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INTRODUCTION

In the field of modern solid-state chemistry, the development of new methods for the synthesis of
solid-phase materials is a central area of research, driving advances in numerous applied technological
fields. Among the myriad of techniques for producing solid-phase materials, laser-assisted synthesis is
emerging as a particularly innovative and promising approach that has yet to realize its full potential.
The unique properties of lasers, including their high monochromaticity and precise directionality, enable
selective interactions with reaction media. This allows the localized laser-induced photo- and thermo-
processes upon absorption of radiation, which is difficult to achieve with traditional synthesis methods.
Laser irradiation enables micro- and nanoscale modification of materials by precisely controlling the
power, duration and area of exposure. This capability paves the way for the fabrication of materials with
tailored properties. The study of how laser irradiation conditions affect the physicochemical properties
of solid-phase materials not only addresses practical challenges in functional materials synthesis, but
also enriches the fundamental understanding of laser-induced materials synthesis and modification
processes.

The production of materials with high electrochemical activity, especially highly sensitive
electrochemical sensors for the detection of important analytes, deserves a special focus within laser
synthesis research. One of the major challenge in fabrication of electrochemical sensors, which affects
their functionality, is achieving optimal adhesion of the electrochemical active material to its substrate.
Poor adhesion can critically undermine the analytical and operational performance of advanced
nanomaterials, leading to reduced reproducibility, reliability and sensitivity. Laser radiation offers a
unique solution, serving both as a synthesis tool for a wide range of materials with controlled
composition, structure and properties, and as a means of substrate modification. This dual capability is
key to synthesizing new materials with high adhesion to substrate, achieved by controlled modification
of the interface between the substrate and the synthesized materials. The synthesis medium plays a
crucial role in the effect of the laser radiation on the substrate-reaction system interface. Interactions can
occur across several interfaces, including substrate-air, substrate-liquid, and substrate-solid, each
presenting a unique set of variables that influence the final properties and adhesion of the synthesized
materials.

This study focuses on the potential of fabricating metallic nanostructured electrode materials for
electrochemical sensors via the laser-induced synthesis (LIS) approach. It examines three LIS scenarios
characterized by different states of the reaction system: at the substrate-air interface, enabling local
substrate morphology modification for subsequent selective chemical metallization; at the substrate-

liquid interface, facilitating simultaneous substrate activation and solid metallic phase formation from a
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liquid precursor under focused laser irradiation; and at the substrate-solid interface, using oxide
nanoparticles as precursors reduced by laser action to form conductive metallic structures.

This combination of approaches allow for a thorough investigation of how laser exposure
conditions influence material adhesion properties, providing a comprehensive assessment of their
efficacy for new sensor materials development. A notable aspect of this work is the use of both rigid and
flexible polymeric materials as substrates for LIS, highlighting the research's practical importance for

developing flexible electrochemical sensors.

Relevance of the topic

One of the most pressing research directions in modern materials science and solid-state chemistry
is the synthesis of nanostructured materials with unique and controllable functional properties. This
problem is actively discussed, among others, in the development of electrochemical sensors, since the
demand for efficient sensors poses a number of scientific and technological challenges. These include
the need for novel materials and deposition methods that ensure strong adhesion of functional layers to
both flexible and rigid substrates.

The importance of investigation of the laser-induced synthesis (LIS) process is underscored by its
versatility. LIS can be applied to fabricate wide spectra of materials, allowing controlled modification
of their properties at the micro- and nanoscale. In addition, LIS offers unique advantages in substrate
modification to improve properties such as adhesion - a feat that remains challenging with conventional
material deposition techniques such as spin coating and drop casting.

Despite the advances in LIS, the literature still lacks a systematic review and deep understanding
of the processes involved in the synthesis of electrode materials for electrochemical sensors. For
example, there is no unified framework describing how laser processes at the interface affect the
properties of the resulting nanostructured electrode materials. To unlock the full potential and ensure the
successful implementation of advanced technological applications of LIS, it is necessary to provide a
deep and comprehensive understanding of the physical and chemical processes occurring during the
interaction of laser radiation with matter. Studying the laser-induced processes that lead to the formation
of new phases and changes in their physical and chemical properties will enable the fabrication of unique
functional materials for a wide range of applications.

It is also important to note that the interaction between laser radiation and matter can vary
significantly, depending on the characteristics of both the radiation and the material being irradiated.
This variability requires complex experimental studies to optimize the processes.

Therefore, a thorough study of the laser-induced processes at the substrate-reaction medium

interface will reveal the key patterns in the formation of electrochemically active nanostructured
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materials with strong adhesion. This understanding highlights the importance of this dissertation study

and highlights its relevance in the field.

The aim of this work was to investigate laser-induced processes at the substrate-reaction medium
interface for the synthesis of electrochemically active nanostructured materials.

In order to accomplish this, the following tasks have been addressed:

1. Laser-induced synthesis of electrochemically active materials at the different substrate-reaction
medium interfaces;

2. Development of surface modification methods for the synthesized electrodes;

3. Comprehensive characterization of the synthesized nanomaterials;

4. Investigation of the sensory properties of the obtained materials in relation to glucose, hydrogen
peroxide and dopamine.

Scientific novelty

In this work, laser-induced synthesis of materials for non-enzymatic electrochemical sensors at the
substrate-reaction medium interface have been described for the first time from a unified perspective.
Particular attention was paid to the study of the reduction of transition metal ions at the substrate-reaction
medium interface leading to the formation of conductive metallic structures, as well as to the
investigation of how the functional properties of the synthesized materials are affected by the laser
irradiation of on the substrate where the metallic phase formation takes place. It has been shown that
each case of the LIS possesses distinct features that significantly distinguish it from others, both in terms
of experimental realization and fundamental mechanisms, as well as in the functional properties of the
fabricated materials.

As a result of this work, the scope of LIS has been significantly broadened with the development
of methods for the synthesis of mono- and polymetallic nanostructured electrodes based on transition
metals, and the list of available substrates for LIS realization, including flexible polymers, has been
greatly expanded. Direct exposure of the substrate to laser radiation, either in air or through a layer of
low-absorbing liquid precursor, has been shown to yield materials that maintain stable contact with the
surface under glucose and hydrogen peroxide electrochemical detection conditions. Optimization of the
surface laser-assisted activation of the substrate in air was found to allow the achievement of high
scanning speeds (~2-6 m/s), contributing to a significant increase in synthesis productivity.

Furthermore, original approaches based on colloidal, laser-induced and electrochemical synthesis
have been developed for the surface modification of electrodes with nanostructures. The modification
of transition metal-based electrodes with noble metal nanostructures, such as gold and platinum, has

been shown to significantly improve the analytical performance of sensors, including an increase in
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sensitivity and a reduction in detection limits. In addition, it has been experimentally demonstrated that
by varying the analytical conditions and the method of surface modification of the synthesized
electrodes, it is possible to create sensors with high electrochemical activity towards different analytes
based on the same initial electrode.

Through the analysis and systematization of the data obtained from the study of laser-induced
processes at different substrate-reaction medium interfaces, the critical role of the laser radiation effect
on the substrate in the formation process of electrode materials with high adhesion and electrochemical
activity was highlighted.

Practical significance of the work

Laser-induced synthesis have led to the development of methods for fabricating both rigid and
flexible electrochemical sensors capable of addressing a wide range of practically important analytical
problems. It's worth noting that flexible sensors are emerging as a particularly fast growing category due
to their mechanical flexibility. This allows them to withstand various deformations without losing
functionality or electrochemical stability. Investigations into the electrocatalytic properties of the
synthesized electrodes have demonstrated their potential for the electrochemical detection of a wide
range of biologically relevant substances, such as glucose, hydrogen peroxide and dopamine. The
enhancement of the electrodes with gold nanostructures has significantly improved the analytical
performance of the sensors, including an eightfold increase in the sensitivity of glucose analysis.
Moreover, the addition of a CuO layer on the surface of copper electrodes has expanded the range of
detectable substances, facilitating the detection of dopamine under neutral pH conditions.

The proposed method allows spatial localization of the synthesis based on additive principles,
along with precise control of the electrode fabrication conditions. This results in the creation of materials
with the desired functional properties. These properties include not only analytical aspects such as
sensitivity and linear range, but also mechanical properties such as adhesion to the substrate and

mechanical stability.

Methodology
The primary technique used to address the aforementioned challenges was laser-induced synthesis
(LIS) at the interface between the substrate and the reaction medium. LIS was applied to fabricate metal
nanostructured electrodes for sensor platforms. To further modify these electrodes with nanostructures
of different compositions, complementary wet chemistry methods such as colloidal and electrochemical
synthesis were also applied.
Special emphasis was placed on the systematic analysis of the relationship between composition,

structure and functional properties of the sensor materials. To achieve this, a thorough characterization
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of the materials at different stages of synthesis was performed using advanced characterization
techniques. These included X-ray diffraction, scanning electron microscopy, energy-dispersive X-ray
spectroscopy, X-ray XPS spectroscopy, and others. The electrochemical properties of the resulting
structures were studied using techniques such as impedance spectroscopy, cyclic voltammetry, and

chronoamperometry.

The structure of the dissertation
The thesis consists of 138 pages of typed text, including an introduction, a literature review, a
discussion of the results, a conclusion, and a bibliography. The thesis contains 85 figures, 21 tables, and

263 references.

Conferences

The main results of the research were presented at 10 international conferences:

1. XI International Conference on Chemistry for Young Scientists Mendeleev 2019, St. Petersburg,
Russia, 2019;

2. International Symposium Fundamentals of Laser Assisted Micro- and Nanotechnologies
FLAMN 2019, St. Petersburg, Russia, 2019;

3. 102nd Canadian Chemistry Conference and Exhibition, Québec, Kanana, 2019;

4. International Student Conference Science and Progress 2020, St. Petersburg, Russia, 2020;

5. V International Conference on Ultrafast Optical Science UltrafastLight-2021, Moscow, Russia,
2021;

6. International Youth Scientific Forum Lomonosov 2021, Moscow, Russia, 2021,

7. 20th Asia-Pacific Conference on Fundamental Problems of Opto and Microelectronics
APCOM-2022, Vladivostok, Russia, 2022;

8. International Symposium Fundamentals of Laser Assisted Micro- and Nanotechnologies
FLAMN 2022, St. Petersburg, Russia, 2022;

9. International Conference on Advanced Laser Technologies ALT'23, Samara, Russia, 2023;

10. XXV International scientific and practical conference of students and young scientists
Chemistry and chemical technology in the XXI century, Tomsk, Russia, 2023.

Articles
The results of the dissertation have been published in 5 articles in international peer-reviewed
journals:
1. Evgeniia Khairullina, Maxim Panov, Vladimir Andriianov, Karolis Ratautas, Ilya Tumkin,

Gediminas Raciukaitis, High rate fabrication of copper and copper—gold electrodes by laser-
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induced selective electroless plating for enzyme-free glucose sensing, RSC advances, 11, 32,
19521-19530, 2021, DOI: 10.1039/D1RA01565F

Evgeniia Khairullina, Karolis Ratautas, Maxim Panov, Vladimir Andriianov, Sarunas Mickus,
Alina Manshina, Gediminas Raciukaitis, llya Tumkin, Laser-assisted surface activation for
fabrication of flexible non-enzymatic Cu-based sensors, Microchimica Acta, 189, 7, 259, 2022,
DOI 10.1007/s00604-022-05347-w

Evgeniia Khairullina, llya Tumkin, Daniil Stupin, Alexandra Smikhovskaia, Andrey
Mereshchenko, Alexey Lihachev, Andrey Vasin, Mikhail Ryazantsev, Maxim Panov, Laser-
assisted surface modification of Ni microstructures with Au and Pt toward cell biocompatibility
and high enzyme-free glucose sensing, ACS omega, 6 ,28 ,18099-18109, 2021, DOI
10.1021/acsomega.1c01880

Illya Tumkin, Evgeniia Khairullina, Maxim Panov, Kyohei Yoshidomi, Mizue Mizoshiri,
Copper and nickel microsensors produced by selective laser reductive sintering for non-
enzymatic glucose detection, Materials, 14, 10, 2493, 2021, DOI: 10.3390/mal14102493
Evgeniia Khairullina, Kseniia Mosina, Rachelle Choueiri, Andre Philippe Paradis, Ariel
Alcides Petruk, German Sciaini, Elena Krivoshapkina, Anna Lee, Aftab Ahmed, Anna Klinkova;
An aligned octahedral core in a nanocage: synthesis, plasmonic, and catalytic properties,
Nanoscale, 11, 7, 3138-3144, 2019, DOI 10.1039/C8NR09731C

Statements for the defense

Fabrication of non-enzymatic electrochemical sensors on the surfaces of flexible substrates such
as polyimide, polyethylene terephthalate, and polyethylene naphthalate by laser-induced surface
modification followed by chemical metallization.

Synthesis and subsequent surface modification of electrochemically active nanostructured
materials by laser irradiation of the interface between the substrate and the liquid reaction medium.
Laser irradiation of the substrate during the formation of electrode materials influences their
adhesion. Local changes in substrate morphology at the substrate-liquid reaction medium and
substrate-air interfaces caused by laser irradiation lead to the formation of metallic structures with
stable adhesion to the substrate.

Laser-induced synthesis at the substrate-air/liquid/solid reaction medium interfaces enables the
fabrication of non-enzymatic electrochemical sensors for detection glucose, hydrogen peroxide,

and dopamine.
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Main scientific results
1. Evgeniia Khairullina, Maxim Panov, Vladimir Andriianov, Karolis Ratautas, llya Tumkin,
Gediminas Raciukaitis, High rate fabrication of copper and copper—gold electrodes by laser-induced
selective electroless plating for enzyme-free glucose sensing, RSC advances, 11, 32, 19521-19530,
2021, DOI: 10.1039/D1RA01565F

In this study, a laser-assisted technique was developed for the synthesis of copper-based non-
enzymatic electrochemical sensors on the surface of flexible polymers, including polyethylene
terephthalate, polyethylene naphthalate, and polyimide. Optimization of laser modification parameters
of polymer surfaces in air by picosecond laser was performed. This optimization allowed the selective
metallization of the modified regions. Furthermore, composite systems based on copper and gold were
fabricated. It was shown that these composites have improved electrocatalytic properties compared to
copper electrodes and exhibit higher sensitivity in the enzyme-free detection of glucose, hydrogen
peroxide and dopamine.

The Ph.D. candidate contributed significantly to this study by collecting and analyzing literature

data related to the research topic. The candidate was also heavily involved in the development of
techniques for laser-induced surface modification of polymeric materials, followed by copper plating,
and the subsequent investigation of the physicochemical and electrocatalytic properties of the
synthesized structures. In addition, the candidate played an active role in the preparation of the article,
which included data processing and analysis, as well as manuscript writing.
2. Khairullina, Evgeniia M; Panov, Maxim S; Andriianov, Vladimir S; Ratautas, Karolis; Tumkin,
Ilya I; Raciukaitis, Gediminas; High rate fabrication of copper and copper—gold electrodes by laser-
induced selective electroless plating for enzyme-free glucose sensing, RSC advances, 11, 32, 19521-
19530, 2021, DOI: 10.1039/D1RA01565F

In this study, the laser-induced synthesis of copper-based non-enzymatic electrochemical sensors
on the surfaces of glass and glass-ceramics was proposed. The developed sensors were used for the
electrochemical detection of glucose. In particular, the gold-modified copper structures synthesized on
the glass-ceramic surface showed particularly high sensitivity to glucose values. In addition, the
developed electrodes were characterized by high selectivity and long-term stability.

The PhD candidate contributed significantly to this study by collecting and analyzing literature
data related to the research topic. In addition, the candidate was actively involved in the development of
techniques for laser-induced modification of glass and glass-ceramic surfaces, followed by copper
plating, and further investigation of the physicochemical and electrocatalytic properties of the
synthesized materials. . In addition, the candidate played an active role in the preparation of the article,

which included data processing and analysis, as well as manuscript writing.
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3. Khairullina, Evgeniia M; Tumkin, llya I; Stupin, Daniil D; Smikhovskaia, Alexandra V;
Mereshchenko, Andrey S; Lihachev, Alexey I; Vasin, Andrey V; Ryazantsev, Mikhail N; Panov, Maxim
S; Laser-assisted surface modification of Ni microstructures with Au and Pt toward cell biocompatibility
and high enzyme-free glucose sensing, ACS omega, 6 ,28 ,18099-18109, 2021, DOI
10.1021/acsomega.1c01880

In this work, laser-induced synthesis at the interface between the substrate and the liquid reaction
medium leading to the formation of nickel-based non-enzymatic electrochemical sensors was
investigated. The influence of morphology and composition of Ni structures modified with Au and Pt
on cell biocompatibility and electrocatalytic activity in enzyme-free glucose determination was studied.
It was found that Ni-Au electrodes provided better cell adhesion compared to Ni-Pt electrodes.
Conversely, porous Ni and Ni-Pt electrodes, which have a more developed surface area than Ni-Au,
exhibited superior electrocatalytic properties in glucose detection, demonstrating high sensitivity,
selectivity, and stability.

