up one-step protocol.

[1] P. Liu, H. Cui, C. X. Wang, G. W. Yang, From nanocrystal synthesis to functional nanostructure fabrication: laser ablation in
liquid, Physical Chemistry Chemical Physics, 12, 3942-3952, (2010).
[2] S. Reichenberger, G. Marzun, M. Muhler, S. Barcikowski, Perspective of Surfactant-Free Colloidal Nanoparticles in
Heterogeneous Catalysis ChemCatChem, 11, 4489, (2019).
[3] B. Tangeysh, J. H. Odhner, Y. Wang, B. B. Wayland, and R. J. Levis, Formation of copper(i) oxide- and copper(i) cyanide
polyacetonitrile nanocomposites through strong-field laser processing of acetonitrile solutions of copper(ii) acetate dimer," The
Journal of Physical Chemistry A, 123, 6430-6438 (2019).
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In the present work, a simultaneous spatial and temporal focusing (SSTF) setup is proposed for improving
nanoparticle productivity of the method of femtosecond pulsed laser ablation in liquids (PLAL). The main
drawback of employing femtosecond lasers in PLAL is that pulses experience energy losses in the liquid
environment where the target is submerged [1]. This is due to the extreme power and intensity that cause
nonlinear effects such as filamentation or optical breakdown that dramatically reduce the ablation
efficiency. However, the SSTF setup is a breakthrough technology that allows to overcome these
limitations by strongly confining the intensity distribution only to the focal volume, where the shortest
femtosecond pulse duration is achieved, increasing pulse duration out of focus and reducing nonlinear
energy losses, leading to an improved energy delivery to the target.

Figure 1. Image of the generated colloids as a function of the pulse energy I=100 µJ, II=120 µJ, III=140 µJ, IV=160 µJ, V=180 µJ,
VI=200 µJ, for (a) SSTF, (b) IOS and (c) COS systems. (d) Implemented experimental setup of the SSTF technique for femtosecond
laser ablation in liquid. (e) Productivity values obtained from the (a), (b) and (c) colloids proving the enhanced SSTF production.

The proposed SSTF system is compared against an analogous image system (IOS) without temporal
focusing effect and the conventional PLAL setup (COS). A complete spatial, temporal and spectral
characterization of each system is performed. Energy losses are evaluated through different water layers
obtaining a maximum energy loss of 5% for the SSTF setup, 40% for the IOS system and 70% for the COS.
This variation influences gold nanoparticle productivity leading to a maximum productivity increase of a
factor ≈10 compared to the IOS system and ≈2 compared to the COS even when the experimental
parameter are favourable for the compared systems. Hereby, the enhanced productivity is demonstrated [2,
3].
[1] D. Zhang, et al., Laser Synthesis and Processing of Colloids: Fundamentals and Applications, Chem. Rev., 117, 3990–4103,
(2017).
[2] C. Doñate-Buendia, et al., Fabrication by Laser Irradiation in a Continuous Flow Jet of Carbon Quantum Dots for Fluorescence
Imaging, ACS Omega, 3, 2735–2742, (2018).
[3] C. Doñate-Buendía, M. Fernández-Alonso, J. Lancis, and G. Mínguez-Vega, Overcoming the barrier of nanoparticle production by
femtosecond laser ablation in liquids using simultaneous spatial and temporal focusing, Photonics Res., 7, 1249–1257 (2019).
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Palladium nanoparticles (PdNPs) catalyze cross-coupling reactions that are of great importance in the
assembly of highly functionalized organic molecules [1]. Femtosecond laser irradiation of aqueous media
generates plasmas with high concentrations of reactive species such as hydrated electrons, hydrogen atoms,
and hydroxyl radicals [2]. This plasma environment can reduce Pd2+ salt precursors to form PdNPs at room
temperature without toxic solvents, capping agents, or surfactants, making it a “green” synthetic approach.
This work focuses on optimizing the properties of “naked” PdNPs via femtosecond laser irradiation in
aqueous solution. By varying the metal precursor, it is possible to tune the size and stability of PdNPs [3].
For particles synthesized from K2PdCl4, ~100 nm nanoflowers make up most of the population (Fig. 1a).
Adding acid (HCl) stabilizes the small nanospheres that otherwise assemble the nanoflower structures (Fig.
1b). Using Pd(NO3)2 as a precursor produced new smaller nanopopcorn structures, and addition of acid
(HNO3) yields smaller particle sizes and longer lasting colloids (Fig. 1c-d).

Figure 1. Representative TEM images with size distributions of PdNPs synthesized using K2PdCl4 in (a) no acid and (b)1 mM HCl,
and Pd(NO3)2 in (c) no acid and (d) 1 mM HNO3. (e) kPd values for laser−PdNPs and other Pd-based catalysts. (f) 4-methyl

biphenyl formation over time in the presence of Pd catalysts.
The samples were catalytically active toward the model para-nitrophenol reduction reaction and Suzuki
cross coupling reactions, showing significantly higher catalytic activity than the readily available
commercial Pd catalysts (Fig. 1e-f). kPd is the rate constant for PNP reaction normalized to the moles of Pd
nanocatalyst added to the reaction. It is evident that PdNPs synthesized with Pd(NO3)2 and 1 mM HNO3

are the most efficient catalysts (Fig. 1e) and also outperforms other palladium based catalysts in the suzuki
cross coupling reaction, as seen in Fig. 1f where there is a higher rate for 4-methyl biphenyl formation
over time.

[1] Nicolaou, K. C.; Bulger, P. G.; Sarlah, D. Palladium−Catalyzed CrossCoupling Reactions in Total Synthesis. Angewandte Chemie
International Edition, 44, 4442–4489, (2005).
[2] V.K. Meader, M.G. John, C.J. Rodrigues, K.M. and K.M. Tibbetts, K.M, Roles of Free Electrons and H2O2 in the Optical
Breakdown-Induced Photochemical Reduction of Aqueous [AuCl4]−. J. Phys. Chem. A, 121, 6742–6754, (2017).
[3] Kettemann, F.;Wuithschick, M.; Caputo, G.; Kraehnert, R.; Pinna,N.; Rademann, K.; Polte, J. Reliable palladium nanoparticle
syntheses in aqueous solution: the importance of understanding precursor chemistry and growth mechanism. CrystEngComm, 17,
1865–1870. (2015).

75



Onion-structured Spherical MoS2 Nanoparticles
Induced by Laser Ablation in Water and Liquid
Droplets’ Radial Solidification/Oriented Growth

Mechanism
L. Zhou, H. Zhang, W. Cai*

1- Key Lab of Materials Physics, Anhui Key Lab of Nanomaterials and Nanotechnology, Institute of Solid State Physics, Chinese
Academy of Sciences, Hefei 230031, P.R. China

Main author email address: wpcai@issp.ac.cn

Laser ablation in liquid is one of the few ways to synthesize spherical molybdenum sulfide (MoS2,
typically showing laminated structure) with smooth surface and exhibiting so-called fullerene-like structure.
[1-3] However, as for formation mechanism of such fullerene-structured spherical MoS2, it is still unclear
and to be addressed.
Here, we have also used laser to ablate MoS2 target in water and obtained mostly nearly perfectly spherical
MoS2 nanoparticles (NPs) in shape with smooth surface, and tens to hundreds of nanometers in diameters
(Fig. 1i). Further microstructural examination (Fig. 1ii) has reveals that such spherical MoS2 NPs are built
by concentrically curved {002} planes and show onion-like structure. Besides, there exist shrinkage
cavities (or voids) in central part of the MoS2 NPs or small pores dispersed in the particles and a few
tadpole-like long-tailed NPs in the products. All these indicate the marks of melting and molten liquid
droplets’ solidification during laser ablation, since the spherical and tadpole-like particles could originate
from the solidification of the molten liquid droplets, and voids or porosities come from
solidification-induced volume contraction.
Thus, a growth model (Fig. 1iii) for such onion-structured spherical MoS2 NPs is presented. Briefly, the
formation of such MoS2 NPs may go through several main stages including laser-induced generation of
molten MoS2 liquid droplets, inward {002}-oriented growth by radial solidification of the liquid droplets,
and voids left inside due to the density difference between solid and liquid phase of MoS2. Based on our
model, we think it has clarified the formation process of the spherical MoS2 NPs with onion-like structure.
Details can be available from Ref. 4.

Figure 1 (i) Morphology, (ii) microstructure and (iii) growth mechanism of as-prepared MoS2.