The Ph.D. candidate contributed significantly to this study by collecting and analyzing literature
data related to the research topic. In addition, the candidate was actively involved in the laser-induced
synthesis at the substrate-liquid reaction medium interface and the subsequent investigation of the
physicochemical and electrocatalytic properties of the synthesized structures. The candidate also played
a major role in the preparation of the scientific publication, which included the processing and analysis
of the data, as well as manuscript writing.

4. Tumkin, llya I; Khairullina, Evgeniia M; Panov, Maxim S; Yoshidomi, Kyohei; Mizoshiri,
Mizue; Copper and nickel microsensors produced by selective laser reductive sintering for non-
enzymatic glucose detection, Materials, 14, 10, 2493, 2021, DOI: 10.3390/mal14102493

In this study, non-enzymatic electrochemical sensors based on copper and nickel were prepared
by a laser-induced synthesis at the interface between the substrate and the solid reaction medium. The
activity of these proposed materials in the enzyme-free electrochemical detection of glucose was
investigated. It was also demonstrated that the developed materials possess high selectivity, long-term
stability and reproducibility of analisys results.

The Ph.D. candidate contributed significantly to this study by collecting and analyzing literature
data related to the research topic. In addition, the candidate participated in the development of laser-
induced synthesis methods at the interface between the substrate and the liquid reaction medium, as well
as in the further investigation of the physicochemical and electrocatalytic properties of the synthesized
structures. The candidate also played an active role in the preparation of the scientific publication, which
included data processing and analysis, as well as manuscript writing.

5. Evgeniia Khairullina, Kseniia Mosina, Rachelle M. Choueiri, Andre Philippe Paradis, Ariel

Alcides Petruk, German Sciaini, Elena Krivoshapkina, Anna Lee, Aftab Ahmed, Anna Klinkova; An
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aligned octahedral core in a nanocage: synthesis, plasmonic, and catalytic properties, Nanoscale, 11, 7,
3138-3144, 2019, DOI 10.1039/C8NR09731C

In this work, a methodology for the synthesis of metallic nanoparticles characterized by a unique
core-cell-like structure is described and their plasmonic and catalytic properties are investigated. The
results of this study confirm the potential of bottom-up synthesis for complex plasmonic nanostructures,
opening wide prospects for their application in areas such as sensing, catalysis, and beyond.

The PhD candidate contributed significantly to this study by collecting and analyzing literature
data related to the research topic. In addition, the candidate was directly involved in the development of
procedure for the colloidal synthesis of gold nanoparticles and the subsequent investigation of their

physicochemical and electrocatalytic properties.
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CHAPTER 1. LITERATURE REVIEW

1.1  Laser-induced processes at the interface substrate - reaction media

Laser radiation has revolutionized chemical synthesis including the fabrication of nanostructures,
making it possible to produce nanomaterials with outstanding properties [1-5]. The main advantage of
lasers in the synthesis of nanomaterials is their ability to create specific conditions within the irradiated
area. Consequently, the focal region of the laser beam can be considered as a special kind of chemical
reactor with precisely controlled conditions [6].

Irradiation of a chemical system can lead to the laser-induced thermal and/or photoprocesses [7].
Photoprocesses can be described as molecules absorbing photons of specific wavelengths, which can
lead to electronic transitions and the formation of excited states, which can result in the rearrangement
of chemical bonds. Lasers have a number of advantages over broad-spectrum lamps for studying
photoprocesses due to the monochromaticity and coherence of the radiation and the ability to generate
short pulses. These characteristics of laser radiation allow for targeted interaction with specific chemical
bonds and molecules, in contrast to the broad-spectrum approach of lamps. Purely photoinduced
processes do not result in a temperature change within the system under laser irradiation. In contrast,
thermal processes cause a local temperature increase due to the thermalization of absorbed radiation.
Both photochemical and thermochemical processes often occur simultaneously in chemical systems
exposed to laser radiation. The intensity of the laser radiation is a critical parameter and can be used to
some extent to control the processes taking place in the reaction system. At relatively low power,
especially for short wavelength lasers, photochemical processes tend to dominate. However, as the laser
power increases, thermal effects become more pronounced. This can lead not only to thermal activation
of chemical reactions, but also to evaporation of precursors, substrate destruction, and degradation of
synthesized materials when critically high energy densities are reached [8].

This work focuses on laser-induced thermal processes occurring at various substrate-reaction
media interfaces. High power laser sources are primarily used to induce thermal processes and provide
stable heating of the reaction media. Laser radiation provides precise control of temperature and
exposure time, allowing localized heating without affecting the entire volume of the reaction medium.
The mechanisms behind thermally induced reactions are highly specific to different precursor
compositions and irradiation conditions. In general, the chemical reaction results from overcoming the
energy activation barrier, e.g., by changing the redox potential due to a localized temperature increase
or by the formation of an active intermediate [9].

Laser irradiation of the interface between a substrate and a reaction medium results in a localized

temperature increase. This temperature increase causes several key processes:
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- The chemical reactions,

- Substrate modification,

- Mass transfer driven by temperature and concentration gradients within the reaction medium.

All of the processes described above depend on the composition of the reaction medium and the
temperatures reached. Therefore, precise adjustment of the laser irradiation parameters is essential to
synthesize materials with the required functional properties. In addition, these processes are significantly
influenced by the substrate-reaction medium interface. The properties of the resulting material are
determined not only by the reaction medium, but also by the substrate properties and the nature of the
interface. When synthesizing a new phase on the substrate, three types of interfaces can be identified:
substrate-air, substrate-liquid reaction medium, and substrate-solid reaction medium. LIS at different
interfaces can reveal the relationships between laser treatment conditions and the properties of the
synthesized nanostructured materials, including adhesion and electrochemical performance. This study
focuses on LIS processes in which the metal phase precursor defines the nature of the interface between
the substrate and the reaction medium (Figure 1a). This approach contrasts with methods where the
metal phase is directly derived from the substrate itself (Figure 1b) [8]. An example of a technique from
the latter category is the laser-induced synthesis of metal nanoparticles within specially prepared glass
or polymer substrates [10,11].

d
Synthesizec’

material |

Precursor

Figure 1 - Schematic comparison of LIS approaches [8]

During LIS at interfaces, a new metallic phase can be formed by reduction reactions involving
both liquid and solid phase precursors (Figure 2). It is noteworthy that in our case laser irradiation of the
substrate-air interface results in modification of the substrate, where the formation of metallic structures
occurs in the absence of direct laser irradiation. However, since this process takes place without laser
assistance and has been extensively studied [12], the focus shifts primarily to the surface modification
process. LIS can also be performed at the substrate-gas reaction medium interface using gaseous
precursors such as metal carbonyls [13,14]. In this scenario, LIS is performed in a single step by laser-

induced decomposition of the gaseous precursor. Despite the obvious advantages of this single-step
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method, it has been extensively studied and found to be inefficient due to the need to use gas reactors,
the stringent requirements for precursors-which are often highly toxic-and the critically low deposition
rates that do not address practical issues. Given these challenges, the scientific community has focused
its main efforts on studying LIS for the fabrication of metallic structures at the substrate-liquid/solid
reaction medium or substrate-air/inert gas interfaces. These approaches have shown greater promise for
the efficient synthesis of metallic structures with potential applications in various fields, including

electrochemical sensing.

substrate - liquid

substrate - air reaction medium

substrate - solid
reaction medium

Figure 2 - LIS at the substrate reaction medium interfaces

Liquid phase precursors may include solutions of salts and complexes in suitable solvents, while
solid phase precursors may consist of metal oxide nanoparticles, insoluble salts and complexes that are
reduced under the influence of laser radiation [15,16]. Since LIS involves the laser-induced chemical
reaction, the use of metal nanoparticles for sintering without chemical transformation is excluded from
this discussion. A critical difference in the process of new metal phase formation during laser heating
between solid and liquid phase precursors lies in the heterogeneous crystallization following the
reduction of metal ions in the latter case [7]. In view of this, changing the thermal influence on the liquid
phase precursor by modifying the laser irradiation conditions can significantly affect the morphology of
the synthesized material [17]. In contrast, when solid phase precursors based on metal oxide
nanoparticles are used, the morphology of the final structure is largely determined by the size of the
initial particles. For example, it has been shown that the presence of large particle agglomerates (> 1
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um) in the initial mixture leads to the formation of defective structures characterized by the presence of

discontinuities leading to the loss of electrical conductivity (Figure 3) [18].

Figure 3 - SEM images of precursor film (a) with particle agglomerates, (b) without particle
agglomerates, optical microscopy of materials obtained from solid phase precursor (b, c) with particle

agglomerates, (e, f) without particle agglomerates [18]

In addition to laser-induced the chemical reaction for metal reduction leading to the formation of
solid phase materials, laser irradiation also triggers processes that modify the surface layer of the
substrate. In this study, irradiation of the substrate-air interface was used for local surface modification
of polymeric and glass-ceramic materials, setting the stage for their subsequent spatially selective
metallization in these regions. Possible processes include the formation of defects in the near-surface
layer of the material and the induction of chemical reactions with surrounding air molecules. In addition,
the temperature increase enhances the diffusion of atoms within the near-surface layer, facilitating the
penetration of gas molecules deeper into the substrate material [19-21].

One of the pioneers in the field of laser surface modification for selective metallization is G.A.
Shafeev, the works of his group made a significant contribution to the development of the field.

However, their primary focus was on the metallization of wide-gap crystalline and amorphous dielectrics



16

(Al203, SIiC, Ce0z2, ZrO2) [22,23]. G.A. Shafeev proposed a two-step process involving activation of the
dielectric surface by laser radiation followed by a subsequent metallization step by immersion in a
solution of the liquid phase precursor. It has been shown that laser treatment of such dielectrics in air
under certain conditions leads to the formation of catalytic centers capable of reducing metals from
solutions of their salts and complexes. The appearance of catalytic activity on the surface after laser
treatment is related to the modification of the band gap of the dielectric, resulting in the creation of a
non-zero density of electronic states near the potential for chemical reduction of the metal. These
electronic states may arise either from the formation of point defects (F-centers for Al203, CeOz2, ZrO>)
or from the bending of the dielectric bands caused by residual mechanical stresses in the material post-
laser ablation (SiC, diamond) [24].

When the interface between the substrate and the liquid reaction medium is irradiated, the primary
process observed in the surface degradation of the substrate is likely to involve the formation of defects
and active centers by mechanisms similar to those described above. These defects and centers later
facilitate the growth of metallic structures [7,25]. Laser-induced synthesis (LIS) at the substrate-liquid
reaction medium interface is a method that combines the activation steps of LIS at the substrate-air
interface with metallization into a single process. Consequently, LIS in the solution of metal complexes
enables the direct formation of conductive structures on the substrate under laser irradiation.

In scenarios where the substrate, solid reaction medium, and air interface are irradiated, the effect
of laser irradiation on the substrate is indirect, mediated through the precursor film layer [26,27]. The
new phase is formed by the reduction of oxide nanoparticles to their metallic counterparts, with the
conductivity of the system facilitated by the fusion of these reduced nanoparticles due to laser-induced
heating [16,28]. Similar to the direct laser irradiation of the substrate, the formation of defects on the
substrate is also possible. Here, the magnitude of the thermal effect of laser irradiation at a fixed power
is significantly influenced not only by the properties of the substrate material itself, but also by the
absorption coefficient and thickness of the precursor film [28,29]. The precursor film can significantly
mitigate the thermal effect of the laser at the substrate-solid reaction medium interface. This attenuation
makes it more difficult to modify the interface to improve contact with the synthesized material, but it
also allows the use of less temperature-resistant materials as substrates, including flexible polymers
[30,31]. In [32], the possibility of synthesizing conductive copper structures as a result of laser-induced
reduction of a solid phase precursor on the surface of polydimethylsiloxane (PDMS) was demonstrated
(Figure 4 a,b); the formation of metallic copper on a substrate with three-dimensional morphology

should be highlighted separately (Figure 4 c,d).
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PDMS step

Copper line

Figure 4 - Optical microscopy (a) and SEM image (b) of copper structure on PDMS surface; optical
microscopy (c) and profile (d) of copper structure on substrate with three-dimensional morphology [32]

The study of the processes occurring at the interface between the substrate and the reaction medium
under laser irradiation represents an important area of research. This is because it allows the synthesis
of solid-phase materials with unique functional properties. These properties can be extensively
modulated by varying not only the parameters of the laser radiation itself, but also the characteristics of
the medium in which the induced processes take place.

Despite the high relevance and considerable potential of this field, there is a notable lack of
systematic studies exploring the interaction between laser radiation and the reaction medium and
substrate. Such interactions are crucial for the formation of solid-phase materials with enhanced
electrocatalytic properties. A unified description of laser-induced synthesis (LIS) processes at the
substrate-reaction medium interface could help to fill the existing knowledge gaps. It would also pave
the way for new methods to control the properties of the synthesized materials, offering promising

avenues for future research and applications.

1.2 Adhesion of electrochemical sensors to the substrate

In addition to the electrocatalytic activity of the material with respect to the target analyte, the
adhesion of the electrocatalytic layer to the substrate is a property that determines its practical
application. Regardless of the chosen methods of synthesis of electrochemical sensors and technologies
of their deposition on the substrate, high adhesion between the substrate and the sensor layer is a critical
requirement in the development of sensor platforms.

A number of methods exist to improve the adhesion of sensor layers to the substrate, among which
the following main directions can be emphasized:
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Surface cleaning: a preliminary surface preparation that includes mechanical and/or ultrasonic
cleaning in organo-aqueous solutions to remove contaminants that adversely affect the adhesion
properties of the structures. Surface cleaning is an integral step in most methods of applying sensing
materials to a substrate. In most cases, this step is considered a routine preparatory step and the
conditions of this process are rarely studied in detail, as the effect of this method on the final adhesion
of the material is extremely limited [33-35].

Substrate Modification: This area includes methods such as plasma treatment, etching, laser
structuring. These approaches can increase surface roughness and/or form surface functional groups that
improve adhesion.

Changing the morphology of the substrate has a significant impact on the adhesion properties of
the coating, affecting the micromechanical bond and the contact area between the metal layer and the
surface [36,37]. A rough surface can provide high adhesion due to the increased substrate-metal layer
interface. Surfaces with greater roughness have more microroughness to anchor metal phase nuclei,
whose growth fills the roughness to form a continuous conductive metal film. However, in some cases,
an increase in roughness can lead to the formation of air pockets, resulting in a decrease in the effective
contact area and the possible formation of defects in the structure of the synthesized materials. Therefore,
optimization of the surface structuring process is an important part of the synthesis of materials with
high adhesive properties [38].

In addition, surface cleaning is particularly important in the case of surface structuring, since a
developed surface can promote the retention of contaminants, which prevents the formation of high-
adhesion structures. For this reason, the aforementioned surface cleaning is a complementary method to
more effective approaches.

Use of Bonding Agents (Promoters):

The use of adhesion promoters in the deposition of metal coatings on various substrates is one of
the effective approaches to improve adhesion [39-43]. In general, promoters can form chemical bonds
with the substrate and the deposited layer, with silane-based promoters being the most prominent
example of the realization of this principle. They are particularly effective at the interface between
inorganic (glass, metal) and organic (polymer) materials [44], among the promoters of this class we can
mention the widely studied and effective aminopropyltrimethoxysilane [45].

It should be noted that spatially selective surface modification by adhesion promoters is a very
challenging task. Despite its proven efficiency, this approach has very limited applicability in the case
of spatially selective laser-induced synthesis methods. In addition, the use of promoters significantly
complicates the synthesis procedure and requires the development of agents for different metal/substrate

combinations. Therefore, this work focused on laser-induced processes for local changes in the
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composition and morphology of the surface as the most promising way to increase the adhesion of
materials while preserving the spatial localization of the processes.

Adhesion refers to properties that are difficult to measure in absolute terms. There are examples
of measuring the adhesion of metallic coatings using different variants of tests based on measuring the
tensile force required to peel the coating from the substrate (Figure 5), where an mating substrate is
bonded to the sample under test [36,46]. However, this approach is most commonly used to study

coatings of sufficiently large area.

Coating

Ni on Al

Figure 5 - (a) General principle of adhesion measurement, (b) the most common study design using a

rod, (c) photographs of samples [46]

For laboratory studies of nanostructured coatings, the most commonly used, simple and effective
method for assessing the adhesion of metal coatings to the substrate is the scotch test, which can be
considered as a variation of the above approach, where adhesive tape acts as an auxiliary substrate and
adhesive layer. This approach is widely used in laboratory practice to study the adhesion of LIS materials
[47-49]. Most authors use ASTM D3359 Standard Test Methods for Rating Adhesion by Tape Test as
a methodological basis, but in some cases this approach is adapted to take into account the special
features of the samples, including the size of the synthesized structures. The essence of the method
consists in sticking the tape on the sample to be examined and then tearing it off. Based on the analysis
of the sample surface after the tape is removed and of the tape itself, it is possible to draw conclusions
about the adhesion strength of the film to the substrate. If, according to the visual evaluation data,
particles of metallic structure remain on the tape after it is torn off, this is an indicator of insufficient

adhesion. If the metallic structure remains intact and there are no coating elements on the tape, the
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adhesion is considered satisfactory. The scotch test is a universal approach that allows evaluating the
adhesion of materials to the substrate regardless of their functional purpose.

However, the study of adhesion by indirect methods, which allow evaluating the effectiveness of
materials for specific applications, provides more relevant data in the context of further promising
research in the chosen direction. Since this work focuses on the synthesis of electrocatalytically active
materials, indirect adhesion assessment of metallic structures was also carried out by investigating the
functional properties using cyclic voltammetry (CV). The main idea of using CV for adhesion
assessment is to study the stability of electrochemical behavior of electrodes during repeated potential
sweep cycles. In case of high adhesion of the electrode material to the substrate, the CV shape should
remain constant from cycle to cycle, otherwise, if the adhesion is insufficient, a change in the
electrochemical signal indicating electrode exfoliation from the substrate can be observed. For instance,
significant changes in the magnitude of the currents and/or oxidation/reduction potentials may indicate
a change in the adhesion of the electrodes to the substrate. That said, changes in CV shape can occur due
to a variety of causes other than just those related to insufficient adhesion, so this approach is indirect.
However, the combination of different adhesion assessment methods, taking into account the functional
properties of the materials, allows a fairly complete characterization of the adhesion properties of the

systems under study.

1.3 Laser-induced synthesis of metal electrodes

Laser-induced synthesis refers to additive methods of material synthesis [27,50]. The main
advantage of additive approaches is the possibility to obtain complex two- and three-dimensional
structures with minimal precursor consumption. In contrast to subtractive approaches, where the
processes of stencil-assisted etching the pre-deposited film are used to obtain electrodes of a given shape,
additive approaches allow direct localized synthesis of the structure of the desired geometry and
composition on the substrate. Among the additive approaches, laser technologies can be singled out,
whose possibilities of high performance material processing have attracted great attention of researchers
for many years. A unique feature of laser systems is their potential use in many technological processes,
including synthesis, alloying, polymerization simultaneously with the formation of the required
geometry of the structure [8]. Thus, the controlled action of the laser on the reaction medium allows to
simultaneously realize both the tasks of synthesis of unique materials and methods of their deposition
on a given substrate in the form of a given pattern. Thanks to the use of laser sources, it is possible to
apply materials based on the selected geometry, which is optimal for a particular application and
provides excellent functional properties. The process of laser-induced synthesis can also be realized on

a substrate of any shape, including those with a large radius of curvature. Gaseous, liquid, and solid



21

systems can serve as the reaction medium, which is directly irradiated and serves as a precursor for the
formation of a new phase, ensuring the versatility of the laser-induced synthesis approach. Because of
these broad capabilities, laser synthesis has found wide application in the creation of advanced materials
in energy storage and delivery systems, microelectronics, sensing, etc., where high spatial accuracy of
deposition and optimization of the shape of functional elements are required to effectively solve the task
at hand (Figure 6) [8,51].
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Figure 6 — Laser synthesis of materials and applications [8]

Since the invention of laser sources in the 1960s, laser radiation has found its application in the
synthesis of solid phase compounds and materials, which has become the basis for the development of
many innovative approaches in materials science and chemistry. Such approaches exploit the unique
ability of laser radiation to influence the reaction medium, allowing not only the formation of new phases
of materials, but also the modification of the physical, chemical, and structural properties of existing
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compounds. From the point of view of creating enzyme-free sensors for the detection of important
analytes, laser-induced synthesis at the substrate-reaction medium interface can be highlighted among
many laser approaches, since LIS allows the controlled production of a wide range of conducting
nanostructured materials that can become the basis for high-performance sensor platforms. LIS allows
the synthesis of new solid phases with unigque properties, in contrast to approaches such as laser-induced
forward transfer (LIFT) [52,53], laser ablation [54-56], pulsed laser deposition (PLD) [57,58], and the
formation of laser-induced periodic surface structures (LIPSS) [59,60]. The above mentioned
approaches are also characterized by the spatial localization of the process and the possibility to create
localized structures, but they are largely limited in the possible chemical transformations since they are
based on the transfer and redistribution of the target substance in space and require the availability of
initial pre-synthesized materials for transfer and modification. In contrast to these methods, LIS is not
limited to the redistribution of the target substance in space, but allows chemical transformations that
lead to the formation of new phases, thus expanding the possibilities for creating and modifying
materials.

Laser-induced synthesis allows to obtain a wide range of solid phase materials of different nature
(metals, oxides, composites, etc.) on the substrate [9,61-64]. In this work, special attention is paid to the
processes of laser-radiation interaction at the substrate-reaction interface leading to the formation of
metallic nanostructured materials on the surface of flexible and rigid substrates. Such materials have
high electrical conductivity and can exhibit electrocatalytic activity towards a wide range of target
analytes, making them promising for the synthesis of electrodes for electrochemical sensors. At the same
time, transition metals such as nickel and copper, in addition to high electrocatalytic activity, have
economic efficiency compared to noble metals, which makes their use as the main electrode material a
promising solution [65,66]. In addition, the creation of polymetallic electrodes with a combination of
noble and transition metals allows us to obtain systems that take into account economic aspects and show
increased stability and activity due to synergistic effects [67,68].

Despite the great potential of LIS for the preparation of materials with high electrochemical
activity, it has not been widely published to date. Many studies describe methods for the synthesis of
metal structures that could be used as working electrodes in electrochemical analysis, but the main focus
of the works is directed to the development of methods and, to a large extent, to the discussion of physical
problems of interaction of laser radiation with the reaction system. The current state of research in the
field of LIS of metallic structures that can serve as electrode materials for electrochemical sensors is
analyzed below.

Laser-induced processes of synthesis of metallic structures on the surface of substrates can be

divided into two groups:
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1. The first type: local laser activation of the substrate followed by chemical metallization
in the area exposed to laser irradiation. In this case, the processes of metal ion reduction, crystallization
and structure growth occur without laser irradiation. Laser irradiation determines the shape of the
structure by changing the composition and morphology of the substrate, rather than as a direct result of
the metal ions reduction reaction under the influence of radiation.

2. The second type: laser-induced metal reduction from the precursor under the action of
laser radiation, resulting in the localized formation of conductive metal electrodes on the substrate. Since
these processes take place in a strictly limited volume in the microreactor formed by the laser beam, it
opens the possibility of implementing the so-called laser writing, where the geometric shape of the
synthesized structure is determined by the trajectory of the laser beam. It should be noted that within the
framework of this type of laser-induced processes, it is also possible to modify the substrate during the
formation of the metal phase.

The first type includes the laser direct structuring (LDS) method [69-72], this approach is a two-
step methods where the substrate activation and metallization stages are separated in time.

This method can be divided into three stages:

1. Substrate preparation, where a composite material is created from a polymer matrix and special
additives that are further activated by laser irradiation;

2. Laser scanning of the substrate along the trajectory of the required geometry, which activates
the additives, i.e. transfers them to a catalytically active state for further chemical metallization;

3. The stage of direct metallization, which takes place selectively in the areas activated by laser
radiation.

Direct laser structuring uses a specially designed polymer composite doped with an additive whose
activation occurs under the influence of laser radiation [37]. The additive absorbs the laser radiation,
resulting in ablation of the polymer with release of gases and carbonization of the surface. As a result,
there is a local change in the morphology of the substrate and the formation of catalytically active centers
for the further stage of metallization [73]. The main direction of research in this area is the selection and
optimization of additives. Among promising examples are Cu2(OH)PQOs4, mixed oxides CuO-Cr20s,
carbon nanotubes [74]. In the research of the group of Zhou et al. different variants of the direct laser
structuring process have been developed for the metallization of a wide range of polymer surfaces. For
example, antimony doped tin oxide (ATO) has been shown to be an effective additive for activating the
polystyrene surface under the action of a pulsed IR laser [75]. In turn, copper oxalate CuC204 and copper
acetylacetonate Cu(O2CsH7)2 can be used to fabricate copper structures on the surface of acrylonitrile
butadiene styrene (ABS) [76]. For the metallization of polydimethylsiloxane (PDMS), [Cu2(OH)PQOa4]

and ATO are effective [77]. One of the newest and most promising additives is compounds based on
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molybdenum oxides, since their activation is possible under the action of laser radiation with different
wavelengths from UV to IR [78].

One of the main disadvantages of this approach is the necessity to use special composite as a
substrate, which significantly limits the variety of surfaces that can be metallized. This limitation is not
present in the related method of laser-induced synthesis at the substrate-air interface, which is the focus
of the current work. In the approach proposed here, the need for special composite substrates is
eliminated. The catalytic properties of the surface with respect to copper reduction are imparted through
the use of metal salts and complexes, which can be applied to the surface of any polymer [79]. For
example, the use of organometallic compounds of palladium (Pd(AcAc)z2), which are applied to the
dielectric surface before irradiation and decompose under the action of a laser, allows selective activation
of the surface of polyphenyl-quinoxaline and polyethylene terephthalate [80,81]. The formation of
palladium grains as a result of laser-induced decomposition of Pd(AcAc)2 allows not only to create local
metal structures on the surface of “soft” dielectrics, but also increases the adhesion of the deposited films
[82]. The work of K. Ratautas et al. [83—-85] made it possible to replace palladium compounds with
cheaper silver salts at low concentrations (up to 10* M) and to significantly expand the range of hard
and soft substrates whose surface can be modified by this approach. In the case of surface activation
using silver salt solutions, it has been shown that exposure to laser radiation leads to the formation of
surface aldehyde groups that have the ability to recover silver ions from the solution [85].

The second type of methods includes laser-induced synthesis at the interface “substrate-solid
reaction medium” and laser-induced synthesis at the interface “substrate-liquid reaction medium”. The
latter approach consists of laser-induced decomposition of the metal precursor in the microreactor at the
focus of the laser beam and the reduction of the ion to the metallic state [25,86—-89]. This approach
emerged as a modification of the traditional electroless deposition of metals, while the use of laser
heating allowed to accelerate and localize the process. The pioneering works of Kordas K. and Shafeev
G.A. [90,91] laid the foundation for the concept of simultaneous activation of the surface and local
formation of metallic nanostructured layers. Subsequent studies were aimed at sinvestigation of the
deposition processes of various noble and transition metals, which allowed to deepen the understanding
of the influence of the solution composition and synthesis conditions on the functional properties of the
fabricated materials [92—-95]. Laser-induced synthesis at the substrate-liquid reaction medium interface
shows significant potential for the development of electrochemical enzyme-free sensors, including the
high electrocatalytic activity of synthesized copper electrodes towards glucose, hydrogen peroxide, and
L-alanine was demonstrated. The synthesized materials exhibit developed nanostructured surface with
abundant active sites, which provides high sensitivity and selectivity of analysis [96-98].

In laser-induced synthesis at the substrate-solid reaction medium interface, in contrast to solution

synthesis, systems based on metal oxide nanoparticles are used as precursors [16,99,100]. At the same
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time, precursors based on copper (1) oxide nanoparticles are among the most studied with respect to the
application of conductive copper structures in microelectronics [15]. Laser-induced thermochemical
reduction of CuO nanoparticles and their sintering resulted in the formation of conductive structures.

The sintering mechanism is shown in Figure 7.
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Figure 7 - Mechanism of the nanoparticle sintering [16]

The thermal effect created by the laser radiation leads to the heating of the reduced Cu NPs and
to the migration of the surface atoms, resulting in the formation of a neck between the particles. As a
result, a copper layer is formed that provides a continuous path for the flow of electrons. It has been
shown that the conductivity of structures fubricated by laser-induced synthesis at the substrate-solid
reaction medium interface can be controlled by varying the size of CuO particles included in the
precursor. The addition of CuO nanoparticles (<100 nm) in the ink containing larger particles
significantly reduces the resistance of the synthesized structures [18].

In addition to copper structures, laser-induced synthesis at the substrate-solid reaction medium-
air interface using oxide NPs as precursors has been demonstrated for the creation of nickel, cobalt, and
polymetallic structures. Based on the synthesized conductive materials, the possibility of fabricating a
number of functional devices and elements has been demonstrated, including transparent electrodes
[101,102], temperature sensors [103,104], planar Bragg gratings [105], and optoelectronic systems
[106].

Thus, based on the above review of laser-induced metal reduction processes, we can conclude

that laser-induced synthesis at the interface offers effective approaches for creating complex micro- and



26

nanostructures with a wide range of compositions and morphologies, in part due to the unique variability
of synthesis conditions, both in terms of laser radiation (wavelength, pulse time, power, etc.) and
precursor compositions. LIS is a rapidly developing field at the intersection of many disciplines, which
explains the complexity of the challenges faced by researchers. Understanding the mechanisms of
interaction of laser radiation with the reaction medium and optimizing processes to fabricate materials
with specified properties requires taking into account a variety of factors that affect the system as a result
of the use of laser radiation. Thus, the study of LIS processes at the substrate-reaction medium interface
will allow the development of new synthesis methods and the establishment of composition-structure-
property relationships for sensor materials. This will not only deepen fundamentals of LIS, but also
significantly expand the field of application of these materials, including the creation of electrochemical
sensors. The development of mono- and polymetallic electrode materials based on copper and nickel
and their combination with noble metals will allow to obtain highly efficient systems for the non-
enzymatic detection of various analytes due to their high electrocatalytic activity as well as the developed

morphology of the materials obtained by LIS.

1.4 Non-enzymatic electrochemical sensors

Electrochemical sensors are devices designed for qualitative and quantitative analysis of liquid
and gaseous media, where the analytical signal is provided by the electrochemical reaction in the near-
electrode region. The main feature of sensors as a class of devices, which distinguishes them from
classical analytical devices, is the possibility of field qualitative and quantitative analysis in real time
and with minimal sample preparation. Due to the above advantages, electrochemical sensors are widely
used in many fields of science and industry, including public health, medicine, ecology, forensics, etc.
(Figure 8).

Traditionally, enzymes have been used in electrochemical sensors because of their ability to bind
to the analyte with high specificity, thus ensuring selectivity of analysis (Figure 9). Enzymatic sensors
include a biorecognition agent (enzyme) immobilized on the surface of the working electrode, such as
glucose oxidase (GOXx) or glucose dehydrogenase for glucose detection, or lactose oxidase for lactate
detection [107]. However, enzymatic sensors have a number of significant drawbacks that are directly
related to the use of enzyme molecules. Enzymes, like many biological molecules, are very sensitive to
environmental conditions, they can lose their activity at pH below 2 and above 8, they are also sensitive
to temperatures above 40°C, surfactants, humidity and the presence of dissolved oxygen in the system
[65]. A promising alternative to enzyme sensors are non-enzymatic ones, which lack biological

functional units (Figure 9).
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Figure 8 - Electrochemical sensor applications

reproducibility and quality control for mass production, and do not have the aforementioned
disadvantages of enzyme sensors [108]. In addition, they have higher sensitivity due to the direct electron
transfer from the molecule of the substance to the electrocatalytically active center of the electrode
without the involvement of a mediator or enzyme. There is also the potential to create electrodes for
reusability and long continuous operation, as the materials used can withstand recovery procedures and

sterilization in aggressive environments after analysis.
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Figure 9 - Architecture of enzymatic (on the left) and non-enzymatic electrochemical sensors (on the
right)

Thus, non-enzymatic sensors have unique characteristics compared to traditional enzyme systems.
Non-enzymatic platforms have shown promise in the detection of a wide range of analytes [66,109-114]
The electrochemical detection of glucose has received particular attention in the literature and in this
work, as the control of glucose concentration in biological fluids is a key task in the diagnosis and
monitoring of diabetes [109,112]. With the number of diabetic patients worldwide increasing every year,
the development of reliable, accurate and affordable glucose detection methods is an important area of

research [66].
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In enzymeless sensors, the oxidation of the analyte occurs directly on the surface of the working
electrode. To reveal the mechanism of direct electrooxidation of glucose on various metal surfaces and
to choose the conditions of analysis, an important point is to determine its form of presence in solution
depending on pH. In aqueous solutions, the linear molecule of y-D-glucose as a result of rapid hydrolysis
transforms into a five-membered (furanose) or six-membered ring (pyranose) due to the formation of a
semi-acetal bond (Figure 10). Depending on the cis- or trans-position of the hydroxyl group at the first
carbon atom, cyclic forms of glucose are divided into o and § anomers. At the same time, in equilibrium
aqueous solutions at room conditions, the a-D-glucopyranose and 3-D-glucopyranose forms of the five-
membered cycle significantly predominate [115]. The ratio of a and  forms is largely determined by
the pH of the medium [116]:

the equilibrium ratio of a and B isomers at pH = 1 is 56:44

the equilibrium ratio of o and [ isomers at pH = 13 is 22:78
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Figure 10 - Structural isomers of glucose [117]

In the glucose electrooxidation, abstraction of the hydrogen atom at C-1 is the rate-limiting step,
with the B-anomer having a relatively more accessible axial H than the equatorial hydrogen of the a-
form. The greater electroactivity of the f-anomer and its higher content in aqueous solutions at alkaline
pH provides an opportunity to improve the analytical performance of the sensor by selecting an optimal
background electrolyte in applications where solutions with a high pH value are acceptable [117].