[1] H. Wu, R. Yang, B. Song, Q. Han, J. Li, Y. Zhang, Y. Fang, R. Tenne, C. Wang, Biocompatible inorganic fullerene-like
molybdenum disulfide nanoparticles produced by pulsed Laser ablation in water, ACS Nano, 5, pp.1276–1281, (2011).
[2] G. Compagnini, M. G. Sinatra, G. C. Messina, G. Patanè, S. Scalese, O. Puglisi, Monitoring the formation of inorganic
fullerene-like MoS2 nanostructures by laser ablation in liquid environments. Appl. Surf. Sci., 258, pp.5672–5676, (2012).
[3] T. Oztas, H. S. Sen, E. Durgun, B. Ortaç, Synthesis of colloidal 2D/3D MoS2 nanostructures by pulsed laser ablation in an organic
liquid environment, J. Phys. Chem. C, 118, pp.30120–30126, (2014).
[4] L. Zhou, H. Zhang, H. Bao, G. Liu, Y. Li, W. Cai, Decoration of Au nanoparticles on MoS2 nanospheres: From Janus to core/shell
structure, J. Phys. Chem. C, 122, pp.8628-8636, (2018).
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The irradiation of previously synthesized nanoparticles is one of the most important laser processes of
nanomaterials in the colloidal form. Other than laser ablation, it has many advantages, including the ability
to tailor the final product by adjustment of the irradiation conditions, to handle large amount of material
and to use low cost and practical procedures [1]. In this way, irradiations can be used to change particles’
shape (fragmentation), to induce phase changes and thermal effects (melting), and to drive a chemical
interaction between the irradiated particles and the surroundings [2].
In this work, the evolution of colloidal copper nanoparticles under pulsed laser irradiation has been studies
spectroscopically. Metallic Cu particles have been prepared tailoring a sol-gel based route (known as
urea-glass-route), previously set up for the preparation of metal and metal nitride based nanoparticles[3].
The as-prepared Cu nanoparticles were then dispersed into water and alcohol media to form a colloid that
was in a second step irradiated with nanosecond pulsed lasers under different conditions. A series of
spectroscopic observations have been made. Plasmon resonance position (see fig.1) as well as Raman
scattering features have been used to investigate the oxidation state of the particles, while electron
microscopy is used to evaluate size and shape. The deep modifications of the plasmon resonance position
can be attributed to the transformation of the nanoparticles into copper oxide (or copper core/copper oxide
shell) structures. We have also considered Mie scattering solutions for metal core–oxide shell spherical
particles in order to interpret the evolution of the optical response during irradiation. Interestingly, the
transformation seems to be reversible under appropriate irradiation conditions.

Figure 1 Typical plasmon resonances after the irradiation of colloidal copper nanoparticles in different liquid environments

[1] D.Zhang, M.Lau, S.Lu, S.Barcikowski, B.Gökce, Germanium Sub-Microspheres Synthesized by Picosecond Pulsed Laser Melting
in Liquids: Educt Size Effects, Scientific Reports volume 7, Article number: 40355 (2017).
[2] D.D’Angelo, S.Filice, M.Miritello, C.Bongiorno, E.Fazio, F.Neri, G.Compagnini, S.Scalese, b-Bi2O3 reduction by laser
irradiation in a liquid environment, Phys.Chem.Chem.Phys.,vol.20, pp.10292-10301 (2018).
[3] Clavel G., Molinari V., Kraupner A., Giordano C., “Easy access to Ni3N- and Ni-carbon nanocomposite catalysts”, Chemistry:
Chem. Eur. J., 20, 9018-9023, 2014
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In the last decades, laser processing has become an important route for producing nanoparticles [1-2].
Pulsed laser ablation method uses a focusing laser beam which can bring high energy density on small
areas on target what leads to explosive particles formation. Using an unfocused laser beam for irradiation
nanoparticles dispersed in liquid results in a completely different formation of particles. These irradiated
particles were melt, merged resulting in a submicrometer spherical particles formation [3-5].

Figure 1 Images of nanoparticles and nanocomposites obtained by pulsed laser irradiation of α-Fe2O3 nanoparticles dispersed in
different organic solvents: (a) toluene, (b) ethyl acetate, (c) acetone and (d) ethanol.

In this work taking iron oxides (α-Fe2O3, Fe3O4, FeO) particles as examples, we investigate and discuss
the physical and chemical processes involved in particles formation by laser irradiation of nanoparticles
dispersed in liquids. We will show the role of the solvent, and interaction not only between particles but
also between particles and solvent molecules. The detailed discussion will be reported at the conference.
We believe, that exploring the interactions between irradiated material and solvent molecules, and
investigating the thermodynamic behavior of particles in various circumstances are needed to produce
materials with specific structures and unique physical properties.

This work was supported by the Polish National Science Centre Program No. 2018/31/B/ST8/03043.

[1] D. Zhang et al., Laser Synthesis and Processing of Colloids: Fundamentals and Applications, Chem. Rev., 117, 3990–4103, (2017).
[2] V. Amendola et al., Room ‐ Temperature Laser Synthesis in Liquid of Oxide, Metal ‐ Oxide Core ‐ Shells, and Doped Oxide
Nanoparticles, Chem. Eur. J. 42, 9206-9242, (2020).
[3] Z. Swiatkowska-Warkocka et al., Synthesis and Control of Various Morphologies/Phases of Au-based Nanocomposite Particles by Pulsed
Laser Irradiation in Liquid Media, J. Phys. Chem. C, 121,8177–8187, (2017)
[4] Z. Swiatkowska-Warkocka et al., Controlling exchange bias in Fe3O4/FeO composite particles prepared by pulsed laser irradiation,
Nanoscale Research Letters 6, 226, (2011).
[5] Z. Swiatkowska-Warkocka et al., Tailoring of magnetic properties of NiO/Ni composite particles fabricated by pulsed laser irradiation,
Nanomaterials, 8,790, (2018).

78



Synthesis of Cu/CuO Nanoparticles using Laser
Ablation: Effect of Fluence and Solvents
R. Rawat1, A. Tiwari1, N. Arun2,3, S. V. S. Nageswara Rao2,3, A. P. Pathak1,2, and A.

Tripathi1

1- Department of Physics, School of Physical Sciences, Sikkim University, 6th mile Samdur, 737102, Sikkim India
2- School of Physics, University of Hyderabad, 500046, India

3- Center for Advanced Studies in Electronic Science and Technology (CASEST), University of Hyderabad, Hyderabad, 500046, India

Rajesh Rawat, email address: rajjuu.19@gmail.com

Copper (Cu) being cheaper and had a vast potential in the field of medical and optical applications [1, 2].
In the present work, Cu/CuO nanoparticles (NPs) were synthesized by ablating Cu target using nanosecond
pulsed laser operating at 1064 nm with 8 ns pulse duration in three different solvents viz: ethylene-glycol
(EG), deionized water (DI) and ethanol (Eth). The effects of these solvents at a high laser fluence of 40
J/cm2 was investigated to study the stability and morphological transformation of NPs using microscopic
and spectroscopic techniques. We found that the morphology of these NPs is dependent on the physical
properties of solvents (like viscosity, conductivity, polarity, and enthalpy) used in laser ablation (LA).

Figure 1 Schematic growth kinematics of Cu target ablated in EG and DI at a high laser fluence of 40 J/cm2.

In EG and DI, we have observed droplets like features (like a tadpole and necklace-like structure) of NPs
(as shown in figure 1) whereas in Eth hollow structure NPs were observed [3]. The growth mechanism of
these morphologies during LA will be discussed elaborately, which is the main highlight of the present
work. In addition, on monitoring the sample for a long time we have seen the effect of polarity and
dielectric constant of the solvent on the stability of Cu NPs. This systematic study is expected to find
application in the synthesis of nanostructures by tuning laser and liquid parameters.

[1] D. Zhang, B. Gokce, S. Barcikowski, Chem. Rev. 117, 3990-4103, (2017).
[2] R. Rawat, A. Tiwari, M. K. Singh, R. K. Mandal, A. P. Pathak, A. Tripathi, Radiat. Eff. Defects Solids, (2019) [Accepted].
[3] R. Rawat, A. Tiwari, N. Arun, S. N. Rao, A. P. Pathak, A. Tripathi, Chem. Select, 4, 6809-6830, (2019).
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Later stages of Parkinson’s disease in aged patients are a serious issue as the disease is to-date incurable
and only symptom-relieving treatments are possible to improve their quality of life. For this purpose, deep
brain stimulations (DBS) is commonly performed, where an electrode is implanted into deep brain regions
and electrically stimulated to modulate neuronal activity and improve motor functions [1]. Due to the
body’s inflammatory response, scar tissue formation around the electrode results in an increased interface
impedance by increasing the distance between implant and the brain tissue [2]. Even though various
nano-structuring on electrode surfaces are being researched, landing on an ideal electrode with high

performance has not yet been achieved [3].

Figure 1 (a) In vitro impedance of DC and pulsed DC coated samples showing 60% reduction after pulsed DC coating. (b) Peak
positions of probability histograms showing nearest neighbor distances after DC and pulsed DC EPD.

Therefore, in our study, we performed nano-structuring of Pt-Ir neural electrode surfaces using pulsed laser generated
platinum nanoparticles (PtNPs) in water via electrophoretic deposition (EPD) technique to test the electrode
performance. We employed laser generated nanoparticles as they are ligand-free, possess high surface charges for
electrophoretic mobility and can be tailor-made based on the electrode material. We performed direct current (DC) and
pulsed DC EPD using laser fragmented 10 nm sized particles in water and show that the depositions using pulsed DC
fields decreased the impedance of neural electrodes significantly in vitro (Figure 1a). We also observed that the
depositions in DC fields were highly clustered compared to their pulsed DC counterparts. This observation was
quantitatively confirmed through a semi-automated image analysis (Figure 1b), where we computed probability
histograms of nearest neighbor distances. DC histogram revealed a closely spaced deposition compared to a broadly
spaced distribution of pulsed DC.
In the future, the coated samples will undergo long-term in vivo stimulation in rat models and their functionality will be
evaluated.