The mechanism of direct electrooxidation of glucose at the active centers of the electrode depends
on its material. For noble metals such as gold, platinum, etc., where there is no formation of oxide
compounds on the electrode surface when the working potential of the sensor is applied, this process

proceeds according to the mechanism shown in Figure 11. As the glucose molecule approaches the
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electrode, its hydrogen atom on the first carbon interacts with the surface, resulting in dehydrogenation

followed by oxidation to gluconolactone [86].
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Figure 11 - Electrooxidation of glucose at the surface of a gold electrode [118]

In addition to the chemisorption-based mechanism described above, surface hydroxyl radicals
(OHags) formed during electrocatalysis play an important role in the electrooxidation of glucose with
noble metals, which can also oxidize glucose directly (incipient hydrous oxide/ adatom mediator
(IHOAM) model) [119].

In the case of alkaline background solutions and electrode materials based on 3d transition metals
such as copper, nickel, cobalt, their electrocatalytic activity is explained by the formation of Me3* species

on the surface (Figure 12):

Cu + 20H < Cu(OH)2 + 2¢ 1)
Cu(OH)2 + OH" <> CuOOH + H20 + ¢ (2)
CuOOH + glucose «» Cu(OH)2 + gluconolactone 3)

The main oxidation product for both noble and transition metals is gluconolactone, which is

rapidly hydrolyzed to gluconic acid.

Cu CuOOH

Figure 12 - Electrooxidation of glucose on the surface of a copper electrode [118]
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Thus, LIS of materials based on transition (Cu, Ni) and noble (Au, Pt) metals exhibiting
electrocatalytic activity towards glucose allows to obtain nanostructured electrodes for non-enzymatic
sensor platforms. Favorable conditions for the electrooxidation of glucose on the surface of metals are
the alkaline environment with respect to the predominance of B-D-glucopyranose at higher pH due to
mutarotation, as well as the instability of electrode materials based on 3d metals and their oxides in

acidic media.

1.5 Nanomaterials for non-enzymatic sensors

Nanostructured and nanoscale functional materials have been intensively studied in many fields
of science in recent decades due to the their special surface chemistry, which entail the appearance of
properties not characteristic of the same substance with larger particle sizes [120].

In the context of considering non-enzymatic sensors and electrocatalytic activity of metals towards
oxidation or reduction of various analytes, the nanostructured electrode surface can have a significant
impact in terms of the following aspects [117]:

1. Increase in the number of electrocatalytic active sites.

Crystal planes with high Miller indices and other structural features of nano-objects are more prone
to the formation of hot spots that serve as active sites where the electrochemical reaction takes place.

2- Formation of confined space surrounded by electrically conductive surfaces.

Nanoscale cavities inside nanopores, under certain conditions, cause changes in the interaction of
detectable molecules with the surface, creating an environment favorable for catalysis. The electric field
applied to the nanoporous electrode creates a field gradient inside the nanopores on a scale comparable
to the Debye length, which is the characteristic thickness of the electric double layer.

3. Increase in surface area

Nanomaterials increase the specific surface area of the electrode, resulting in an increase in the
electrochemically active surface area that can participate in oxidation/reduction reactions.

In addition, the nanostructured electrode surface contributes to the selectivity of glucose analysis,
which is critical for non-enzymatic sensors due to the absence of a biorecognition element. The oxidation
kinetics of some common interferents in real samples, such as 4-acetamidophenol (paracetamol) and
ascorbic acid, are much faster than that of glucose. Park et al. showed that the Faraday current generated
by interfering molecules with fast electrokinetics is proportional to the geometric area of the electrode
rather than the electrochemically active surface area, since all reactants are oxidized once they reach the
outer surface of the nanoporous electrode [121-123]. On the other hand, unreacted glucose can diffuse

into deeper pore regions, thereby introducing active centers into the reaction that are inaccessible to
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interfering agents (Figure 13). Thus, the use of nanostructured electrodes with a high ratio of
electrochemically active area to geometric area contributes to a significant increase in the selectivity of

glucose detection.
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Figure 13 - Electrooxidation of (a) ascorbic acid and (b) glucose on platinum surface [122]

Thus, synthesis of electrode materials with nanostructured surface morphology can significantly

increase the efficiency of analysis.

1.6 Flexible electrodes for electrochemical sensors

Particular attention is currently being paid to the development of flexible electrochemical sensors
with high sensitivity and selectivity [67,124]. This is due to their wide range of potential applications,
including biomedical diagnostics, environmental monitoring, and various fields of industry and
engineering [125-127]. Flexible electrochemical sensors offer significant advantages over their rigid
counterparts, including better integration with wearable electronics and the ability to be used on arbitrary
surfaces and in dynamic environments without loss of functionality [128].

One of the key challenges in the synthesis of flexible electrochemical sensors is to ensure stable
and reliable electrical contact between the sensor's active layer and the flexible substrate. This requires
the development of methods for the synthesis and/or deposition of active materials that ensure not only
high analytical performance of the sensors, but also their stable adhesion to the substrate. Typically,
polymers are used as flexible substrates, but the range of approaches is limited due to the low thermal
stability of polymeric materials.

Currently, the search for the most ergonomic form factor of sensor platforms for various
applications is underway [129], and the possibility of creating flexible wearable devices in the form of
temporary tattoos [130,131], mouth guards [132], contact lenses [133], wristbands [134-136], patches
[137,138], and gloves [139] has been demonstrated. The materials and approaches used to fabricate these
devices are also very diverse and depend on the intended application. The most commonly used

polymeric materials as substrates are polyethylene naphthalate (PEN), polyethylene terephthalate (PET),
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polyvinyl membranes (PVA), acrylic tape, polyimide (PI), polyester (PE) [140]. Among them, PI is
widely used in the manufacture of flexible sensor devices because of its relatively high chemical and
thermal resistance (up to 300°C) [141], but its natural yellow color limits the application of this polymer
where substrate transparency is required. PET and PEN substrates can provide transparency; their
transmittance in the visible range is about 85%.

In the field of analysis and monitoring of biological analytes, including glucose, blood plasma has
traditionally been used as the initial sample, but this approach is associated with high patient discomfort,
motivating the development of alternative methods. Along with saliva [142-144], tears [145,146], and
tissue fluids [147,148], sweat is considered as one of the alternatives because it contains many
metabolites and other compounds that reflect the physiological state of the human body [149-153]. For
sweat analysis, constant contact with the human skin is necessary, providing an interface for information
acquisition. This approach allows the detection of a wide range of significant analytes, including ions
(Na*, CI, K*, NH4"), molecules (cortisol, urea, lactate, glucose, ethanol), and even some small proteins
and peptides (cytokines and neuropeptides), among others. Analytes such as glucose and cortisol, which
are the focus of research due to the practical need of their monitoring in relevant clinical conditions,
should be highlighted [154-156]. It is important to note that there is a high degree of correlation between
the content of analyzed substances in sweat and in blood, which indicates that the information obtained
is sufficiently reliable and applicable to disease diagnosis, monitoring of sports performance and stress
conditions [157].

The vast majority of research in the field of wearable sensor platforms is aimed at detecting
biologically relevant analytes and monitoring human health, but the potential of such devices is much
broader, in particular, they can find applications in environmental safety, food industry and forensic
science. For example, portable sensor platforms are promising for the detection of state-regulated drugs,
explosives and other toxic and dangerous compounds for transportation security and rapid crime scene
analysis [158] Thus, the possibility of quantitative determination of caffeine in sweat was demonstrated
[159], and the temporal dependence of caffeine content on the time of its oral ingestion was revealed.
This work demonstrates the possibility of not only detecting caffeine, but also determining the time
intervals of its consumption through the content of metabolites in sweat. Wearable sensor platforms can
also be a powerful tool for detecting chemical threats to vulnerable individuals (people in the area of
man-made and natural disasters, etc.). For example, the possibility of detecting nerve agents and
explosives through such devices has been demonstrated [160].

Due to the high practical importance of electrochemical sensors, considerable attention is paid to
the development of new techniques for the synthesis of sensor platforms with excellent analytical
performance. The most common methods for the synthesis of electrode materials, which require a

separate step to create a templates, are screen printing [161], roll-to-roll (R2R) printing [162], stamp
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transfer electrodes (STE), and lithographic methods including soft lithography, photolithography, and
electron beam evaporation. Additive approaches include inkjet printing [163] and laser direct writing
[164,165].

Screen printing is one of the most widely used methods for creating wearable sensor devices
because it is a mature industrial technology that ensures low cost. Roll-to-roll printing produces thinner
films than screen printing, but often the resulting materials are not conductive enough, requiring
additional layers to be applied beforehand to create a stable electrical contact. An alternative to the
methods described above is electrode stamp printing, this method allows the fabrication of
electrochemical sensors on non-planar surfaces of simple shape with a small radius of curvature. The
performance of the electrode system obtained by this method is shown on the example of model systems
containing dopamine and ascorbic acid [161]. Lithographic methods are characterized by high
equipment requirements (high vacuum, clean rooms) and multistage, while allowing to achieve record
resolution in the deposition of different structures, but this parameter is determinant only in the creation
of wearable sensor platforms in the form of lenses, which makes this family of methods optimal for this
application. The main disadvantages of the above methods are the complexity of obtaining alloys and
composites of controlled composition, which requires careful selection of ink composition and synthesis
conditions [166]. In addition, the surface morphology is the determining factor for the functional
properties of non-enzymatic sensors. More developed surface provides a larger number of active centers
per unit geometric area, in many cases it is very difficult to obtain structures with such characteristics
using the above methods. Also in comparison with additive technologies, screen and roll printing
methods are inferior in the ease of changing the shape of the applied electrodes, which is set in CAD
systems, and in the minimum necessary consumption of materials, which is especially important when
using noble metals.

In the light of the above, the development and improvement of the method of laser-induced
synthesis is one of the promising directions in the field of creating efficient and reliable electrochemical
sensor platforms. In laser-induced synthesis, in addition to the formation of nanostructured electrode
surface, it is possible to obtain electrochemically active materials with unique functional properties due
to the peculiarities of the processes occurring at high temperatures in a limited volume of the reaction
system. The relevance of the development of new laser methods is also due to the need to ensure the
stability and durability of sensors during their operation in dynamic and often aggressive environmental
conditions. High adhesion of sensor materials to the substrate ensures the preservation of sensor
functionality under mechanical deformation, which expands the possibilities of their use as portable
devices. The combination of laser-induced synthesis with wet-chemical methods for additional
modification of the working electrodes opens the way to a significant expansion of the application of

sensor systems. This approach allows not only to increase the electrochemically active area in relation
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to the geometric area, but also to create conditions for more effective interaction with analytes, which
together can significantly increase the sensitivity and accuracy of sensors.

Thus, the development and improvement of laser-induced synthesis methods is not only an urgent,
but also a challenging task that requires a deep understanding of the physicochemical processes that
occur during the interaction of laser radiation with the material. This research direction has a significant
potential in the field of electrochemical sensing technologies, providing new opportunities for the

creation of highly active sensing devices.
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CHAPTER 2. EXPERIMENTAL PART

This section is dedicated to the description of the main experimental techniques of laser-induced
synthesis at the substrate-reaction medium interface, as well as techniques for modification of materials
obtained by LIS. In addition, the instrumental methods used for the comprehensive characterization of
the composition and morphology of the synthesized materials, as well as for the study of their
electrochemical properties, are described. All chemical reagents used in this work were of analytical
grade purity and are commercially available. Some experimental details that are relevant for the
discussion of the results, including the optimization of the synthesis conditions, are presented in the
relevant sections of the thesis. The thesis focuses on the synthesis of copper and nickel electrode
materials and their modification with noble metals. The proposed sensor materials, including both noble
and transition metals, allow to obtain electrodes that combine economic efficiency with increased

activity and stability due to the synergistic effect that can be realized in a multicomponent system.
2.1 Laser-induced synthesis

Laser-induced synthesis at the substrate-air interface
The laser-induced synthesis at the substrate-air interface followed by selective metallization

consists of several steps (Figure 14).

() Laser-induced modification of the substrate in air;

(I1) Chemical activation of the modified surface using silver nitrate solution;

(111) Chemical copper plating of the activated area;

() The last step was the modification of the copper structures to impart the required functional

properties, in particular to increase the electrocatalytic activity towards the target analytes.
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Figure 14 - Laser-induced synthesis at the substrate-air interface followed by selective metallization
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As substrates were used: polyethylene terephthalate (PET), polyethylene naphthalate (PEN),
polyimide (P1), glass slide: SiO2 (72.2%) - Naz2O (14.3%) - CaO (6.4%) - MgO (4. 3%) - Al203 (1.2%)
and glass-ceramic Sitall ST-50-1 (hereinafter - glass-ceramic): SiO2 (60.5%), Al20s (13.5%), CaO
(8.5%), TiO2 (10.0%) and MgO (7.5%).

Laser-induced modification of the substrate in air was performed using focused (25 um focal spot
diameter) pulsed laser radiation with a wavelength of 532 nm, pulse duration of 10 ps, pulse repetition
rate of 5 kHz - 200 kHz, and average power of up to 15 W. A pulse selector was used to vary the pulse
repetition rate, and a lens with a focal length of 160 mm was used to focus the laser beam on the substrate.
Ehe laser beam was moved relative to the substrate using a galvanometer scanner (Scanlab AG).

Chemical activation of the surface was performed by incubating the irradiated substrate in a silver
nitrate solution with a concentration of 5*10* M for 8 minutes at room temperature, followed by
thorough washing with copious amounts of distilled water to remove silver ions from the non-irradiated
areas.

For selective electroless copper deposition on the activated surface, the substrate was placed in an
aqueous plating solution for 30 minutes at 30°C, the composition of which is shown in Table 1. The
reduction of copper ions by formaldehyde proceeds according to the reaction shown in Figure 15 [167].
The process is autocatalytic, after the formation of the first copper crystals due to the activation of the
surface in the previous stages of synthesis, further growth of the deposit occurs, catalyzed by the formed

metallic copper [12].

Table 1 - Composition of copper plating solution

Copper Sodium Sodium
Substance PP Formaldehyde . potassium
sulfate hydroxide
tartrate
. copper ion . .
Function source reducing agent pH regulator ligand
Concentration, M 0.12 0.3 1.2 0.35

Cu?* + 2HCOH + 40H ____ 5 Cu + 2HCOO + H, + 2H,0

Figure 15 - Copper reduction reaction with formaldehyde in alkaline medium
Electrode surface modification

In order to improve the analytical properties of the synthesized materials and to extend the list of

analytes available for detection, copper electrodes were modified. To demonstrate the capabilities of the
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proposed methods, the flexible polymer PEN and the rigid glass-ceramic substrates were chosen as
representative substrates.

In the course of the work, two methods of surface modification of copper electrodes were
investigated.