[1] Groiss, S. J. et al, Deep brain stimulation in Parkinson’s disease, Therapeutic advances in neurological disorders, 2, no. 6, 379-391,
(2009).
[2] Angelov, S.D. et al, Electrophoretic deposition of ligand-free platinum nanoparticles on neural electrodes affects their impedance
in vitro and in vivo with no negative effect on reactive gliosis, Journal of nanobiotechnology, 14(1), pp.1-11, (2016).
[3] Woeppel, K. et al., Recent advances in neural electrode–tissue interfaces, Current opinion in biomedical engineering, 4, pp. 21-31,
(2017).
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Bismuth is low melting point semimetal that attracted attention as a new plasmonic material. In addition to
optical applications, bismuth nanoparticles are promising alternative for lead-free solder and nanoparticle
based computed tomography contrast agent [1]. Bi2O3 nanoparticles as a high refractive index wide band
gap semiconductor have been attracted as a photocatalyst and optical coatings. Pulsed laser ablation in
different liquids including water and organic carrier media is an efficient technique for preparation of both
bismuth and Bi2O3 nanoparticles [2,3]. In this research bismuth based nanoparticles were prepared via
pulsed Nd:YAG laser ablation of 99% bismuth target in 40 cc of water, ethanol, methanol, butanone and
low molecular weight polyethylene glycol. The laser was irradiated at wavelength of 1064 nm, duration of
12 ns, repetition rate of 10 Hz and energy of 118 mJ/pulse. Figure 1a. Shows the XRD pattern of Bi based
nanoparticles in water immediately and a week after preparation. The results shows that early time after
ablation the nanoparticles mainly composed of bismuth phase with small amounts of Bi2O3 and due to the
oxidation the nanoparticles changed to bismuth oxide gradually. Therefore, as demonstrated in Figure 1b.
controlling the oxidation rate of the particles and tuning the optical properties collude be carried out in
water to obtain the gray oxide nanoparticles with lower band gap. The average size of the particles in water
is about 27 nm.
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Figure 1 (a) XRD pattern of aged bismuth based nanoparticles that synthesized in water. Inset: XRD pattern of as-prepared
nanoparticles in water (b) Optical transmission spectra of the bismuth based colloidal solution in water at different times

In organic liquids, the prepared samples are pure bismuth nanoparticles with different size between 30 and
55 nm which can be attributed to the nature of the laser ablation media including dipole moment and the
size of the molecules of the liquids or the steric stabilisation of the particles by polyethylene glycol.

[1] L.Franzel, M. F. Bertino, Z. J. Huba, E. E.Carpenter, Synthesis of magnetic nanoparticles by pulsed laser ablation Applied Surface
Science 261 332-336, (2012).
[2] R.K. Verma, K. Kumar, S.B. Rai, Near-infrared induced optical heating in laser ablated Bi quantum dots. J. Colloid Interface Sci.
390, 11–16 (2013)
[3] M.A. Gondal, T.A. Saleh, Q. Drmosh, Optical properties of bismuth oxide nanoparticles synthesized by pulsed laser ablation in
liquids. Sci. Adv. Mater. 4, 507–510 (2012).
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It has always been a great challenge for large size Mn3O4 nanoparticles to be a T1 magnetic resonance
imaging (MRI) contrast agent (CA) with a higher longitudinal mole relaxation rates (R1) than the
Magnevist used in clinic.[1,2] Herein, we first presented a composited nanostructure of porous Mn3O4

decorated with tiny PtO2 nanoparticles (Mn3O4/PtO2), which had the R1 value of 20.48 mM-1·s-1 much
higher than that of Magnevist （5.18 mM-1·s-1), and which also had excellent computed tomography (CT)
imaging contrast performance. Combining laser ablation of a manganese bulk in water with further laser
irradiation of above ablation generated MnOx nanoparticles, polycrystalline Mn3O4 nanoparticles had been
produced, and further etched by [PtCl4]2- to form the porous structure and decorated with PtO2

nanoparticles simultaneously.[3] With growingly drastic etch, the proportion of sacrificed Mn3O4 and
loaded PtO2 changed with inverse trends. When the molar ratio of Pt to Mn of the final porous Mn3O4/PtO2

nanocomposite reached 3.230, it showed excellent T1 contrast performance in experiments implemented
both in vitro and in vivo. We assumed that the synergetic effect between porous Mn3O4 nanostructure and
tightly accumulated PtO2 nanoparticles induced such great enhancement of R1, which had been
demonstrated to be correlated with the number of water molecules coordinated in the inner shell and the
tumbling time (τR) of CA.[4,5] Initial cytotoxicity and hemolysis assays both indicated the negligible
toxicity of porous Mn3O4/PtO2 nanoparticles in cells. Pharmacokinetics assays further confirms that porous
Mn3O4/PtO2 nanoparticles had be almost excreted out in 24 hours after tail vein injection and no evident
organ damage has been found. On the other hand, in CT imaging tests, the Hounsfield unit (HU) value of
porous Mn3O4/PtO2 nanoparticles reaches 24.4 HU·L per g and showed good contrast capability in in vivo
experiments. These findings showcases new insights for improving and broadening contrast capabilities of
Mn3O4 nanoparticles, and also pave the way for their practical potential in clinic.

Figure 1. Schematic of formation of Mn3O4/PtO2 nanocomposite and its application.

References:
[1] Dipanjan Pan, Anne H. Schmieder, Samuel A, Wickline, and Gregory M. Lanza Manganese-based MRI contrast agents: past,
present and future, Tetrahedron, 67(44): 8431–8444 (2011).
[2] Leyong Zeng, Di Wua, Tianxiang Chenb, Jinchao Zhanga and Aiguo Wu, Paramagnetic and Superparamagnetic Inorganic
Nanoparticles for T1-Weighted Magnetic Resonance Imaging, Current Medicinal Chemistry, 25, 2970-2986 (2018).
[3] Ki Woong Kim, Soo Min Kim, Suhee Choi, Jongwon Kim and In Su Lee Electroless Pt Deposition on Mn3O4 Nanoparticles via
the Galvanic Replacement Process: Electrocatalytic Nanocomposite with Enhanced Performance for Oxygen Reduction Reaction,
VOL. 6 NO.6 5122–5129 (2012).
[4] Zijian Zhou, Lijiao Yang, Jinhao Gao and Xiaoyuan Chen, Structure–Relaxivity Relationships of Magnetic Nanoparticles
for Magnetic Resonance Imaging, Adv. Mater, 1804567 (2018).
[5] Peter Caravan, Strategies for increasing the sensitivity of gadolinium based MRI contrast agents, Chemical Society Reviews, 35,
512–523 (2006).
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In the last few years, the nano-world has become more and more attractive due to the large variety of
applications of nanoparticles (NPs). To date, the research in multifunctional and multi-metallic
nanomaterials (NMs) is very interesting. The combination of noble metals like gold and other metals like
cobalt, in example, leads to new nanomaterials in which both metals’ peculiar properties are mixed into a
new unexplored alloy.[1,2] Alloying two or more plasmonic, magnetic and catalytic metals makes wider
their fields of application. However, the common metastable nature of these alloys makes difficult their
synthesis.[3] Due to its synthetic conditions, Laser Ablation in Liquid (LAL) synthesis results as one of the
best routes to obtain these NPs.[4] Despite the lack in the control of the NPs size, post synthesis treatment
as the Sedimentation Based Separation (SBS) allow the size control.[5]
Plasmonic properties are easy to study by UV-Vis spectroscopy,[6] TEM and XRD analysis are sufficient
to obtain information about the size, the crystal structure and the composition of the NPs. By a fusion of
these experimental data with Density Functional Theory (DFT) calculations, is possible to find information
about the relation between of electronic and crystal structure and plasmonic properties of these systems.

Figure 1. (a) Experimental path: the synthesis followed by the SBS procedure, allow the obtainment of different size alloys’ NPs.
TEM and XRD analysis are sufficient for the knowledge of composition and size of NPs. (b) Theoretical path: starting from crystal
supercell model systems electronic structure are obtained. The study of the Density of States (DOS) makes clear the electronic
contribution of the single metal in the alloy. Both the paths are needed to have a full understanding of how LSPR changes.

[1] K. Sytwu; M. Vadai; J. A. Dionne. Bimetallic Nanostructures: Combining Plasmonic and Catalytic Metals for Photocatalysis. Adv.
Phys. X 2019, 4 (1), 1619480.
[2] J. Johny, M. Kamp, O. Prymak, A. Tymoczko, U. Wiedwald, C. Rehbock, U. Sch�rmann, R. Popescu, D. Gerthsen, L. Kienle, S.
Shaji, and S. Barcikowski. Formation of Co−Au Core−Shell Nanoparticles with Thin Gold Shells and Soft Magnetic ε-Cobalt Cores
Ruled by Thermodynamics and Kinetics. J. Phys. Chem. C 2021, 125, 9534−9549
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[5] F. Bonaccorso; M. Zerbetto; A. C Ferrari; V. Amendola. Sorting Nanoparticles by Centrifugal Fields in Clean Media. J. Phys.
Chem. C 2013, 117 (25), 13217–13229.
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Metallic catalysts with nanopores are advantageous on improving both activity and selectivity, while the
reason behind that remains unclear all along.[1-3] In this work, porous Zn nanoparticles (P-Zn) were
adopted as a model catalyst to investigate the catalytic behavior of metallic nanopores. In-situ X-ray
absorption spectroscopy, in-situ Fourier transform infrared spectroscopy and density functional theory
(DFT) analyses reveal that the concave surface of nanopores works like a pincer to capture and clamp CO2

and H2O precursors simultaneously, thus lowering the energy barriers of CO2 electroreduction. Resultantly,
the pincer mechanism endows P-Zn with a high Faradic efficiency (98.1%) towards CO production at the
potential of -0.95 V vs. RHE. Moreover, DFT calculation demonstrates that Co and Cu nanopores exhibit
the pincer behavior as well, suggesting that the pincer mechanism is universal for metallic nanopores.

Figure 1. The preparation of P-Zn via PLAL. (a) Schematic illustration of the synthesis of P-Zn by laser ablation in O2-saturated water
and the subsequent electroreduction. (b) TEM image of P-ZnO. (c) HAADF-STEM and (d) high-resolution HAADF-STEM images of

P-Zn, the yellow dots mark the atoms around corners.
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In the last decades, laser processing has become an important route for producing nanoparticles. Pulsed
laser ablation method uses a focusing laser beam which can bring high energy density on small areas on
target what leads to explosive particles formation. Using an unfocused laser beam for irradiation
nanoparticles dispersed in liquid results in a completely different formation of particles. These irradiated
particles were melt, merged resulting in a submicrometer spherical particles formation [1-3].

Hybrid particles (nanocomposites and nanoalloys) are one of the most exciting research objects in materials
science because their optical, catalytic, and magnetic properties, different from their bulk values, may have
numerous immediate technological applications. The inner structure is an essential parameter referring to
these properties. Many possible structures can be encountered ranging from the formation of alloys to the
coexistence of segregated phases (core−shell, onion-like, or Janus particles). Their occurrence depends on
the physicochemical properties of both metals but also on the nanoparticle size, composition, environment,
and method of synthesis. Pulsed laser irradiation method give possibility for synthesis and control a variety
of composite particles with various morphology (core-shell, alloy) and compositions which are not only
metals or oxides but also non-equilibrium bimetallic alloys (Fig.1) [1-4].

Figure 1 SEM image (a) and EDS elemental mappings (b) of CuFe particles obtained by pulse laser irradiation of Cu and Fe3O4

nanoparticles dispersed in ethanol. Conditions of laser irradiation 532nm, 170 mJ/impuls.cm2, 1h.

Here, taking metal (Au, Ag) and metal oxides (-Fe2O3, Fe3O4, CoO, NiO, CuO) particles as examples, we
focus our attention at the better understanding physical and chemical processes involved in particles
formation by laser irradiation of nanoparticles dispersed in liquids. We will show the role of solvent, and
interaction not only between particles but also between particles and solvent molecules. Additionally we
will discuss how the internal structure of hybrid particles generated by laser irradiation are ruled by solvent
and size of raw nanoparticles in colloidal solution (Figs. 2) [1,4]. The detailed discussion will be reported
at the conference. We believe, that exploring the interactions between irradiated material and solvent
molecules, and investigating the thermodynamic behavior of particles in various circumstances are needed
to produce materials with specific structures and unique physical properties.

[1] Z. Swiatkowska-Warkocka, A. Pyatenko, K. Koga, K. Kawaguchi, H. Wang, N. Koshizaki, Synthesis and Control of Various
Morphologies/Phases of Au-based Nanocomposite Particles by Pulsed Laser Irradiation in Liquid Media, J. Phys. Chem. C 121,
8177–8187 (2017).
[2] Z. Swiatkowska-Warkocka, A.Pyatenko, F. Krok, B. R. Jany, M. Marszalek, Synthesis of new metastable nanoalloys of
immiscible metals with a pulse laser technique, Scientific Reports 5:09849 (2015).
[3] H. Fuse, N. Koshizaki, Y. Ishikawa, Z. Swiatkowska-Warkocka, Determining the Composite Structure of Au-Fe-Based
Submicrometre Spherical Particles Fabricated by Pulsed-Laser Melting in Liquid, Nanomaterials 9, 198 (2019).
[4] Z. Swiatkowska-Warkocka, A. Pyatenko N. Koshizaki, K. Kawaguchi, Synthesis of various 3D porous gold-based alloy
nanostructures with branched shapes, Journal of Colloid and Interface Science 483, 281-286 (2016).
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Nowadays nanodispersed titanium dioxide is widely used in photovoltaic devices, in the "green
technologies" of solar energy, as well as in the production of bactericidal materials and sunscreens [1, 2].
Currently, new technologies are developed to obtain titania-based materials, which absorb light in the
visible region and exhibit high photocatalytic activity. We obtained superfine dark blue titanium dioxide
with intense absorption in the visible spectral range using pulsed laser ablation (PLA) method [3]. TiO2

powder was synthesized in the following way. At first, a colloidal solution of Ti in distilled water was
obtained by PLA using Nd:YAG laser (wavelength of 1064 nm, frequency of 20 Hz, pulse duration of 7 ns).
Then the colloidal solution was dried at 60 °C. After that, the powder was annealed at different
temperatures.

Figure 1 TEM image (a) and photoluminescence spectra (b) of TiO2 powder.

The initial TiO2 is a dark blue powder (figure 1a) having spesific surface area of 227 m2/g. It consists of the
spherical particles with an average size of 5-10 nm, and an insignificant number of large particles with a
size up to 80 nm. The initial material is X-ray amorphous, and only after annealing at 400 °C the phases of
anatase 67 % and rutile 33 % are formed. Also, after annealing the sample color changes to light grey at
400С and becomes white at 600С. It was found, that TiO2 DRS spectra showed an intense additional
absorption in visible region. This is due to the presence of defects of various nature in the structure of TiO2.
The fluorescence bands (figure 1b) in the 380-800 nm region belong to different types of oxygen vacancies
(F, F+ and F2+centers) and self-trapped exiton states (STE). It was found that the emission spectrum varies
its profile depending on the increase (from 320 to 400 nm) or decrease (from 400 to 320 nm) of the
excitation wavelength. This change in the spectrum is associated with a relatively long lifetime of STE
states.
This work was supported by the Russian Science Foundation, project No. 19-73-30026.
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[3] E. Fakhrutdinova, A. Palatova, V. Svetlichnyi, Structure and Optical Properties of Nanocrystalline Titanium Dioxide Prepared via
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Water electrolysis in alkaline electrolyte is an attractive way towards clean hydrogen energy via hydrogen
evolution reaction (HER), whereas the sluggish water dissociation impedes the following hydrogen
evolution [1-3]. Noble metal oxides possess promising capability on catalyzing water dissociation and
hydrogen evolution [4,5]; however, they have never been utilized for HER due to the instability under the
reductive potential. Here we show that the compressive strain can stabilize RhO2 clusters and promote their
catalytic activity. To this end, we engineer a strawberry-like structure with RhO2 clusters embedded in the
surface layer of Rh nanoparticle, in which the incompatibility between oxide cluster and metal substrate
causes intensive compressive strain. As such, RhO2 clusters remain stable at a reduction potential up to -0.3
V vs. RHE, and present an alkaline HER activity superior to commercial Pt/C.

Figure 2. Preparation and Characterizations of SLNP catalyst. a) Schematic illustration on the PLAL synthesis and structure of SLNP
catalyst. b) HAADF-STEM image of SLNP. The inset is the Rh M3-edge and O K-edge EELS spectra collected at point 1 and 2,

respectively. c) EDS-mapping images of SLNP. d) Raman spectra of SLNP and RhO2, Rh2O3 Rh references. e), XRD pattern of SLNP
catalyst.

[1] Liu, D. B. et al. Atomically dispersed platinum supported on curved carbon supports for efficient electrocatalytic hydrogen
evolution. Nat. Energy 4, 512-518 (2019).

[2] Zou, X. X. & Zhang, Y. Noble metal-free hydrogen evolution catalysts for water splitting. Chem. Soc. Rev. 44, 5148-5180 (2015).
[3] Morales-Guio, C. G., Stern, L. A. & Hu, X. L. Nanostructured hydrotreating catalysts for electrochemical hydrogen evolution.

Chem. Soc. Rev. 43, 6555-6569 (2014).
[4] Schimka, L. et al. Accurate surface and adsorption energies from many-body perturbation theory. Nat. Mater. 9, 741-744 (2010).
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Silicon is important material, which is used for many applications, including microelectronics,
nanobiotechnology, photonics etc. [1]. In addition, silicon is applied in commercial solar cells [2] and it is
important to increase their efficiency.
In this work, composite amorphous/nanocrystalline Si nanoparticles functionalized by laser-mediated

hyperdoping with donor sulphur atoms and small clusters were produced. This can provide both sulfur-donor
free-carrier electrical conductivity, and engineered mid-IR free-carrier and impurity-based interband absorption
for wide range of biomedical and photonic applications [3]. The produced colloidal solutions were
dry-deposited onto the fluorite (CaF2) substrates for the IR spectral characterization (Fig 1a). Remarkably, the
200-nm thick layer of the dry-deposited hyperdoped Si NPs on the 2-mm thick, double-side polished fluorite
substrate exhibits nearmid-IR (spectral range – 1-25 m) transmittance considerably lower, comparing to not
only the substrate, but also to the 0.38-mm thick double-side polished Si wafer precursor (Fig 1a). The colloidal
nanoparticles were also characterized in terms of their typical dimensions and crystalline structure by
transmission electron microscopy (TEM ) (Fig.1b).

Figure 1 Near-mid IR optical properties of hyperdoped NPs: (a) transmittance spectra of fluorite substrate, c-Si wafer and S-hyperdoped
Si-NP layer; (b) TEM image of silicon nanoparticles doped carbon and sulfur

TEM visualization exhibits co-existing ordered crystalline and amorphous inclusions in the hybrid
nanoparticles.