1. Synthesis of gold nanostructures on the electrode surface

The synthesis of gold nanoparticles on the electrode surface (Figure 16) was carried out based on
a modified technique proposed by Muench et al. [168]. To localize the reduction of gold from HAUCIa,
synthesized metallic copper was used as a reducing agent. An aqueous solution of hydrogen
tetrachloroaurate (HAuCls) 0.007 M and 4-dimethylaminopyridine 0.1 M (DMAP) was heated to a
temperature of 60 °C (the optimal synthesis parameters selected experimentally are described below),
then the copper structure synthesized on the substrate was immersed in this solution for 5 min. The last

step of synthesis was washing the sample with copious amounts of distilled water and air drying.
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Figure 16 - Scheme of synthesis of gold nanostructures on the surface of copper electrode [168]

2. Synthesis of CuO nano-needles on copper surface

The formation of oxide-hydroxide nanostructures on the surface of the synthesized copper
structures was carried out by electrochemical oxidation. The synthesis was carried out in a standard
three-electrode undivided cell, where the working and auxiliary electrodes were the obtained copper
structures and platinum wire, respectively, and the Ag/AgCl electrode was used as a reference electrode
(Figure 17). The synthesis was carried out for 600 s at a potential of -200 mV (vs. Ag/AgCl) in a
background electrolyte of 1 M NaOH; under these conditions, various oxidation processes of the copper
electrode are possible, leading to the formation of products such as copper (1) oxide, copper (1) oxide,
and copper (11) hydroxide [169]. The electrode was then annealed at 95 °C for 20 min to form CuO nano-

needles on the electrode surface.
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Figure 17 - Scheme of the electrochemical cell for synthesis of oxide and hydroxide structures on the

surface of copper electrodes

Laser-induced synthesis at the interface between substrate and liquid reaction medium

Laser-induced synthesis at the interface between a substrate and a liquid reaction medium is a one-
step process consisting in the localized interaction of laser radiation with a liquid precursor, which leads
to the reduction of metal ions from the solution with the subsequent formation of a new phase of the
material on the substrate. In the presented case, the target metal was nickel, and an aqueous solution
containing nickel chloride (2 mM), potassium sodium tartrate (7 mM), and sodium hydroxide (10 mM)
was used as the precursor. Irradiation of the substrate-solution interface with a continuous laser source
at a wavelength of 532 nm leads to the formation of conductive nickel structures on the glass substrate.
The scheme of the setup for laser-induced synthesis at the interface between substrate and liquid reaction

medium is shown in Figure 18 [170].

Figure 18 - The setup for laser synthesis (1 - solid-state laser, 2 - lens, 3 - collimating mirror system, 4 -
beam-splitting cube, 5 - cuvette with solution, 6 - precursor solution, 7 - substrate, 8 - cuvette, 9, 10 -

quartz glass, 11 - sliding, 12 - rotating mirror, 13 - filter, 14 - web camera) [170]
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The beam of a continuous solid-state laser (532 nm) passes through a system of collimating mirrors
and a beam-splitting cube, then the radiation hits the substrate, passing through the cuvette wall and the
liquid reaction medium. A portion of the light reflected from the substrate travels in the opposite
direction to the web camera, which is used to monitor the reaction online. The cuvette is moved relative
to the beam by means of a motorized translation stage.

Glass slode was used as a substrate, since LIS at the interface between substrate and liquid reaction
medium implies heating of the solution to high temperatures, at which polymer substrates are degraded.

An aqueous solution of nickel chloride, potassium sodium tartrate and sodium hydroxide was used
as precursor for laser-induced synthesis of nickel structures at the substrate-liquid reaction medium
interface (Table 2). Metal tartrate complexes have shown promise for LIS in previous studies using
copper structures as an example [92]. It was shown that when using this type of systems there is no need
to introduce a separate component into the solution, acting as a reducing agent, thus the composition

presented in Table 2 can serve as a precursor.

Electrode surface modification

In the case of laser-induced synthesis at the interface between substrate and liquid reaction
medium, LIS was used as a modification method, i.e. sequential synthesis with precursor replacement
was carried out (Figure 19). After the formation of nickel structures, the substrate was washed with
copious amounts of distilled water and dried in air. After that, the substrate with nickel structure was
placed again in a cuvette (element 5, Figure 18), which was filled with solution for synthesis of gold or
platinum nanostructures based on commercially available complexes of these metals
(chlorotriphenylphosphine of gold and dichlorodicyclopentadienyl of platinum) (Table 2). Using the
web camera (element 14, Figure 18), precise positioning of the laser beam was performed to rescan over

the surface of the presynthesized nickel layer.

LISNi — Cleaning — 052

Precursor replacement

Figure 19 - Laser-induced synthesis at the interface between substrate and liquid reaction medium
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Table 2 - Composition of solutions used for laser-induced synthesis at the interface between substrate

and liquid reaction medium

Metal Precursor Concentration, mM Solvent
Nickel chloride (NiCl2x6H20) 2
. Sodium potassium tartrate
NE (KNaCsH406x4H,0) ! H20
Sodium hydroxide (NaOH) 10
Au Gold Chlorotriphenylphosphine ((PhsP)AuCl) 1 DMF
Platinum dichlorodicyclopentadienyl
2t (C10H12C12Pt) 1 DMF

Laser-induced synthesis at the interface between substrate and solid reaction medium

This approach is based on the local interaction between laser radiation and the film of oxide
nanoparticles, which leads to their complete or partial reduction and the formation of structures with the
desired geometry on the substrate. The target materials were Ni, Cu based composites and therefore the
corresponding commercially available oxide nanoparticles of the aforementioned metals were used as
the ink base. The ink was prepared by mixing 3 components: polyvinylpyrrolidone (PVP, average
molecular weight 10kD), ethylene glycol (EG) and metal oxide nanoparticles (average size 50 nm). First,
PVP was mixed with EG, then CuO NPs were added to the resulting solution, the ratios of components
are shown in Table 3. The ink was applied to the surface of the substrates by spincoating for 5 seconds

at 500 rpm and then 30 seconds at 7000 rpm [171]. The synthesis scheme is presented in Figure 20.

Table 3 - Composition of solutions used for laser-induced synthesis at the interface between substrate

and solid reaction medium

Substance CuO NiO PVP EG
Function source of copper  source of nickel stabilizer reducing agent
Mass, g 3 1.5 0.65 0.65

A femtosecond laser (Toptica, FemtoFiber proNIR, pulse duration 120 fs, wavelength 780 nm,
repetition rate 80 MHz) was used as a source of laser radiation for laser-induced synthesis at the interface
between substrate and solid reaction medium.

The surface of all substrates used (glass-ceramic, polyethylene naphthalate - PEN, polyethylene
terephthalate - PET, polyimide - PI) underwent two-stage cleaning: (1) sequential ultrasonic treatment
in acetone, ethanol and water for 10 min in each solvent, (2) irradiation with an excimer lamp for 90
seconds (FLAT EXCIMER EX-mini, Hamamatsu Photonics).
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Figure 20 — The laser-induced synthesis at the interface substrate - solid reaction medium with

subsequent modification of electrode surface

Electrode surface modification

Separately synthesized gold nanoparticles of complex shape were used to modify the electrodes
fabricated at the interface between substrate and solid reaction medium. These nanoparticles as core-
cage nanoparticles, as they have a nucleus in the center of the perforated shell, with the nucleus
associated with one of the cell walls. The proposed core-cage terminology reflects the unique structural
features of these particles, which have holes in the shell and an accessible space around the core,
allowing the analyte to approach the core and the inner surface of the shell, resulting in a significant
increase in the available electrode area. The synthesis was carried out using the seed-mediated growth,
the following methodology was developed to obtain particles with a core-cage structure with a high
specific surface area [172]:

(I) formation of Au seeds,

(11) growth of octahedral Au nanoparticles,

(1) growth of Ag shell to form Ag nanocubes with octahedral Au core,

(V) galvanic replacement of the outer layer of Ag cubes with Au, resulting in a perforated Au
outer cage structure

(V) complete dissolution of the remaining Ag from the inner part of the structure.

A schematic of the core-cage nanoparticle synthesis is shown in Figure 21, and the details of each

stage are described below.
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Figure 21 - Scheme of synthesis of core-cage nanoparticles

- Synthesis of Au octahedral NPs.

To synthesize 3 nm Au seeds (step I), freshly prepared NaBH4 (10 mM, 0.6 mL) was added to a
solution of HAuUCI4 (15 mM, 0.167 mL) and CTAB (cetyltrimethylammonium bromide) (0.1 M, 10.0
mL) under stirring. After stirring for 2 min, the solution was kept for 2 h at room temperature without
stirring. The obtained Au NPs solution was diluted with water to 50 mL.

For synthesis of octahedral Au NPs (step I1), 100 mL of 0.2M CTAB, 2.66 mL of 15mM HAuUCl4
and 50 mL of 0.12M ascorbic acid were mixed, the resulting colorless solution was diluted to a total
volume of 1L, then 6 mL of previously prepared Au NPs (step 1) were added to the system and left at
room temperature for 12h. After synthesis, the NPs were concentrated to 5 mL by centrifugation (15
min, 16000 g) and washed twice with water.

- Synthesis of Au@Ag nanocubes (NCs).

To synthesize Au@Ag nanocubes (step I11), 2.5 mL of concentrated octahedral Au NPs (step I11),
5 mL of 0.3 M aqueous solution of CPC (cetylpyridinium chloride), 1 mL of 10 mM AgNOs, and 4 mL
of 1 mM ascorbic acid were mixed under stirring. The resulting solution was incubated at 60°C for 1 h
with stirring. The reaction was quenched by rapid cooling of the solution. The resulting colloidal
Au@Ag NCs solution was centrifuged at 1000 rpm for 10 min to remove the AgCI precipitate, then
washed twice at 10000 rpm for 15 min and redispersed in 62.5 mL of water.

- Synthesis of Au core-cage NPs.

To synthesize Au core-cage NPs, 0.1 mL of 1 mM HAuCl4 was added dropwise (addition rate of
2 mL/min) to 1 mL of diluted Au@Ag nanocubes under stirring (step IV). After 10 min, 50 pL of 30%
H202 was added (step V). The Au core-cage NPs were washed by centrifugation first at 16000 g for 15
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min and then at 1000 for 20 min to remove AgCIl powder. Then 10 ul of colloidal solution were applied
by dropcasting onto the surface of the working electrode and air dried.

Thus, summarizing the above techniques, this work develops three cases of laser-induced
synthesis, leading to the formation of working electrodes for non-enzymatic sensors. Several possible
methods for electrode surface modification have also been investigated, including colloidal NPs
synthesis, LIS, galvanic replacement and electrochemical oxidation on the electrode surface. Table 4

systematizes the above LIS techniques and the approaches used for electrode surface modification.

Table 4 - Methods used for synthesis and modification of electrodes

Synthesis at the Synthesis at the interface . SIS I e
. interface between
interface between between substrate and .
. o . . substrate and solid
substrate and air liquid reaction medium . .
reaction medium
Modification  Galvanic replacement LIS Synthesis of colloidal
method with subsequent
Electrochemical dropcasting
oxidation
NPsFeatures  Use of electrode material LIS for both the electrode Ability to synthesize
as sacrificial layer for and its modification to various complex
synthesis localization maintain the spatial shaped nanoparticles

selectivity of the process

2.2 Characterization of the composition and morphology of the materials

The synthesized materials were comprehensively characterized using advanced instrumental
methods of analysis. The studies were carried out using the equipment of SPBU Research Park, including
“Nanotechnology”, “X-ray Diffraction Studies”, “Optical and Laser Materials Research”, and “Physical
Methods of Surface Investigation” facilities.

Optical microscopy

The samples were studied by optical microscopy using Olympus BX-51 microscope for initial
express assessment of morphology. Based on the obtained data, optimization of laser surface
modification ragimes and selection of optimal parameters of synthesis conditions were carried out.

Scanning electron microscopy (SEM), Energy-dispersive X-ray spectroscopy (EDX)

Electron microscopic characterization of the materials was carried out on a Zeiss Supra 40VP SEM
with a Field Emission cathode, a GEMINI electron optics column and a fully oil-free vacuum system
with a low vacuum (VVP) mode of operation at an accelerating voltage of 20 keV.

Transmission electron microscopy (TEM)

The synthesized samples were studied using a Hitachi S5200 microscope at an accelerating voltage
of 10-30 keV.
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X-Ray Diffraction (XRD).

The synthesized samples were studied on a Bruker D2 Phaser diffractometer equipped with a
LynxEye detector using CuKa radiation in the 26-band 10°-100°.

Raman spectroscopy.

The synthesized samples were studied using a SENTERRA Raman spectrometer (Bruker)
equipped with a visualization system of the object of study. An excitation laser with a wavelength of
488 nm and a power of 20 mW was used for measurements.

X-ray XPS spectroscopy (XPS).

The synthesized samples were studied using a Thermo Fisher Scientific Escalab 250Xi integrated
spectrometer equipped with a hemispherical analyzer with two detectors and a surface imaging system

with a resolution of less than 20 pm.

2.3 Characterization of electrocatalytic properties of the materials

All the electrochemical studies of the non-enzymatic sensors were carried out in a three-electrode
undivided cell, where the synthesized strucures served as the working electrode, the reference electrode
was Ag/AgCI electrode and the auxiliary electrode was platinum wire (Figure 22). All potentials were

measured relative to the Ag/AgCI reference electrode (3.5M KCI).

Figure 22 - Three-electrode electrochemical cell, 1 - synthesized electrode, 2 - platinum auxiliary

electrode, 3 - Ag/AgCI reference electrode

Cyclic voltammetry (CV)
CV was used to determine the optimal potential for further studies by chronoamperometry. For all
samples, CVs were obtained in background electrolyte and then with the addition of a known

concentration of the target analyte. The investigation was performed using Corrtest CS300 and Elins
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P30l potentiostats. The conditions of the CV experiments for the different analytes are summarized in

Table 5.

Table 5 - CV acquisition conditions for different analytes

Analyte Potential range, V Scan rate, mV/s Electrolyte
Glucose -0.2-0.8 50 0.1 M NaOH
. 0.1 M phosphate
Hydrogen peroxide 0.8-0.2 50 buffer (pH 7.0)
. 0.1 M phosphate
Dopamine 02-0.8 50 butfer (pH 7.0)

Impedance spectroscopy

Impedance spectra were obtained using the original custom made device developed at SPbAU
RAS [173]. The studies were carried out in a two-electrode electrochemical cell with synthesized
structures as working electrodes and a platinum auxiliary electrode in 0.9% NaCl solution. Ehe
frequency range was 100 Hz to 40 kHz with a resolution of 2 Hz. The impedance spectra were
approximated with the NELM software package for MATLAB using the complex nonlinear least squares
(CNLS) method [173].

Chronoamperometry

Measurements were carried out in a three-electrode electrochemical cell using a Corrtest CS300
and Elins P30l potentiostats. Chronoamperograms were recorded by stepwise addition of known
amounts of the target analyte under constant stirring. Comparison of the current obtained by adding the
analyte and its concentration allows to plot calibration curves and determine the linear response range

and sensitivity of the sensors.
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CHAPTER 3. DISCUSSION OF RESULTS

3.1 Laser-induced synthesis at the substrate-air interface followed by copper plating

3.1.1 Laser-induced surface modification followed by copper plating

This work is devoted to the study of the processes that occur during the laser-induced synthesis of
nanostructured electrocatalytically active materials based on transition metals. Much attention is paid to
the analysis of the laser-induced processes at the substrate-reaction medium interface, which is a key
feature of this study. The special interest in the substrate-reaction medium interface allowed to perform
a comprehensive characterization of the studied system, both from the point of view of the laser-induced
chemical reductions and from the point of view of the influence of the laser action on the substrate. In
the course of the work, three different cases of LIS have been studied, each differing in the state of the
reaction medium.

The first of the LIS considered consisted of direct laser modification of the substrate in air followed
by copper plating. A detailed study of the influence of the laser irradiation parameters on the morphology
of different types of substrates, both flexible and rigid, allowed to identify the main principles
contributing to the formation of nanostructured electrocatalytically active materials with high adhesion.
The study of the influence of the laser irradiation parameters on the structural, morphological and
electrochemical properties of the synthesized materials allowed to establish the composition-structure-
property relationships for the fabricated materials.

The laser-induced synthesis at the substrate-air interface followed by copper plating on the
substrate consists of several steps:

() Laser-induced modification of the substrate in air;

(1) Activation of the modified surface with silver nitrate solution;

(111) Selective chemical copper plating of the activated area;

This work focused on the first stage of the process, the interaction of the laser radiation with the
substrate in air, since this is the stage that determines the adhesion properties of the copper electrodes.
Chemical copper plating was carried out using a widely studied technique that is the basis of many
industrial processes and therefore of less scientific interest. At the same time, it allows to obtain
conductive copper layers with low resistance under sufficiently mild synthesis conditions, suitable for
flexible polymeric materials with commertialy available chemicals [12].