This work was supported by Russian Science Foundation (grant #18-15-00220)
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Due to unique physical, chemical and optic properties, nanoparticles are used in various fields of science and
technology, including such as medicine, nanophotonics and nanoplasmonics [1-2]. Method of laser ablation
allows to obtain nanoparticles with high purity [3]. But for industrial production it is important to enhance the
nanoparticles productivity.
For the efficient generation of nanoparticles of various materials by laser ablation, it is necessary to develop an

optimal mode of action on the target, which, in turn, requires an understanding of the basic processes that occur
during the interaction of high-power laser radiation with matter.
The ablation efficiency and the yield of nanoparticles can be estimated by the loss of mass of the substance, as

well as by the diagnosis of the spectra of the extinction coefficient of colloidal nanoparticles. So, using the
example of gold nanoparticles, the values   of the extinction coefficient for various spectral ranges are
determined. Values   at 420 nm correspond to the region of interband transitions in bulk gold, and therefore
the dynamics of the coefficient change in this region allows to estimate the direct yield of nanoparticles due to
laser ablation, since their contribution to the absorption does not depend on the size of the nanoparticles (Fig.1).

Figure 1 (a) Extinction coefficient for gold colloid nanoparticles produced by method of laser ablation at different pulse energy (pulse
duration: 6.2 ps) (b) dependence extinction coefficient on pulse duration (at the peak of plasmon resonance-530 nm)

This work was supported by Russian Science Foundation (grant #18-15-00220)
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Transition metal nanoparticles (NPs) with diameter less than 5 nm, possess unique and intriguing
physicochemical properties, has a significant potential foreground in emerging energy conversion or chemical
production related heterogeneous catalytic reactions. However, due to the size-dependent thermodynamic
instability and the fairly quick coarsening kinetics of ultrasmall NPs, controlled synthesis of ultrasmall
non-noble metal NPs remains a great challenge. Here, we provide a pulsed high-temperature pyrolysis strategy
to modulate the nucleation and growth of metal-organic framework (MOF) derived transition metal NPs. We
employed electricity-triggered or nanosecond laser-triggered pulsed high temperature to controllably synthesis
MOF-derived sub-5 nm metal NPs and even sub-1 nm metal clusters with high loading amount of metal,
respectively. We substantiated that by regulating the heating rate and pyrolysis temperature, one can kinetically
restrain the thermally activated atom diffusion as well as the crystallite migration and coalescence, and then
modulate the nucleation and growth of MOF-derived metal NPs. This work not only provides a general method
for fabricating abundant MOF-derived ultrasmall NPs, but also be helpful in guiding other pulsed heating
methods for synthesizing thermodynamically metastable size materials by virtue of the fast kinetics of pulsed
high temperature.

Figure 1. Kinetics dominated evolution of metal particles under pulsed high-temperature.

[1] L. Liu; A. Corma. Metal Catalysts for Heterogeneous Catalysis: From Single Atoms to Nanoclusters and Nanoparticles. Chem. Rev.,
118, 4981, (2018).
[2] S. Dang; Q. L. Zhu; Q. Xu. Nanomaterials Derived from Metal-organic Frameworks. Nat. Rev. Mater., 3, 17075, (2018).
[3] M. Rahmati; M. S. Safdari; T. H. Fletcher; M. D. Argyle; C. H. Bartholomew. Chem. Rev., 120, 4455, (2020).
[4] Y.-C. Han; M.-L. Liu; N. Wang; S.Y. Ding; Z.-Q. Tian. Rapid Synthesis of Ultrasmall Non-noble Metal Particles. To be submitted.
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Laser fragmentation (LFL) is a useful tool to tailor particle sizes of laser-fabricated nanoparticles (NP) under
high purity conditions yielding ultra-small NP with a mean diameter < 3nm e.g. for biological applications
including sensing and in-vivo/in-vitro targeting. Tuning particle size and surface properties in general, requires
an adequate and generalized process control strategy and in turn demanding for a comprehensive insight into
underlying fragmentation and ripening mechanisms. Yet, in case of the fragmentation with high intensity pulsed
lasers, the individual mechanistic differentiation between effects from energy deposition kinetics (pulse duration)
and driving force for fragmentation (laser intensity) are still challenging [1]. The nanoscale confinement
significantly influences particle growth [2] already on ultra-short time scales and hence requires attention. This
has not been investigated on ps- to ns-scale in depth.

In this work we systematically examined the LFL of AuNP (Figure 1A) using wide (WAXS) and small angle
(SAXS) time-resolved X-ray scattering to differentiate effects resulting from laser irradiation itself and the
chemical nature of the surrounding medium [3]. Laser-material interaction leads to a temperature rise within the
particles and subsequently the medium, causing phase transitions such as particle melting, bubble growth in
aqueous solution seen in WAXS or particle decomposition and the formation of new product particles seen in

SAXS. For instance, an increase of the SAXS
signal after vanishing of the vapor bubble (>
10-20 ns) correlates with the formation of new
particles whose signal we were able to monitor
up to a delay of 10 µs (Figure 1B). We found
indications of a quenched growth and higher
diffusion-limitation after 1 µs for samples in
salt compared to water, leading to a final
particle size of 3-4 nm. Interestingly, we found
clusters of a finite initial size after a few ps,
which excludes a pure evaporation and
condensation process and can be explained by
the occurrence of spinodal decomposition also
known as phase explosion.

[1] S. Hashimoto, D. Werner, T. Uwada, Studies on the
interaction of pulsed lasers with plasmonic gold
nanoparticles toward light manipulation, heat management,
and nanofabrication, JPPC, 13, 28-54 (2012)

[2] A.R. Ziefuß, S. Barcikwoski, C. Rehbock, Synergism between specific halide anion and pH effects during nanosecond laser
fragmentation of ligand free gold nanoparticles, Langmuir, 35, 6630-6639 (2019)
[3] A.R. Ziefuß, S. Reich, S.Reichenberger, M. Levantino, A. Plech, Structural kinetics of picosecond laser fragmentation
of suspended gold spheres, PCCP, submitted (2019)

Figure 1 : A) Illustration of the LFL process. B) Time-dependent
transient changes of the diffuse and powder scattering caused by laser
irradiation. SAXS signal contains particle melting and recrystallization.
C) Evolution of the particle size as function of delay for the dominant
size fraction. Black squares represent fragmentation in pure water and red
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Nucleation processes occurring during laser ablation in liquids remains an open question [1]. In order to control
the production of nanoparticles, it is necessary to understand and measure their growth, when and where it
occurs. However, no direct measurement of the nucleation phenomena exists. Indeed, one needs in situ,
time-resolved measurement of the molecules forming in the plasma when in cools down. Emission spectroscopy
is limited to early times, when the plasma is hot enough to emit light and only atomic and diatomic molecules
have been observed [2]. Using pulsed laser induced fluorescence [3] of the molecules inside the plasma and
time-resolved iCCD acquisition, we show that it is possible to probe the composition of the plasma on a longer
time scale and observe, for the first time, the appearance of triatomic molecules. Time resolved LIBS-LIF is a
promising technique to characterize the composition of laser generated plasma in time and nucleation
phenomena.

[1] A. Kanitz et al., Plasma Sources Sci. Technol. 28, 103001 (2019)
[2] J. Lam et al., Phys. Chem. Chem. Phys. 16, 963 (2014)
[3] L. Nagli et al., Appl. Spect., 70(4), 585-592. (2016)
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Ruthenium nanoparticles (Ru NPs) with face-centered cubic (fcc) structure exhibit more excellent catalytic
activity than that with hexagonal close-packed (hcp) structure. However, the formation of fcc Ru needs high
temperature at least 1800 K, which is a metastable phase and hard to prepare. In this study, we present a tunable
fabrication of fcc and hcp Ru NPs by laser ablation of Ru target in designated solvents. In several organic
solvents, including methanol, ethanol and acetone, mixture of fcc and hcp Ru NPs are obtained, on which encase
by graphite carbon layers, while in deionized water only hcp Ru NPs formed. We speculate that the laser-target
interaction generated plasma and subsequent quenching process provide an extreme condition (4000~5000 K,
10~15 GPa) for the formation of fcc structure. Importantly, the graphite carbon layers sourced from the thermal
decomposition of solvent molecules prevent the further evolution of metastable fcc structure into stable hcp
structure. Clarification of the solvents effects promise the tunable fabrication of metal nanoparticles with desired
crystallographic structure during laser ablation in liquids.

Figure 1 Illustration of the Formation of the Final Products in Methanol. (a) The state of the plasma plume in solution. (b) Nucleation and
growth of crystals in Region II. (c) The crystal structure of Ru NPs.

[1] Kohei Kusada, Hirokazu Kobayashi, Tomokazu Yamamoto, Discovery of Face-Centered-Cubic Ruthenium Nanoparticles: Facile
Size-Controlled Synthesis Using the Chemical Reduction Method, J. Am. Chem. Soc., 135., 5493−5496, (2013).
[2] Dongshi Zhang, Chao Zhang, Jun Liu, Carbon-Encapsulated Metal/Metal Carbide/Metal Oxide Core−Shell Nanostructures Generated by
Laser Ablation of Metals in Organic Solvents, Appl. Nano Mater., 2., 28−39, (2019).
[3] Hemin Zhang, Changhao Liang, Jun Liu, The formation of onion-like carbon-encapsulated cobalt carbide core/shell nanoparticles by the
laser ablation of metallic cobalt in acetone, Carbon, 55., 108-115, (2012).
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Figure1. (a) HAADF-STEM image and (b) HRTEM image of FeNiOx@C-CNT, (c) the LSV curves of corrsponding catalysts with
iR-compensation measured in 1 M KOH at a scan rate of 5 mV s−1, (d) LSV curves of FeNiOx@C-CNT before and after stability test.

Developing efficient electrocatalysts with high activity and stability for oxygen evolution reaction (OER) is of
crucial importance [1-3]. Herein, carbon shell encapsulating ultrafine FeNiOx NPs with an average size of 2.32
nm uniformly disperse on CNT (denoted as FeNiOx@C-CNT) was synthesized via a simple laser irradiation
technique. Benefit from the small size and high dispersion of FeNiOx NPs, the as-prepared FeNiOx@C-CNT
composites present excellent electrocatalytic OER activity. As evidenced by the electrochemical results, the
composites show a low overpotential of 267 mV at 10 mA cm-2 as well as a small tafel slope of 46.29 mV dec-1.
Additionally, encapsulation by the carbon shell effectively preserve the FeNiOx NPs from degrading by the
harsh external condition, showing almost unfading electrocatalytic activity after 20000 potential cycles.
Importantly, this strategy is universal and could be extended to synthesis other type of carbon shell
encapsulating metal-based material (e.g. FeOx@C-CNT, CoOx@C-CNT, NiOx@C-CNT and MnOx@C-CNT),
which might provide a new way to construct high-efficiency electrocatalysts.

[1] M. G. Walter, E. L. Warren, J. R. McKone, S. W. Boettcher, Q. Mi, E. A. Santori, N. S. Lewis. Solar Water Splitting Cells. Chem. Rev.
110, 11, 6446-6473, (2010).
[2] B. M. Hunter, H. B. Gray, A. M. M�ller. Earth-Abundant Heterogeneous Water Oxidation Catalysts. Chem. Rev. 116, 22, 14120-14136,
(2016).
[3] Q. Kang, L. Vernisse, R. C. Remsing, A. C. Thenuwara, S. L. Shumlas, I. G. McKendry, M. L. Klein, E. Borguet, M. J. Zdilla, D. R.
Strongin. Effect of Interlayer Spacing on the Activity of Layered Manganese Oxide Bilayer Catalysts for the Oxygen Evolution Reaction. J.
Am. Chem. Soc. 139, 5, 1863-1870, (2017).
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Recent development of a computational model combining two temperature model (TTM) for the description of
laser excitation and subsequent relaxation of conduction-band electrons, atomistic molecular dynamics (MD)
method for modeling of laser-induced phase transformations in a metal target, coarse-grained (CG)
representation of the liquid environment, and non-reflecting boundary (NRB) conditions designed to mimic the
propagation of the laser-induced pressure waves through the boundaries of the computational domain has
enabled detailed exploration of the mechanisms of laser ablation in liquids (LAL) [1-3]. One limitation of the
TTM-MD-CG-NRB model, however, is that it does not allow one to study the long-term evolution of
laser-induced shock waves in the liquid environment [4] and relies on NRB conditions to represent the effect of
the pressure evolution outside the TTM-MD-CG computational cell. In order to address this shortcoming and
enable large-scale modeling of laser-induced shock waves, we incorporated a compressible hydrodynamic (HD)
model into the general framework of the TTM-MD-CG model. In addition to tracking the shock wave
propagation in liquid, the HD model provides a more reliable representation of the feedback of the surrounding
liquid region to the behavior of the expanding cavitation bubble modeled with atomistic and coarse-grained MD.

The implementation of the HD part of the model is based on one-dimensional Euler equation [5] solved with the
Lax-Wendroff scheme. The boundary cells of the HD spatial discretization overlap with the MD region, and the
values of velocity, density and energy predicted by MD are averaged with the ones predicted by the HD model.
A plane is set as the boundary for MD, and the pressure and velocity at this plane is controlled by forces acting
from both the MD and HD parts of the model. The equation of state for the HD model is fitted to the one
predicted in MD simulations to get a consistent representation of properties of liquid environment by the CG
MD and HD parts of the model. The results of test simulations illustrated in Figure 1a demonstrate a good
agreement between the shockwave propagation predicted in an MD simulation performed with computational
cell extended up to 1.25 μm into liquid and the hybrid MD-HD approach performed with a much smaller (and
computationally cheaper) MD part of the model.

Figure 1. (a) Density distribution predicted for 300 ps after laser irradiation of a Ag target by a 10 ps laser pule by a hybrid MD-HD
simulation (orange and green curves) and a pure MD simulation with longer computational cell (blue curve). (b) Snapshot of an interfacial
region between MD and HD parts of the model shown for a time before the shock wave reached the interface. The atoms in the MD region

are colored by temperature and the orange plane is the boundary of MD domain.
[1] C.-Y. Shih et al., Atomistic modeling of nanoparticle generation in short pulse laser ablation of thin metal films in water, J. Colloid
Interface Sci. 489, 3-17, (2017).
[2] C.-Y. Shih et al., Generation of subsurface voids, incubation effect, and formation of nanoparticles in short pulse laser interactions with

bulk metal targets in liquid: Molecular dynamics study, J. Phys. Chem. C 121, 16549-16567, (2017).
[3] C.-Y. Shih et al., Two mechanisms of nanoparticle generation in picosecond laser ablation in liquids: the origin of the bimodal size

distribution, Nanoscale 10, 6900-6910, (2018).
[4] T. Tsuji et al., Nanosecond time-resolved observations of laser ablation of silver in water, Jpn. J. Appl. Phys. 46, 1533-1535 (2007).
[5] R. J. Leveque, Numerical methods for conservation laws, (Basel: Birkhäuser, 1992).

95



Electric Field-Assisted Pulsed Laser Ablation Synthesis of
MoS2nanoparticles for overall water splitting
Ch. Sajed Saraj1, 2, Abhishek Shukla1, Subhash C. Singh1, 3, Weili Yu1, J. Yang1 and Chunlei

Guo1, 3

1- The Guo China-US Joint Photonics Laboratory (GPL), Changchun Institute of Optics, Fine Mechanics and Physics (CIOMP),
Chinese Academy of Sciences (CAS), Changchun 130033, PR China

2-University of Chinese Academy of Sciences, Beijing 100049, China
3-The Institute of Optics, University of Rochester, Rochester, NY 14627, USA

Main author email address: sajedsaraj@ciomp.ac.cn

Developing and constructing low-cost, high-performance electrocatalysts is vital for overall water splitting.
Transition metal chalcogenides shows considerable promise as electrocatalysts for this reaction. However, a
large-scale hydrogen production through electrochemical water splitting depends on the availability of
earth-abundant electrocatalysts and a suitable electrolyte medium. In this work, we demonstrate the hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER) performance of electrocatalytic materials can be
controlled by their surface functionalization. Herein, we report synthesis of multi-layered MoS2 nanoparticles
(NPs) on Ni-Foam by using electric field assisted pulse laser ablation (EF-PLAL) [1-3]. For HER and OER
measurement different samples are synthesised by varying the electric field using in-situ setup. Significantly,
as-prepared electrocatalyst synthesized at higher electric field shows the excellent activity for HER and
electrocatalyst synthesized at lower electric field for OER activity, affording overpotential of 339mV and
348mV @50mAcm-2 current density respectively. Also these electrocatalysts treated for overall water splitting
using two electrode setup with cell voltage 1.78V to achieve current density of 10mAcm-2.This study provides
favourable electrocatalyst for developing high-performance non-Pt or RuO2-based clean and environmental
friendly energy in alkaline solution.

Figure 1. (a) Schematic illustration for the synthesis of NMs by EF-LAL, (b) SEM image (inset.
Synthesized NPs on NiF and bubble formation during HER measurement, (c) HER polarization curve and

(d) Tafel slope of synthesised NPs.

[1] H. Zeng, X. Du, S. C. Singh, S. A. Kulinich, S. Yang, J. He, and W. Cai, Nanomaterials via Laser Ablation/Irradiation in Liquid: A
Review, Adv. Funct. Mater. 22 1333-1353 (2012).
[2] S. C. Singh, R. K. Kotnala, R. Gopal, Room temperature ferromagnetism in liquid-phase pulsed laser ablation synthesized nanoparticles
of nonmagnetic oxides, Journal of Applied Physics. 118 064305 (2015).
[3] S. C.Singh and R. Gopal, Drop shaped zinc oxide quantum dots and their self-assembly into dendritic nanostructures: Liquid assisted
pulsed laser ablation and characterizations, Applied Surface Science. 258 2211-2218 (2012)
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BaTiO3 is ferroelectric with a Curie temperature of 120 °C. Above 120 °C, it is paraelectric with a cubic
perovskite-type structure, while from 120 to 5 °C it has a tetragonal phase [1]. In recent years, semiconductor
photocatalysts have been attracting increasing attentions in anticipation of employing them as a green and
sustainable technology to solve the energy and environmental issues such as the generation of hydrogen and
photocatalytic water splitting [2].The technique of laser ablation in liquids was applied for generation of
nanoparticles of perovskite BaTiO3 (BTO). Two near-IR laser sources were used, either an Yb: KGW laser
operating either at 170 fs pulse duration or 1 ps pulse duration at laser wavelength of 1030 nm and repetition
rate of 1 kHz or a fiber Yb laser operating at 1060-1070 nm wavelength range at pulse duration of 200 ns and
repetition rate of 20 kHz. Sintered pellet made of BaTiO3 powder was used as the ablation target. Laser ablation
was performed in two liquids: in H2O (MQ grade) and in 30% H2O2. BTO nanoparticles were characterized by
Raman spectroscopy, X-ray diffraction, and Transmission Electron Microscopy. The morphology of
nanoparticles obtained by laser ablation of BTO target in H2O2 is presented in Figure 1.

a b

Figure 1. TEM view of NPs of BTO generated by ablation in H2O2 at pulse duration of 200 ns. Scale bar denotes 200 nm (a). Reflectivity of
BTO nanoparticles generated by laser ablation in H2O and H2O2 (b) with respect to Al2O3 ceramics.