The main parameters of the laser radiation that influence the processes occurring during the
irradiation of the substrate-air interface are

(1) Laser power density (P)
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(2) Pulse repetition rate (f)

(3) Scanning speed of the laser beam (v)

(4) Distance between scanning lines (h)

The ranges of variation of the above parameters in the experimental studies are presented in Table
6. The boundary conditions were chosen based on previous experiments using the proposed approach,
taking into account the thermal resistance and ablation threshold of the substrate material [36,83,85].
The laser power density (P) and pulse repetition rate (f) were kept constant for each type of surface.
Optimization of laser exposure was performed by varying the scanning speed (v) and the distance
between scanning lines (h) (Figure 23), since the use of fixed and sufficiently high power densities of
LR (P) it is possible to select conditions that ensure maximum speed and productivity of the process, i.e.
high scanning speed v with maximum h. Changing the scanning speed (v) at a fixed laser power density
is an effective means to control the thermal field in the sample, as it allows to regulate the amount of
energy received by the irradiated material and its distribution over the surface, as well as to control the
processes of heat accumulation and dissipation. Usually, at lower scanning speeds, an increase in
temperature in the irradiation zone and intense heat accumulation both on the surface and in the depth
of the sample are observed, whereas higher scanning speeds result in less heat accumulation due to
energy dissipation caused by the motion of the laser spot [174].

Figure 23 - Schematic representation of laser beam scanning parameters of the substrate

Table 6 - Parameters of laser-induced synthesis at the substrate-air interface

Scanning speed (v),  distance between lines

Substrate m/s Dk s
Glass-ceramic 0.1-0.2 10-15
Glass 0.2-0.38 10- 20
Polyimide (PI) 2.0-6.0 10-20
E’F?IIEyNe;[hylene naphthalate 20-6.0 10 - 20
Polyethylene 20-6.0 10 - 20

terephthalate (PET)
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Figures 24-28 show SEM images of the surface of the investigated substrates after laser exposure
under different conditions and optical micrographs of copper structures obtained after the chemical

copper plating stage of the activated region under appropriate conditions.

Figure 24 - SEM images and optical micrographs of copper structures on glass after laser modification
performed at different scanning speeds (m/s) and line spacings (um). (a) v=0.2, h=10, (b) v=0.4, h=10,
(c) v=0.2, h=15, (d) v=0.4, h=15, (e) v=0.6, h=10, (f) v=0.8, h=10, (g) v=0.8, h=15, (h) v=0.4, h=15.

The size scale corresponds to 35 um for SEM images and 400 pum for optical micrographs
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Figure 25 - SEM images and optical micrographs of copper structures on glass-ceramic after laser
modification performed at different scanning speeds (m/s) and line spacings (um). (a) v=0.1, h=10, (b)
v=0.2 , h=10, (c) v=0.1, h=15, (d) v=0.2, h=15. The size scale corresponds to 35 um for SEM images

and 400 pm for optical micrographs

Figure 26 - SEM images and optical micrographs of copper structures on PEN after laser modification

performed at different scanning speeds (m/s) and line spacings (um). (a) v=2, h=10, (b) v=4, h=10, (¢)
v=6, h=10, (d) v=2, h=15, (e) v=4, h=15, (f) v=6, h=15, (g) v=2, h=20, (h) v=4, h=20, (i) v=6, h=20.

The size scale corresponds to 35 pm for SEM images and 400 pum for optical micrographs



Figure 27 - Optical micrographs and SEM images of copper structures on Pl after laser modification
performed at different scanning speeds (m/s) and line spacings (um). (a) v=2, h=10, (b) v=4, h=10, (c)
v=6, h=10, (d) v=2, h=15, (e) v=4, h=15, (f) v=6, h=15, (g) v=2, h=20, (h) v=4, h=20, (i) v=6, h=20.

The size scale corresponds to 35 pm for SEM images and 400 um for optical micrographs.

Figure 28 - Optical micrographs and SEM images of copper structures on PET after laser modification

performed at different scanning speeds (m/s) and line spacings (um). (a) v=2, h=10, (b) v=4, h=10, (¢)
v=6, h=10, (d) v=2, h=15, (e) v=4, h=15, (f) v=6, h=15, (g) v=2, h=20, (h) v=4, h=20, (i) v=6, h=20.
The size scale corresponds to 35 um for SEM images and 400 pum for optical micrographs

It can be observed that decreasing the distance between the lines (h) and the scanning speed (v)
leads to the formation of a continuous metal film. The absence of structural defects ensures the electrical
conductivity of the structure, which is a necessary condition for the further use of synthesized materials
as working electrodes and the investigation of their electrochemical properties. When h and v increase,
the thermal effect per unit surface area decreases, which in extreme cases leads to the formation of a
periodic morphology, where modified areas alternate with areas that retain the original morphology of

the substrate.
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The optimal conditions of laser modification were chosen based on the resistance, adhesion, as
well as qualitative morphology assessment of the structures. The optimal synthesis conditions for all the
substrates are listed in Table 7, photos of the structures fabricated in these regimes are presented in
Figure 29.

The melting temperatures of polymeric materials are much lower than those of glass-ceramics and
glass (Tmeit (PET) = 263°C, Tmeit (PEN) = 269°C, Tmeit (PI) ~ 360°C, Tmeit (glass-ceramic) ~ 1200°C
[175], Tmeit (glass) ~ 1600°C [176]). The average bond energies in polymers are also lower (e.g. CH3CO-
OCHs bond energy 406= kJ/mol [178]) than in glasses (Si-O bond energy = 798 kJ/mol [177]), which is
one of the reasons for a significant difference in the thresholds of surface modification of these classes
of materials, which can also explain the difference in the optimal parameters of laser exposure necessary
for surface modification. However, it should be noted that among the studied substrates, glass-ceramic
is a polyphase material with crystalline and amorphous components. It has been shown that laser
irradiation of such materials has significant features, since the presence of phase boundaries allows laser
radiation to form a large number of defects that serve as active centers for metal reduction, making it

possible to modify glass-ceramic substrates at lower powers densities [95].

Table 7 - Optimized conditions of laser modification of substrates using radiation with a wavelength of

532 nm and pulse duration of 10 ps (focal spot diameter 25 pm)

Substrate wW, W P, kW/cm? f, kHz v, m/s h, um
Glass 6.23 1270 100 0.2 15.0
Glass-ceramic 0.61 124 10 0.1 15.0
PEN 0.98 200 100 2.0 10.0
PET 4.63 944 100 2.0 20.0
Pl 3.00 612 100 4.0 15.0
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Figure 29 - Photographs of copper structures on different substrates fabricated under optimal synthesis

conditions
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The electrode materials were examined by XRD (Figure 30) and SEM (Figure 31) to characterize
the morphology and composition. All samples were found to be pure metallic Cu, with reflection angles
from the (111), (200) and (220) planes consistent with Cu [178]. Substrate reflections are observed on
the surface of the glass-ceramics due to the presence of the crystalline phase in it. According to the SEM
images, all structures have no breaks, which should provide a stable electrical contact during
electrochemical studies. It can also be noted that the structures inherit the morphology of the substrate
exposed to the laser, there are characteristic grooves formed at the stage of interaction of the laser
radiation with the surface. The results of EDX, presented in the insets of Fig. 31 in the corresponding
tables, confirm the XRD data. The presence of such elements as oxygen, carbon, magnesium, calcium
in the signal spectra can be explained by the elemental composition of the substrates.

(111) Glass-ceramic Cu ¢ —PFET
_ Cu — (G lass ~ —PEN
=] = — P]
z 2
> 2
2 200 5 ]
2 (200) 2 cu
E (_220) -— snbsirare .
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t 1 A.ll
L d A I
30 40 50 60 70 80 40 50 60 70 &0 Q0 100
20 (degrees) 20 (degrees)

Figure 30 - XRD patterns of copper structures on the surface of (a) rigid, (b) flexible substrates
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Figure 31 - SEM images and EDX analysis of copper structures (a) glass, (b) glass-ceramic, (c) PEN,
(d) PET, (e) PI

Bending tests were performed to investigate the adhesion and mechanical stability of copper
electrodes on the surface of flexible substrates. Polymer substrates with synthesized copper structures
were subjected to repeated bending using a test bench, while on-line resistance monitoring was

performed. It was shown that, there was a gradual increase in the resistance of the electrode during the



54

test, with the resistance value moving to a saturation state at the end of the cycle. The total increase in
resistance after 1000 cycles was 13.2%, 13.8% and 20% of the initial value for PI, PET and PEN,
respectively (Figure 32). It should be noted that the mechanical properties of the substrate polymers also
differ and may contribute to the final result. The Young's modulus is 1.3 GPa, 2.8 GPa, and 5.5 GPa for
Pl, PET, and PET, respectively. The greater the ability of the substrate material to resist elastic
deformation, the greater the relative increase in resistance observed for the copper layers.

The increase in resistance is probably due to the formation of defects in the structure that break
the electrical contact between the copper crystals. At the same time, no visible changes in morphology
(cracks, etc.) were detected according to the scanning electron microscopy study (Figure 33). It can be
assumed that in case of formation of microcracks visible in SEM, the increase in resistance could be
more significant. Nevertheless, the synthesized electrodes on flexible substrates showed high resistance
to bending deformation, preserving the visual structure integrity and morphology at the micro level, as
well as low values of electrical resistance, which makes them promising for further application as

flexible working electrodes for non-enzymatic electrochemical sensors.
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Figure 32 - Change in resistance of samples during bending tests
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Figure 33 - SEM images of Cu-PEN and Cu-PI electrodes after bending tests
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3.1.2 Modification of the electrodes

In order to improve the analytical characteristics of the synthesized materials, as well as to expand
the list of analytes available for detection, modification of copper electrodes was performed.

Modification of the electrode surface in particular with nanomaterials can significantly change the
electrocatalytic activity of the system, as it is determined not only by its nature, but also by the surface
morphology, with the highest sensitivity shown by nanostructured, highly porous electrodes due to the
higher electrochemically active surface area (EASA). Also, modification and decoration of electrodes
with nanoparticles (NPs) of different shapes allows to obtain materials that can exhibit a synergistic
effect of significant enhancement of catalytic properties compared to individual components [179].
There are many studies on the synergistic effect of different types of materials in a single multi-
component system [180], as it has very positive effects on electrode properties, including it can lead to
facilitation of electron transfer or other processes that increase electrochemical efficiency. Copper and
gold (Cu-Au) based bimetallic materials show outstanding sensing performance compared to pure gold
and copper based materials [181-183].

The combination of precious (Au) and transition (Cu) metals can lead to increased Cu stability and
oxidation resistance, which can improve sensor lifetime and reproducibility of analysis. Gold was chosen
as the noble metal because of its high stability compared to silver-based nanomaterials and its relatively
low price compared to Pd, Pt, etc.

The choice of modification methods was based on the possibility of preserving the electrode
geometry given by the laser-induced surface modification in air. These requirements can be met by
transformations in which the copper structures obtained act as a sacrificial layer or as a precursor in the
synthesis, thus ensuring the reaction on the electrode surface.

The following approaches have been investigated:

I. Synthesis of gold nanostructures directly on the electrode surface using elemental copper as a
reducing agent.

I1. Electrochemical oxidation of the copper electrode surface to form a surface layer of copper
oxide.

Copper structures on the surface of PEN and glass-ceramics as prime examples of flexible and

rigid substrates were chosen as model systems.

3.1.2.1 Synthesis of gold nanostructures on the electrode surface

The optimal conditions for synthesis of Cu-Au-based bimetallic electrode materials have been

determined. The use of a special component acting as a reducing agent leads to the formation of gold
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nanoparticles in the entire volume of the solution. In turn, carrying out the reaction under conditions
where the reduction of gold occurs due to the partial dissolution of the pre-synthesized copper layer,
allows the process to be localized on the surface of the electrode(Figure 34). In the latter case, the
oxidation of copper Cu’® — Cu?* and the transition of copper ions into solution occurs, which is
accompanied by the reduction of gold Au®* — Au® and its deposition on the electrode surface. An
aqueous solution of 0.007 M chloroauric acid (HAuCls) and 0.1 M 4-dimethylaminopyridine (DMAP)
was used as precursor. Before immersing the copper electrode in this solution, it was thermostated under

selected conditions (80°C, 60°C, 40°C or at room temperature).

D/ 0%&1

Au®t  Au°
Cu?" Au®* v Au HY

i
B |
Figure 34 - Schematic representation of possible ways to modify the synthesized electrodes by partial

dissolution of the pre-synthesized copper layer (left) and using a special component as a reducing agent
(right)

The morphology and composition of the structures on the glass-ceramic surface under different
synthesis conditions were investigated by scanning electron microscopy and EDX analysis (Figures 35-
36). The effect of solution synthesis time ranging from 5 to 40 minutes and temperature from room

temperature to 80 °C was studied.
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Figure 35 - SEM images of bimetallic Cu-Au nanostructures at different synthesis time and temperature

on glass-ceramic surface
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Figure 36 - SEM images and EDX mapping of bimetallic Cu-Au structures synthesized under different
conditions on the glass-ceramic surface (a) 5 min, 80°C, (b) 5 min, 60°C, (c) 20 min, 60°C, (d) 40 min,
40°C

Similarly, copper electrodes on the surface of flexible polymer PEN were modified. The
morphology and composition of the structures on the surface of PEN depending on the synthesis
conditions were investigated by scanning electron microscopy and EDX analysis, the results are shown
in Figures 37-38.
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5 min

Figure 37 - SEM images of bimetallic Cu-Au nanostructures on PEN surface at different synthesis time

and temperature
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Figure 38 - SEM images and EDX mapping of Cu-Au bimetallic structures on PEN surface synthesized
under different conditions (a) 5 min, 60°C, (b) 5 min, 80°C, (c) 20 min, 60°C, (d) 40 min, 40°C

Depending on the synthesis time and temperature, the morphology of the structures varies over a
fairly wide range. Deposition of an insignificant amount of gold particles is observed at low times and
low temperatures (about 2% by weight according to EDX data). The morphology of the structures also
changes insignificantly, and there is no significant increase in surface area. As the reaction speed
increases due to the rise in temperature, there is an active reduction of gold that leads to the formation

of a large number of spherical particles (about 30-40% by weight according to EDX data) on the surface
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of the copper structure. Excessive modification and the formation of a dense layer of gold particles can
prevent the appearance of the synergetic effect between the two metals. In all cases, a fairly uniform
distribution of gold on the surface of the sample is observed. Thus, the optimal conditions for the
formation of gold nanostructures is to carry out the synthesis for 5 minutes at 60°C (Figure 39), which

allows to obtain gold nano-needles with developed morphology on the surface of copper electrodes.

Figure 39 - Figure. SEM images of bimetallic Cu-Au structures under optimal synthesis conditions on

the surface of (a) glass ceramics, (b) PEN

HAUCIs reduction and Au® formation are confirmed by XPS spectroscopy data (Figure 40)
[184,185]. The lack of pronounced satellite lines in the XPS spectra of Cu indicates the absence of

significant surface oxidation during synthesis and storage [186-188].
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Figure 40 - XPS spectra of bimetallic Cu-Au structures on the surface of (a,b) glass-ceramics, (c,d) PEN

Thus, the optimal conditions for the synthesis of Cu-Au based bimetallic electrode materials were
determined by studying the changes in the morphology of the structures as a function of the synthesis
time and temperature. Optimal synthesis conditions, providing the best combination of morphological
characteristics and composition, were obtained when the reaction was carried out for 5 min at 60°C.
Under these conditions, the formation of gold nanostructures with developed morphology on the surface
of copper electrodes was observed, which could contribute to the improvement of the electrocatalytic
properties of the material due to the increase of the active surface and the synergistic interaction between

the metals.

3.1.2.2 Electrochemical oxidation of electrode surface

The electrode materials considered so far, based on copper and gold, have metallic conductivity,
which maximally facilitates the transfer of the analytical signal from the electrocatalytically active
electrode surface to the measuring circuit of the analytical device. However, many other materials also
show high electrocatalytic activity in various reactions and great prospects for use as non-enzymatic
sensors [66]. For example, oxygenated copper(ll) compounds show high activity in a number of
practically important processes, among which the electrochemical oxidation of methanol, water splitting,
oxidation of ascorbic acid and glucose [189]. In addition, the formation of oxide nanostructures on the
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surface of copper electrodes can help to increase the stability of the system, since in the phosphate buffer
medium, when the potential is applied, copper ions on the electrode surface can interact with phosphate
ions from the solution to form insoluble salts. Such processes can lead to a decrease in the sensing
performance of the working electrode, as contaminating species reduce the number of available active
centers at which the reaction involving the target analyte takes place.