Reflection spectra of BTO nanoparticles show that some oxygen is lost under ablation in H2O similarly to
ablation of other oxides [3,4]. The ablation in H2O2 results in the reflection spectrum of initial BTO.

[1] G. Gupta, T. Nautiyal, S. Auluck, Optical properties of the compounds BaTiO3 and SrTiO3, PHYSICAL REVIEW B, Vol. 69, p. 052101,
(2004).
[2] S.W. Zhang, B.P. Zhang, S. Li, X.Y. Li, Z.C. Huang, SPR enhanced photocatalytic properties of Au-dispersed amorphous BaTiO3

nanocomposite thin films, Journal of Alloys and Compounds, Vol. 654, pp. 112-119, (2016).
[3] G.A. Shafeev, Laser activation and metallization of insulators, Quantum Electronics, Vol. 27 (12), pp. 1104 – 1110, (1997).
[4] G.A. Shafeev, Laser-assisted activation of dielectrics for electroless metal plating, Appl.Phys., A, Vol. 67, p. 303, (1998).
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Sharp-edged nano- and microstructures exhibit prominent antibacterial properties due to mechanical rupture of
the cell membrane [1 – 3]. In our work, nanospikes, fabricated on a 1-µm thick gold (Au) film by laser ablation
with the use of 1030-nm femtosecond laser system, were tested as potential elements for antibacterial surfaces
and plasmonic luminescence sensors. Staphylococcus aureus bacteria were stained by live/dead viability kit, the
dead ones getting the red colour, caused by the penetration of luminescent dye propidium iodide through the
damaged cell membrane. Photoluminescence was pumped by 515-nm femtosecond laser pulses with linear
(Gaussian beam), circular, azimuthal and radial (Laguerre-Gaussian beam) polarizations, exciting the transverse
plasmon resonance of the nanospikes and their apex lightning-rod near-field. According to the numerical
electrodynamic modeling, the observed strong increase in photolumonescence yield for radial polarization,
while slightly lower - for circular and azimuthal polarizations, comparing to low luminescence intensities for the
linear laser polarization, was related to their different laser-nanospike coupling efficiencies, enabling
time-resolved observation of the bactericidal dynamics of the individual bacteria.

Figure 1. (a) SEM image of laser-fabricated nanospikes on a 1-µm thick gold film; (b) photoluminescence spectra of bacteria on Au
nanospikes, acquired at different polarization; (c) microphotographs of the dead (red) bacteria, illuminated with 515-nm laser radiation with

the corresponding polarization.
References:

[1] E.P. Ivanova, J. Hasan, H.K. Webb, G. Gervinskas, S. Juodkazis, V.K. Truong, A.H. Wu, R.N. Lamb, V.A. Baulin, G.S. Watson, J.A.
Watson, Bactericidal activity of black silicon, Nature communications, 4, p.2838 (2013).
[2] G.S. Watson, D.W. Green, L. Schwarzkopf, X. Li, B.W. Cribb, S. Myhra, J.A. Watson, A gecko skin micro/nano structure–A low
adhesion, superhydrophobic, anti-wetting, self-cleaning, biocompatible, antibacterial surface, Acta biomaterialia, 21, pp.109-122 (2015).
[3] Y. Zheng, J. Li, X. Liu, J. Sun, Antimicrobial and osteogenic effect of Ag-implanted titanium with a nanostructured surface,
International journal of nanomedicine, 7, p.875 (2012).
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The effect of a liquid environment on the fundamental mechanisms of laser-assisted surface nanostructuring and
generation of nanoparticles by laser ablation is investigated in a closely integrated computational and
experimental study. A large-scale molecular dynamics simulation of spatially-modulated ablation of Cr in water
are performed with a model recently developed for simulation of laser ablation in liquids [1,2]. The simulation
reveals a complex picture of dynamic interaction between the ablation plume and water, which involves rapid
deceleration of the ablation plume by water environment, formation and prompt disintegration of a hot metal
layer at the interface between the ablation plume and water, lateral redistribution and redeposition of a major
fraction of the ablation plume, and eventual formation of smooth frozen surface features. A good agreement
between the shapes of the surface features predicted in the simulation and the ones generated in single pulse
laser ablation experiments performed for Cr in water supports the mechanistic insights revealed in the
simulations. Comparison of the results with earlier experimental and modeling studies of ablative surface
nanostructuring in air and vacuum [3,4] suggests that the presence of liquid environment can eliminate the sharp
features of surface morphology, reduce the amount of material removed from the target by more than an order of
magnitude, and narrow down the nanoparticle size distribution. Moreover, the computational predictions of the
effective incorporation of molecules constituting the liquid environment into the surface region of the irradiated
target and the generation of strong vacancy supersaturation suggest a potential for hyperdoping of
laser-generated surfaces by solutes present in the liquid environment.

(a) (b)
Figure 1. Results of experimental and computational study of the generation of surface morphology on a Cr (001) target irradiated by a
single 200 fs pulse in water and vacuum/air: (a) The shapes of the surface protrusions observed in TEM images of cross-sectional slices
extracted from irradiated spots and predicted in large-scale atomistic simulations; (b) Contour plot of density distribution predicted in the

simulation for a time of 200 ps after the laser pulse.
[1] C.-Y. Shih, C. Wu, M. V. Shugaev, and L. V. Zhigilei, Atomistic modeling of nanoparticle generation in short pulse laser ablation of

thin metal films in water, J. Colloid Interface Sci. 489, 3-17 (2017).
[2] C.-Y. Shih, M. V. Shugaev, C. Wu, and L. V. Zhigilei, Generation of subsurface voids, incubation effect, and formation of nanoparticles

in short pulse laser interactions with bulk metal targets in liquid: Molecular dynamics study, J. Phys. Chem. C 121, 16549-16567
(2017).

[3] E. L. Gurevich, Mechanisms of femtosecond LIPSS formation induced by periodic surface temperature modulation, Appl. Surf. Sci. 374,
56-60 (2016).
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Noble metal anisotropic nanoparticles, differently from spherical shaped nanoparticles, exhibit multiple surface
plasmon resonances due to their size and shape, moreover, the presence of shaped tips can enhance the electric
field by lightning rods effects, resulting in a very high enhancement of metal optical properties. The most
common way to synthesized Ag anisotropic nanoparticles is by wet chemical synthesis, but the presence of
byproducts, due to the synthesis process, influences the properties of the obtained colloids. Thanks to the
combination of laser ablation in liquids and photochemical reactions, it is possible to obtain high purity Ag
triangular-shaped nanoparticles with enhanced optical properties[1].
Ag nanoplates were prepared by a two-step method: first, spherical Ag nanoparticles were obtained by laser
ablation (Nd: YAG 1064 nm) in water in presence of citrate, then the spherical particles were converted to
triangular nanoplates by H2O2 under light irradiation. The nature of the nonlinear effect was investigated by the
Z-scan technique, using an Nd: YAG laser at 532 nm and laser fluences of 1 J/cm2 [2].

Figure 1 (a) Experimental setup of the Z-scan measurements, (b) AFM image of the Ag nanoplates obtained by chemical-free synthesis.
We determined both the nonlinear absorption coefficient β, the 90° scattering signal S and the refraction one n2.
A high second-order hyperpolarizability c value of 1.1* 10-30 esu, essentially attributed to a plasmonic effect,
has been measured [3]. Moreover, the good optical transparency in the visible region and a relatively good
photo-stability make these colloids comparable with other metal-based materials and interesting for potential
applications as saturable absorbers in photonic devices operating from the visible to the IR.
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The solid-liquid interfacial interactions between nanoparticles and solvent molecules play an important role in
the growth and phase transition of nanoparticles in colloidal solution. Though we have studied the spontaneous
growth and phase transition process of uncapped Ge and Te NPs by utilizing ex-situ strategies[1-2], we are still
trying to find a more precise method to monitor these processes. Herein, we successfully monitor the phase
transition process of LAL induced Se colloids using liquid phase in-situ Raman spectroscopy (LPRS). Se
colloids with amorphous structure are initially synthesized by laser ablation of Se target in deionized water,
which are subsequently treated by centrifugation and redispersion into three typical polar aprotic solvents,
including dimethyl formamide, acetone and ethyl acetate. LPRS is used to monitor the phase transition of Se
colloids in various polar aprotic solvents under room temperature and pressure. The results reveal a power
function relationship between the evolution of amorphous Se to trigonal Se and aging time, further indicate that
Se colloids display the fastest rate of phase transition in dimethyl formamide, then followed by acetone and
ethyl acetate in turn. Interestingly, the variation tendency in the rate of phase transition is same with the change
of viscosity, but inverse with the variation of polarity of three kinds of solvent molecules.