Electrochemical oxidation in alkaline medium was used to synthesize oxygen-containing copper
compounds on the electrode surface. According to literature data [169,190-192], at a potential of -200
mV (vs. Ag/AgCl) in a highly alkaline medium (1 M NaOH), various oxidation processes of the copper
electrode are possible, leading to the formation of products such as copper (1) oxide, copper (1) oxide
and copper (11) hydroxide in accordance with the following reactions:

2Cu + 20H" = Cu20 + H20 + 2¢e

Cu + 20H" = Cu(OH):2 + 2¢

Cu + 20H = CuO + H20 + 2¢°

Cuz20 + 20H" + H20 = 2Cu(OH)2 + 2e
Cu(OH)2 = CuO + H20

The influence of the potentiostatic synthesis time on the morphology and composition of the
formed layers was investigated (Figure 41). According to the SEM data, the synthesis results in the
formation of nanoneedles on the surface, the length of which increases with increasing synthesis time
from 15 to 600 seconds. The formation of hydrophilic oxide-hydroxide structures with a high aspect
ratio provides access of the electrolyte with dissolved analyte to the active centers of the electrode, which
results in an increase not only of the real surface area, but also of the electrochemically active surface

area.
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Figure 41 - SEM images of CuxOy-Cu(OH)2 nano-needles on the surface of copper electrode after (a)

15, (b) 150, (c) 600 seconds of electrochemical oxidation

EDX mapping of the samples, in addition to a fairly uniform distribution of elements on the
electrode surface, showed an increase in the oxygen content with increasing synthesis time, as well as a
gradual decrease in the carbon content, the signal of which refers to the PEN substrate material (Figure
42). This fact confirms the increase in the layer thickness of the formed oxides with increasing synthesis
time. In addition, based on the atomic composition and Cu : O ratio, we can assume the prevalence of
compounds containing copper (I1) over compounds containing copper (l), i.e. copper (Il) oxide and

copper (1) hydroxide over copper (I) oxide (Figure 42).
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Figure 42 - EDX mapping of the electrode surface after (a) 15, (b) 150, (c) 600 seconds of

electrochemical oxidation

The amperometric curve for potentiostatic oxidation of copper structures on the surface of PEN is
shown in Figure 43 a. The curve has a pronounced maximum. The initial increase in current density may
indicate an active reaction with an increase in surface area due to the onset of oxide layer growth. The
further decrease of the current density is probably due to the elongation of the nano-needles, which leads
to an increase of the resistance in the system, as the charge has to pass through the growing layer of
material with high resistance compared to metallic copper[169]. After reaching the plateau, the surface
morphology does not change as much, thickening and elongation of the nanowires are observed, which
is consistent with the SEM data (Figure 41).

In addition, the samples were analyzed by X-ray powder diffraction and Raman spectroscopy to
determine the qualitative composition. The sensitivity of the first method was insufficient to detect the
presence of new phases (Figure 43 b) [193]. Since the modification leads to the formation of a thin
surface layer of oxygenated copper compounds, the mass fraction is insufficient for detection by XRD.
The XRD pattern shows only peaks of initial metallic copper for samples with short synthesis time, weak
reflections of copper hydroxide Cu(OH)? appear only after long oxidation (Figure 43 b). Raman
spectroscopy allows a more complete characterization of the sample, with bands of Cu20, CuO and also
Cu(OH):2 present in the spectrum (Figure 43 c) [194-197]. Taken together, the qualitative compositional
data do not contradict the hypothesized mechanism of copper electrooxidation in highly alkaline
solutions described at the beginning of this section [169,190-192].
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Figure 43 - (a) Amperometric curve for oxidation of copper structures on PEN surface, (b) XRD patterns,

(c) Raman spectra of nano-needles on copper electrode surface

After temperature treatment of the samples for 1 hour at 130°C, the Raman spectrum contains
bands mainly related to CuO (Figure 43 c), also a color change of the samples (Figure X) from blue
characteristic of Cu(OH)z2 to black CuO is observed, while the morphology of the nano-needles remains
unchanged (Figure 44).

Thus, techniques for electrochemical oxidation of copper electrodes obtained using LIS were
developed. SEM, EDX mapping, XRD and Raman spectroscopy confirmed the formation of oxygen-
containing copper compounds on the electrode surface and revealed the dynamics of changes in their
composition and structure depending on the synthesis conditions. It was also shown that temperature
treatment leads to a change in the composition of nano-needles and the formation of predominantly
copper (1) oxide while preserving the morphology.

100 am

Figure 44 - (a) Schematic illustration of the process and photographs of samples before and after heat

treatment, (b) SEM images of CuO nano-needles on the surface of copper electrode after heat treatment

During the research, the methods of modification of copper electrodes to improve their analytical
properties were considered. Two main modification approaches were applied in the study: synthesis of
gold nanostructures directly on the electrode surface using elemental copper as a reducing agent, and

electrochemical oxidation of the copper electrode surface to create a surface layer of copper oxides and
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hydroxides. The results obtained confirm that the selected modification methods can be effectively used
to improve the functional properties of copper electrodes, since both approaches allowed obtaining
promising systems while maintaining the spatial selectivity of the process and the original geometry of
the electrodes.

3.1.3 Electrocatalytic activity of synthesized materials

Electrocatalytic activity toward target analytes, including D-glucose, hydrogen peroxide, and
dopamine, was investigated by cyclic voltammetry and chronoamperometry.

CVs were obtained for all the studied electrodes in background electrolyte and in solution with the
addition of the target analyte to determine the working potential for further potentiostatic studies by
chronoamperometry. The study of the amperometric response of the synthesized electrode materials at
successive increases of the analyte concentration in the background solutions allowed to plot calibration
curves in the coordinates current - concentration of the analate.

In the description of the experiment, the following abbriviation of analytes and interferent agents
were used Gl - glucose, H20:2 - hydrogen peroxide, AP — acetaminophen (paracetamol), UA - uric acid,
AA - ascorbic acid, DA - dopamine.

3.1.3.1 Study of electrocatalytic activity of Cu-Au electrodes

The CV of copper electrodes in alkaline background electrolyte (0.1 M NaOH) has characteristic
anodic and cathodic peaks. The CV shape is practically independent of the substrate material. All of the
following potentials were measured relative to a Ag/AgCI reference electrode. Peak 1 (-0.39 V, Figure
453a) corresponds to the oxidation process in which copper Cu(0) is converted to copper (1) oxide (Cu20).
Peak 2 (-0.15 V, Figure 45a) is associated with the formation of divalent surface oxygen-containing
compounds such as CuO and Cu(OH)z, where both the oxidation of Cu20 to CuO and the direct transition
of Cu(0) to Cu(ll) are possible [198,199]. The sharp increase in current when the potential reaches 0.6
V is due to the onset of the water electrolysis reaction. The Cu(l1)/Cu(lll) transition and the formation
of catalytically active species for glucose oxidation occur around the potential of 0.45 V. This peak is
not pronounced, which may be due to the fact that Cu(lll) species can be detected only at high
concentration of hydroxide ions. The strong increase of the anodic current at 0.45 V (peak 3, Figure 45a)
upon glucose addition is attributed to the electrooxidation of the analyte by the forming Cu(lll) [65].
Therefore, a potential of 0.5 V relative to Ag/AgCIl was chosen as the working potential for the
amperometric detection of glucose. The processes described above can be illustrated as follows
(reactions (1)-(6)):
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Peak 1
2Cu + 20H = Cu20 + H20 + 28 1)
Peak 2
Cu20 + H20 + OH = Cu (OH)2 + € 2
Cu + 20H = Cu(OH)2 + 2¢° (3)
Cu(OH)2 = CuO+ H20 4)
Peak 3
Cu(OH)2 + OH = CuOOH + H20 + ¢ (5)
CuOOH + glucose = Cu(OH)z2 + gluconolactone (6)

The cathodic peaks correspond to copper reduction processes (peaks 4 and 5, Figure 45a),
corresponding to the Cu(lI)/Cu(ll) transition. In the case of glucose presence in the electrolyte, a
decrease in peak 4 is observed, confirming the participation of Cu(lll) in the electrocatalytic process
[200,201].

The response of all the sensors to successive increases in the concentration of glucose in the
background solution was studied at a constant potential by CA. Based on the collected data, calibration
curves were plotted (Figure 45 ¢, 45 g, 46 c, 46 g, 46 g, 47 c, 47 g). In addition, the selectivity of the
non-enzymatic sensors was investigated. For this purpose, the response of the electrodes in the presence
of interfering substances that may be present in the real samples, including 4-acetamidophenol (AP),
ascorbic acid (AA) and uric acid (UA), was investigated (Figure 459,45 h, 45h, 46 g, 46 h, 46 h, 47 g,
47 h). Selectivity studies for all electrodes were performed by sequentially adding 100 uM analyte, 20
uM of each interfering substances, and then another aliquot of analyte to a final concentration of 200
uM. All the synthesized copper electrodes were found to be highly selective and showed a much higher
response at the working potential for D-glucose than for interfering substances.

Cu-Au based bimetallic systems were investigated in a similar manner (Figure 48 and Figure 49).
The CVs for Cu-Au electrodes have a shape close to that of pure copper, probably due to the relatively
low gold content, but nevertheless the modification of the copper electrodes allowed to significantly

increase the slope of the calibration curve and consequently the sensitivity of the analysis.
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Figure 45 - CV of Cu electrode on the surface of (a) glass-ceramic, (e) glass in background electrolyte

at glucose addition; amperometric response of Cu electrode on the surface of (b) glass-ceramic, (f) glass

at different glucose concentrations; linear dependence of the measured current on glucose concentration

for Cu electrode on the surface of (c) glass-ceramic, (g) glass; amperometric response of Cu electrode

on the surface of (d) glass-ceramic, (h) glass in the study of selectivity of glucose detection
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Figure 46 - CV of Cu electrode on the surface of (a) PET, (e) PI in background electrolyte at glucose

addition; amperometric response of Cu electrode on the surface of (b) PET, (f) PI at different glucose

concentrations; linear dependence of the measured current on glucose concentration for Cu electrode on

the surface of (c) PET, (g) PI; amperometric response of Cu electrode on the surface of (d) PET, (h) PI

in the study of glucose detection selectivity.



(o2}
oo

15

(/; 4 bekgrnd rlé 1.5 r; bekgrnd ;; 0.0

5 | ——100pM Sl 5 10q——100pm 5

% 3 —— 1000 pM < < 547 1000 wM z-02

= = =

= 20 z 091 Z04

g £ Z.0s5 z

= =0s 3 4o 306

E e 5 =154 e £ 0.8 f

Q2 5001 D20 Q

08 06 -04 02 00 02 04 06 08 0 300 600 900 1200 =(),9 =).6 =0.3 0.0 0.3 0 100 200 300
Potential (V vs Ag/AgCl) Time (sec) Potential (V vs Ag/AgCl) Time (sec)

47150 ~ 35 T oo -

E . gV s 0 H0,
£ 120 § 30 Gl— 5 g g 10
5 Z 25 = -02 s
= 90 = 20 UA AP E : g
£ 2 | | =044 N =-10

£ 60 ‘7 154 Gl — i g z GL ,\‘4\

|7} - 3 5

2 30 S 10 AA 5 061 3

§ g 5 E S 0 UA '

(V] Y= y.

|=: 0 — g d g 084 g2 h AP

o] ey 3 0 A 3 HO,—
0 2000 300 600  BOO 1000 0 100 200 300 40 S0 - 6 1 3 3 1 % 0 100 200 300 400 500 600
Glucose (pM) Time (s) [Hydrogen peroxide] (mM) Time (sec)

Figure 47 - CV of Cu electrode on PEN surface in background electrolyte at addition of (a) glucose, (e)
hydrogen peroxide; amperometric response of Cu electrode on PEN surface at different concentrations
of (b) glucose, (f) hydrogen peroxide; linear dependence of the measured current on the concentration
of (c) glucose, (g) hydrogen peroxide; amperometric response of Cu electrode on the surface of PEN

during the study of selectivity of detection of (d) glucose, (h) hydrogen peroxide

In addition, the electrocatalytic activity of bimetallic Cu-Au-PEN and Cu-PEN electrodes towards
hydrogen peroxide was investigated (Figure 48 and Figure 49). H202 is related to reactive oxygen species
(ROS) and is often used as a marker to analyze oxidative stress, which is a common cause of many life-
threatening diseases [202,203]. The concentration of H202 in urine can be used as an indicator of whole
body oxidative stress to regulate renal function and diagnose a number of diseases.

When conducting CV in 0.1M phosphate buffer with pH=7.0 measurements, the potential range
from -0.8 V to 0.2 V was chosen, since the reduction of hydrogen peroxide according to literature data
occurs in the negative potential range according to the reaction 2Cu + H202— Cu20 + H20 [203-206].
The study of the sensor by chronoamperometry showed an increase in current with successive increases

in the concentration of analyte in the background solution in a wide range of concentrations.
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Figure 49 - CV of Cu-Au electrode on PEN surface in background electrolyte at addition of (a) glucose,
(e) hydrogen peroxide; amperometric response of Cu-Au electrode on PEN surface at different
concentrations of (b) glucose, (f) hydrogen peroxide; linear dependence of the measured current on the
concentration of (c) glucose, (g) hydrogen peroxide; amperometric response of Cu-Au electrode on the
surface of PEN during the study of selectivity of detection of (d) glucose, (h) hydrogen peroxide

The electrocatalytic activity of the synthesized materials, specifically copper and bimetallic Cu-
Au electrodes, was investigated with respect to D-glucose and hydrogen peroxide. The electrodes

exhibited distinct anodic and cathodic peaks in cyclic voltammetry (CV), corresponding to copper redox
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processes, as well as glucose electrooxidation and hydrogen peroxide electroreduction. Bimetallic Cu-
Au electrodes exhibited superior electrocatalytic activity and sensitivity towards D-glucose and
hydrogen peroxide compared to their monometallic copper counterparts. This suggests that the proposed
electrode modification approach is promising.

3.1.3.2 Study of electrocatalytic activity of CuO-Cu electrodes

Insoluble copper phosphates may be formed when analytes are electrooxidized on the surface of
copper electrodes in neutral media with 0.1 M PBS as the background electrolyte. The salt crystals can
block the active centers and reduce the reproducibility and repeatability of the analysis. The formation
of oxide nanostructures on the electrode surface can prevent the presipitation of copper salts, allowing
analysis in a neutral environment in a biocompatible buffer solution.

Dopamine (DA), which is one of the key neurotransmitters and plays a critical role in the
functioning of a number of biological systems, including the central nervous system, was chosen as the
analyte. An abnormal level of this biogenic amine is an indicator of pathological conditions of the
organism, including its deficiency is associated with Alzheimer's and Parkinson's diseases, while a high
level of dopamine leads to Huntington's disease [207].

The methodology of the study is similar to that described above for Cu-Au based bimetallic
systems. First, CVs (Figure 50 a) were collected, followed by chronoamperometry studies (Figure 50 b,
¢), and then dopamine detection selectivity was evaluated (Figure 50 d). CV in background electrolyte
and in the presence of analyte showed that the synthesized electrode has a pronounced response to the
presence of dopamine. Amperometric measurements showed a wide linear range of current dependence

on analyte concentration and no sensor response to interfering substances such as paracetamol, glucose

and uric acid.
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In addition, the stability of the analytical signal over time was investigated for the detection of
glucose, hydrogen peroxide, and dopamine. Modified Cu-Au-PEN and CuO-Cu-PEN were used as
working electrodes. A set of five samples of each type was used for the experiments, and a background
solution with 100 uM analyte addition was used as a test system. The results showed high stability of
the sensor response throughout the 21-day study period (Figure 51). Relative current density was used
as a measure of signal stability, i.e., the ratio of the current density upon detection of 100 uM analyte on
a given day to the initial current density. The decrease in relative current density was ~10% for all
electrodes, which is satisfactory for the up-to date non-enzymatic sensors. According to the experimental
protocol, each specific electrode out of five was used for analysis 11 times (every 2 days for 21 days).
After the measurement, the sample was washed with sufficient water, dried by air flow and stored under
room conditions. Thus, the results obtained not only show the high stability of the electrodes, but also
demonstrate the possibility of their repeated use.
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Figure 51 - Stability of the analytical signal of Cu-Au-PEN and CuO-Cu-PEN electrodes during non-
enzymatic determination of (a) glucose, (b) hydrogen peroxide and (c) dopamine tested over 21 days

Repeatability and reproducibility were also evaluated using Cu-Au-PEN and CuO-Cu-PEN
modified electrodes. The repeatability of the detection of glucose, hydrogen peroxide and dopamine with
Cu-Au and CuO-Cu modified electrodes was checked by performing 5 consecutive measurements in the
corresponding background solution containing 100 uM of analyte. The calculated relative standard
deviations (RSDs) were 2.80%, 3.51% and 3.95% for glucose, H202 and dopamine, respectively,
showing the high repeatability of the fabricated sensors. The reproducibility of detection of glucose,
hydrogen peroxide and dopamine was studied using sets of 5 electrodes in the corresponding background
solution containing 100 uM of analyte. The calculated RSDs1 were 1.95%, 2.03% and 2.58% for glucose,
H202 and dopamine, respectively, showing the high reproducibility of the fabricated sensors.