Figure 1. (a) Schematic of the formation and in-situ monitoring the Se colloids in various solvents. (b) phase transition of Se colloids. The
in-situ monitoring results of Se colloids phase transition: (c) In dimethyl formamide, (d) In acetone, (e) In ethyl acetate.
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Herein, Solar light active ZnO/Au/RGO ternary nanocomposites were successfully synthesized by the advanced
Pulsed Laser Ablation (PLA) technique in liquid medium. The photocatalytic activity of as synthesized ternary
nanocomposites was evaluated for the degradation of Methylene Blue(MB) under solar light irradiation. The
optimal ZnO/Au-15%/rGO-5% wt. showed the higher degradation efficiency than bare ZnO. The density of the
plasmonic Au nanoparticle and carbonaceous Nano matrix of RGO on ZnO could be altered by changing the
concentration of gold (5% 10%, 15%,20%wt.) and RGO as (2.5%,5%,7.5%wt.) using by pulsed laser
irradiation(PLI) and ultrasonic exfoliation- dispersion method. The synthesized materials were characterized
using X-ray diffraction (XRD), RAMAN spectroscopy, Field emission scanning electron microscopy(FESEM),
High resolution transmission electron microscopy(HRTEM), UV-visible spectroscopy, Photoluminescence
spectroscopy. The enhanced photocatalytic activity is attributed to the efficient separation and transfer of photo
induced electron-hole pairs in ZnO/Au(15%wt.)/RGO(5%wt.) ternary nanocomposites. The photocatalytic
material shows high percentage of degradation even after four consecutive cycles. The radical –scavenging test
revealed that hydroxyl radicals are the prominent species in the degradation of methylene Blue up to 95%. The
superior photocatalytic activity revealed that the ZnO/Au(15%wt.)/RGO(5%wt.) ternary nanocomposites could
be a promising material for wastewater treatment and other environmental remediation applications.
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Owing to abundant unsaturated metal atoms on their surfaces, ultrafine metal nanoparticles (NPs) have higher
densities of catalytic active sites than their bulk counterparts, consequently presenting higher atomic efficiencies
and degrees of catalytic activity[1−4].Downsizing copper nanoparticles (Cu NPs) can effectively improve their
catalytic activity, but simultaneously ensuring structural stability is always a challenge. In this study, by laser
ablating a Cu target in a graphene oxide (GO) solution and reduction treatment, pure Cu NPs (2.0 ± 0.4 nm) are
evenly scattered on reduced graphene oxide (rGO). The morphological characterization are shown in Figure.
As-prepared Cu/rGO nanocomposites (NCs) are applied as catalysts for 4-nitrophenol (4-NP) reduction. The
NCs display higher mass-normalized rate constants and turnover frequencies than most reported Cu catalysts.
Owing to the stable conjugation between ultrafine Cu NPs and rGO, the Cu/rGO catalysts have good catalytic
stability, that is, the conversion efficiency of 4-NP is still over 92.0% even after 10 successive cycles.

Figure. (a, b, c) TEM images of Cu/rGO NCs. (d) size distribution histogram of Cu NPs.
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For the potential use of Au nanoparticles (NPs) in photothermal therapy, it is important and effective to achieve
the uniaxial assembly of Au NPs to allow enhanced absorption in the near infrared (NIR) region [1-3]. Herein,
we first presented the construction of amorphous selenium encapsulated gold (Se@Au) chain-oligomers by
successive laser ablation of Au and Se targets in sodium chloride solution without other toxic precursors,
stabilizers, or templating molecules. Se@Au chain-oligomers showed evidently enhanced NIR absorption and
excellent photothermal transduction efficiency (η), which was higher than 47% at 808 nm. After being stored for
1 year, the Se@Au colloids still exhibited outstanding photothermal performance. The cytotoxicity assay
demonstrated that there is negligible toxicity of Se@Au chain-oligomers in cells, but cell viability declined to
only 1% in phototherapeutic experiments that were implemented in vitro. In intracellular Reactive Oxygen
Species (ROS) generation measurements, Se@Au chain-oligomers could trigger a 35.9% increment of ROS
upon laser irradiation. The possible synergetic effects between the anticancer function of Se and photothermal
behaviors of Se@Au oligomers were intended to increase ROS level in cells. Therefore, such designed Se@Au
chain-oligomers of high stability exhibit promising potential for their use as in vivo photothermal therapeutic
agents.

Figure 1 a. TEM images of Se@Au chain-oligomers colloid (Se@Au-1) and the bar graph of percent distributions of various oligomers. b.
Optical absorption spectra of pure Se colloids that were ablated in water and aqueous NaCl solution, pure Au colloids (Au-1), and Se@Au-1.

c. Temperature elevation of water and Se@Au-1 with increased power densities. d. A schematic of the formation processes of Se@Au
chain-oligomers from the first ablation of the Au bulk, second ablation of the Se bulk, to final standing for 48 hours.
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YGdO3:Er3+ nanoparticles were successfully synthesized by pulsed laser ablation in liquid method [1,2]. The
structural and morphological properties of the product are investigated by X-Ray diffraction and transmission
electron microscopy. The upconversion photoluminescence properties were investigated in detail. Obvious stark
splitting phenomena were observed in the green and red emission bands. The decay behaviors of three emission
bands were studied. Based on thermal coupled energy level related upconversion fluorescence intensity ratio,
the temperature sensing properties of product were studied. Linear function has been used to reveal the
relationship between fluorescence intensity ratio and temperature [3]. Using stark sublevels related emission
bands, sensitivity of the temperature sensor was successfully enhanced. These results suggest the YGdO3:Er3+

nanoparticles prepared via pulsed laser ablation in liquid are promising luminescent materials for optical
thermometry.

Figure 1 Upconversion photoluminescence spectra of products as a function of temperature
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More attentions should be paid to the effects of AgNPs exposure in soil environments. Crucially, there is still
largely unknown of which particular bacterial taxa respond to AgNPs and the changes in soil bacterial
community composition after contamination[1]. And, it is of great significance to investigate the effect of
AgNPs on soil bacteria-related function[2,3].
Nevertheless, to our knowledge, this is the first report on the effects of surfactant-free AgNPs prepared by laser
ablation in liquids (LAL) on soil enzyme activities and bacterial community structure. The purpose of this study
is to expound the following questions: (1) Whether there are correlation between soluble and bio-available Ag
and enzyme activity and bacterial community; (2) Whether and to what extent soil bacteria respond to AgNPs
depends on the dose and exposure time at community level; (3) Whether exposure to AgNPs causes differences
in soil function. To this end, the content of Ca(NO3)2-extractable Ag and DTPA-extractable Ag, and the
activities of four types of soil enzymes were measured in soil treated with AgNPs at 2,10, 20 mg/kg after 7, 14
and 30 d of exposure. In addition, the changes of soil bacterial community structure, composition and functional
profile were analyzed by high-throughput sequencing to determine the response of soil bacterial community to
surfactant-free AgNPs.

Figure 1. Bacterial community structure at the phylum (A) and genus (B) levels. The soil samples at 14 and 30 days of incubation with 0,
2,10 and 20 mg/kg AgNPs, respectively.
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It is urgently needed to develop efficient and stable electrocatalysts for oxygen reduction reaction (ORR) [1, 2].
Currently, ORR catalysts used commercially are based on Pt nanoparticles with a size of 3-5 nm. Such a small
size not only impairs the stability and durability of the catalyst, but it is basically impossible to improve the
specific activity by designing the surface structure. Given the low abundance, increasing cost and sustainability
issues associated with precious metals such as Pt, it is not difficult to understand why there is an urgent need to
reduce the use of Pt. Gradually, alloy strategy was widely adopted, because it can not only reduce the Pt loading
but also optimize the geometric and electronic structure of Pt [3]. Herein, we synthesize the PtAg nanoalloys
with the nanochain structure by laser irradiation in a few minutes. The PtAg nanoalloys with the nanochain
structure have obtained good performance and durability. Importantly, this strategy can be extended to
synthesize other Pt-based nanoalloy materials, which may provide a new efficient method for constructing
efficient and durable electrocatalysts.
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Laser ablating technology is beneficial for producing defect-rich ultra-small nanoparticles, which often need to
be loaded on carbon-containing materials to avoid agglomeration. To prevent carbon corrosion of carbon
materials, noble metal porous materials are widely used in electrocatalysis due to their high specific surface area
and electrical conductivity [1]. In our work, the laser-induced palladium nanoparticles (L-Pd NPs) were
assembled anisotropically to generate defect-rich Pd aerogels (L-Pd aerogel) with a three-dimensional porous
structure (figure 1). We found that Pd nanoparticles prepared by laser (L-Pd NPs) have dislocations, but no
strain. Pd aerogels prepared by hydrothermal method (S-Pd aerogel) have obvious grain boundaries and twins
structure, but no dislocation and strain. Commercial Pd/C does not exhibit the above-mentioned defects and
strains. L-Pd aerogel has strains and a large amount of dislocations retained with the help of grain boundaries
and twins (figure 2). We think that the grain boundaries and twins of the aerogel avoid the diffusion of
dislocations in the particles [2-3]. The compressive strain downshifting the d-band center of Pd, caused by the
defective structure, thereby weakening the adsorption of the two toxic intermediates H* and CO*. The
electrochemical results show that the mass and specific activities of the obtained Pd aerogel for the formate
oxidation reaction are 2.26 and 1.99 times higher than those of the commercial Pd/C. The excellent activity of
the Pd aerogel for ethanol oxidation reaction has also been observed. After adjusting the gel structure, the mass
activity can reach 3.83 A mg-1, which is 2.8 times that of the commercially available Pd/C [4].
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Figure 1. The gelation mechanism of the L-Pd aerogel. (a) Schematic illustration and (b-e) time-dependent TEM images
of the gelation of L-Pd NPs. The insets in (b-e) are the size distribution of the monomer.

Figure 2. The defect and strain characterizations of the L-Pd aerogel. (a) HRTEM image of the L-Pd aerogel. The insets are
the enlarged image and Fourier transform image of the red frame area in (a). (b,d) IFFT patterns of (2�00) and (11�1) planes,
respectively. (c,e) Strain distributions of the (2�00) and (11�1) planes, respectively. (The positive and negative values on the

scale bar represent tensile and compressive strain)
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