In this work, it has been demonstrated that the developed non-enzymatic sensors exhibit excellent
characteristics for their effective practical application.

Table 8 summarizes the analytical characteristics of the sensors discussed in this chapter, including

data on sensitivity, detection limit, and linear concentration range. In addition, Figure 52 shows the
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calibration curves of the sensors for the glucose and hydrogen peroxide detection. The data presented

clearly show the increased sensitivity of the analysis when the electrodes are modified with gold
nanostructures.

Table 8 - Analytical characteristics of the sensors studied in Section 3.1

Material Analvte Linear Limit of Sensitivity,
y range, UM detection*, uM pA mM1cm2
Glucose 0.1-1000.0 0.05 8640.0
Cu-Au PEN
H202 0.5-3000.0 0.20 2420.0
Cu-Au glass- Glucose 0.3-1000.0 0.10 3060.0
ceramic H202 1.0-3000.0 0.30 1810.0
Cu PET Glucose 10.0-1000.0 2.40 1050.0
Glucose 3.0-1000.0 1.10 1401.0
Cu PEN
H202 50.0-5000.0 20.10 139.0
Cu Pl Glucose 3.0-1000.0 0.90 775.0
Cu glass-ceramic Glucose 3.0-1000.0 0.80 911.0
Cu Glass Glucose 10.0-1000.0 2.70 719.0
CuO-Cu-PEN Dopamine 3.0-500.0 0.57 142.5

*Detection limit = 30/m, where o is the standard deviation from linearity and m is the slope of the calibration curve.
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Figure 52 - Calibration curves at different concentrations of (a) glucose, (b) hydrogen peroxide

Thus, Cu-Au-PEN bimetallic electrodes show more than 8-fold increase in sensitivity compared
to Cu-PEN (Figure 52). In addition, the linear range is extended to submicromolar concentrations.
Similarly, the modification of copper electrodes on the surface of a rigid glass-ceramic substrate leads

to a significant increase in sensitivity and an expansion of the range of detectable concentrations. In turn,
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CuO-Cu-PEN composite electrodes allow the expansion of the list of analytes available for analysis,
opening the possibility of dopamine detection in neutral media.

The fabricated samples have comparable electroanalytical performance to the similar sensors with
respect to D-glucose, hydrogen peroxide and dopamine, which is confirmed by the literature data
presented in Table 9, Table 10 and Table 11.

Table 9 - Analytical characteristics of copper-based D-glucose sensors described in the literature [117]

Material pSAerrlrfll\E[“ilctr):]Z Linear range, uM it Ofud&teCtion*’
Cu coating 2149.1 1-4600 0.03
Cu microparticle 2432 0-4711 0.19
Cu NP 412 0-700 2.76
Cu thin coating 3643 0-811 0.59
Au NP film 749.2 55.6-13890 9.0
Pt-Cu nanochain 135 10-17000 2.5
Pt-nanoporousAu 145.7 500-10000 0.6
CuO porous film 2900 1-2500 0.14

Table 10 - Analytical performance of copper-based H202 sensors described in the literature

i Sensitivity, . Limit of detection*,

Material 1A mM-iem? Linear range, pM UM Reference
Cu-Au PEN 2420 0.0005-3 0.2 This work
AuCu/SPCE 133.74 0.05-10 10.93 [181]

AuCu
) 2710 0.000005-0.00036 0.002 [182]
nanowires/GCE

CuCP-AuNPs 6800 1-2110 0.22 [208]
CG:Cu - 0.32-0.803 0.64 [209]
Cu-Mo0,-C 144 0.25-6.25 0.16 [210]

Cu20@CusSs
299.7 0.001-3.5 0.02883 [211]

yolk-shell

Ag-Au/Cu,0 4.16 up to 1.4 13 [212]
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Table 11 - Analytical performance of copper-based dopamine sensors described in the literature

Sensitivit Linear range Sl
Material A mM'lcr)r/{'z UM g, detection*,  Technique Reference
UM
Ota
Cu-CuO PEN 142,5 3-500 0,57 CA* pabota
CuO-MgO 69 10-100 6,4 CA [213]
g-CaNa/ B CA
CUO/GCE 316 0,02-71,1 0,0001 [214]
CuO-PDI-GPE 4000 5-100 0,006 CA [215]
CuO/CN-5 331 16-78,7 0,06 DPV** [216]
Cuo 63 0,1-105 0,1 DPV [217]

nanowire/GCE
*CA - chronoamperometry, **DPV - differential pulse voltammetry

In this section of the thesis, the processes of laser-induced surface modification at the substrate-
air interface followed by copper plating were investigated. It was demonstrated that laser radiation
allows spatially selective modification of the substrate, thus significantly affecting the morphology and
adhesion of synthesized copper structures in the area of modification. The application of LIS at the
substrate-air interface allowed the spatially selective modification of a broad range of both flexible and
rigid substrates. This highlights the versatility and adaptability of the proposed method. The optimal
laser irradiation parameters, including power density, pulse repetition rate, scanning speed, and scanning
line spacing, were determined for all investigated materials. Under optimized conditions, laser-induced
surface modification led to the formation of metal structures characterized by high adhesion and low
resistance. These are essential functional properties for the working electrodes of non-enzymatic sensors.
The materials produced exhibit high electrocatalytic activity and selectivity under the chosen analytical
conditions towards biologically relevant analytes, such as glucose, hydrogen peroxide, and dopamine.

An important result of this work is the development of techniques for the synthesis of gold and
CuO nanostructures on the surface of copper electrodes. Bimetallic Cu-Au sensors exhibit high
electrocatalityc activity and sensitivity to glucose and hydrogen peroxide, presumably due to the
synergistic effect between these metals. The synthesized CuO-Cu sensors also showed high efficiency

and stability for dopamine detection in neutral medium.

In the course of the research conducted, the following techniques were developed:

- Techniques of laser-induced synthesis at the substrate-air interface and selective copper plating
of glass, glass-ceramics and flexible polymeric materials (PEN, PET, PI) have been developed. It was
found that the optimal scanning speed and power density of the laser radiation of the substrate is
determined by its composition. A significant difference in scanning speed between polymeric and

inorganic substrates was observed, being 2 m/s for glass and 0.2 m/s for PEN, respectively.
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- Methods for modifying copper electrodes through approaches such as galvanic replacement and
electrochemical oxidation have been developed. These methods allowed the fabrication of Cu-Au and
Cu-CuO composites. The critical parameters for the spatially selective synthesis of nanostructures on
the surfaces of copper electrodes were identified as synthesis time and temperature. The ability to create
sensor materials highly active towards glucose, hydrogen peroxide and dopamine based on the
synthesized electrodes was demonstrated.

- The electrocatalytic properties of the fabricated materials were investigated with respect to
biologically relevant analytes. It was shown that the modification of the electrodes with gold-based
nanostructures significantly improves the analytical properties of the sensors. This includes a more than
eightfold increase in the sensitivity of glucose analysis and a reduction of the minimum detectable
concentration from 3 uM to 0.1 uM. The formation of a CuO layer on the surface of a copper electrode,
in turn, allows the expansion of the list of detectable analytes, facilitating the detection of dopamine
under neutral pH conditions. Therefore, it is possible to create sensor platforms with sensing activity for
a wide range of analytes based on a single initial system, taking into account the modification of the

electrodes.

This chapter is based on data and graphics presented in the following two publications, where the
PhD candidate is the primary author [118,218]:
Khairullina, Evgeniia M; Panov, Maxim S; Andriianov, Vladimir S; Ratautas, Karolis; Tumkin, llya
I; Raciukaitis, Gediminas;
High rate fabrication of copper and copper—gold electrodes by laser-induced selective electroless plating
for non-enzymatic glucose sensing,
RSC advances, 11, 32, 19521-19530, 2021, DOI: 10.1039/D1RA01565F

Khairullina, Evgeniia M; Ratautas, Karolis; Panov, Maxim S; Andriianov, Vladimir S; Mickus,
Sarunas; Manshina, Alina A; Raciukaitis, Gediminas; Tumkin, llya I;

Laser-assisted surface activation for fabrication of flexible non-enzymatic Cu-based sensors,
Microchimica Acta, 189, 7, 259, 2022, DOI 10.1007/s00604-022-05347-w
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3.2 Laser-induced synthesis at the interface between substrate and liquid reaction medium

3.2.1 Laser-induced synthesis and modification of electrodes

As part of the further study of the interaction between laser radiation and reaction medium, the
next case of LIS was laser-induced synthesis at the interface between substrate and liquid reaction
medium. In contrast to the substrate-air interface discussed in Chapter 3.1, where the interaction of laser
radiation and substrate material leads to its local modification, in this case the laser radiation not only
modifies the substrate, but also participates in the metal ion reduction processes from the precursor
solution. The localized region of the interface between the substrate and the liquid reaction medium is
heated, resulting in the reduction of metal ions from the solution. This results in the direct formation of
a solid metallic phase from the liquid precursor on the substrate. Such a process, facilitated by the unique
conditions created by laser radiation, opens new perspectives for the creation of nanostructured materials
with special properties.

Laser-induced synthesis at the interface between the substrate and the liquid reaction medium was
carried out in aqueous solutions containing nickel tartrate complex as a precursor. As a result of laser
irradiation of the interface between the substrate and the liquid reaction medium, the reduction of nickel
ions and the formation of metallic structures occurred as the substrate moved relative to the laser beam.
Due to the high thermal impact on the system required for laser-induced reduction reaction, the glass
was as the substrate. Exposure to laser radiation with the power required to laser-induced reduction
results in thermal destruction of polymer substrates.

The modification of electrodes in the case of laser-induced synthesis at the interface between
substrate and liquid reaction medium was also performed using this approach. The versatility of LIS
allows synthesizing a wide range of materials with different composition and morphology. In addition,
laser-induced synthesis at the interface between substrate and liquid reaction medium allows spatially
selective modification of electrode materials. Similar to the LIS described in Section 3.1, polymetallic
working electrodes as part of sensors, compared to monometallic systems, can exhibit significantly
higher activity in the electrocatalytic glucose oxidation process due to synergistic effects between their
constituent metals. For example, bimetallic systems containing metals such as gold and platinum in
combination with transition metals can significantly enhance the catalytic properties and provide higher
stability of sensor activity. It should also be noted that despite the high activity of gold and platinum
electrodes used for non-enzymatic detection of glucose, they have some significant disadvantages,
mainly related to their high cost and their tendency to be poisoned by oxidation products and matrix
components. Thus, transition metal-based electrodes modified with noble metals (including Au and Pt)

can overcome the limitations mentioned above.
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To obtain bimetallic electrodes, a two-step LIS technique was developed, which is based on the
replacement of the precursor solution and rescanning of the presynthesized metal layer. The
experimental data suggest that this approach can be extended in the future to obtain three or more
component systems. Surface modification with noble metals, including gold and platinum was carried
out using commercially available complexes of these metals. Since the surface morphology is one of the
factors determining the electrocatalytic activity, special attention has been paid to its detailed
characterization, including the development of a methodology to study the structures obtained by laser-
induced synthesis using impedance spectroscopy.

The first stage of the study of LIS at the substrate-liquid reaction medium interface was to
determine the optimal conditions of laser exposure for the fabrication of conductive structures based on
nickel. It was shown that using an aqueous solution of nickel tartrate as a precursor allows the synthesis
of continuous nickel structures. The choice of precursor was based on previous studies of LIS at the
substrate-liquid reaction medium interface, where it was shown that the use of copper tartrate complexes
allows the deposition of conductive nanostructured copper layers [93]. In addition, the use of tartrate
complexes as precursors allowed the synthesis of conductive copper structures without the need to add
extra components to the solution, including those that act as reducing agents. This approach ensures high
stability of the proposed system during storage and minimizes side processes of metal ion reduction in
the solution volume. Consequently, the process is localized at the interface between the substrate and
the liquid reaction medium. When optimizing the synthesis conditions for obtaining continuous nickel
structures with low resistance, which can be further used as working electrodes for non-enzymatic
sensors, the main variable parameters were laser power density (P) in the range of 120-300 kW/cm? and
scanning speed (v) in the range of 2.5-15 um/sec. As a result of the research it was shown that the optimal
synthesis conditions are laser radiation power density equal to 250 kW/cm? and scanning speed equal to
5 um/sec. Modification of nickel electrodes with gold and platinum nanostructures was performed under
the same laser irradiation conditions. According to the SEM data presented in Figure 53, the nickel

electrode obtained with LIS has a nanostructured developed surface of complex morphology.



Figure 53 - SEM images of Ni structures at different magnifications

It was shown that modification of nickel electrodes with platinum- and gold-based nanostructures
has a significant effect on the morphology of bimetallic electrodes (Figure 54 a-d). The porosity of Ni-
Pt and Ni-Au structures was evaluated using ImageJ software package [219]. The analysis revealed that
the surface of Ni-Pt electrode have a hierarchical structure and contains pores of different sizes, while
the surface of Ni-Au electrode has no obvious separation between pore sizes. The average pore size of
Ni-Pt electrode is smaller than that of Ni-Au, while the number of pores in Ni-Pt structure is much larger
(Figure 55). Therefore, it can be concluded that Ni-Pt electrode has a more developed morphology

compared to Ni-Au.
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Figure 55 - Pore size distribution for Ni-Au and Ni-Pt structures
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EDX (Figure 56 a, ¢, €) and XRD analysis (Figure 56 b, d, f) confirm the formation of Ni-Au and
Ni-Pt bimetallic structures. The modification of the initial nickel structures results in its partial oxidation,
which leads to the formation of a small amount of nickel oxide (NiO) while maintaining the metallic
conductivity of the system. All electrodes showed conductivity higher than that for bulk metallic nickel,
the electrical resistivity was ~10 Ohm, ~17 Ohm and ~19 Ohm for Ni, Ni-Au and Ni-Pt structures,
respectively (length 10 mm, width 150 um). The increase in resistance compared to bulk metallic nickel
can be explained by the highly developed electrode structure. In the case of material with highly
developed morphology, there is an increase in the current path due to the presence of pores, which also
causes a decrease in the effective cross-sectional area of the conductor. It is also worth noting the
possible contribution of contact resistance between the particles forming the structure, due to the smaller
contact area and the possible presence of an oxide film on the surface of the particles. However, it is
important to emphasize that the obtained values meet the requirements for working electrodes of non-
enzymatic sensors and are promising for further studies of electrocatalytic activity. The increase in
resistance in the Ni, Ni-Au, and Ni-Pt series can be explained by the formation of an oxide phase during

repeated laser irradiation while modifying the original nickel electrode.
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Figure 56 - EDX analysis for Ni (a), Ni-Au (c) and Ni-Pt (e) structures. XRD apatterns for Ni (b), Ni-
Au (c) and Ni-Pt (f)

Within the framework of this work, it can be assumed that the mechanism of metal ion reduction

from metal complexes is similar to the processes during laser pyrolysis of metal-organic frameworks,
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where the destruction of organic ligands occurs with the formation of active reducing agents, including
gaseous hydrogen and CO. These active compounds reduce metal ions to the atomic state, which in turn
aggregate to form particles [220-222].

In addition, as mentioned above, the formation of centers capable of reducing metals from
solutions of their complexes and salts can also occur on the substrate surface under the influence of laser
radiation. The activity of the surface after laser irradiation can be attributed to the modification of the
band structure of the dielectric, e.g. due to residual mechanical stresses resulting from the laser-induced
destruction of the surface layer of the substrate [22-24].

After the reduction of ions and their aggregation with the formation of seeds on the substrate,
according to the mechanisms described above, there is a change in the absorption coefficient in the laser
beam impact zone due to the formation of a new metallic phase [223]. This leads to an increase in the
efficiency of absorption of laser radiation by the substrate with formed metal seeds, which, in turn,
contributes to a more intensive recovery of metal ions and the formation of a continuous metal layer on
the substrate in the area of laser exposure. It is important to note that during surface modification, when
synthesis takes place on the surface of a pre-deposited structure, it is critical to control the power density
of the laser radiation to avoid destruction of the metal layer as a result of overheating.

Thus, laser-induced synthesis (L1S) of metallic structures on the substrate is a complex and multi-
step process that involves a number of successive stages, starting from thermal decomposition of
precursors, reduction of metal ions, nucleation, and ending with the growth of metallic structures. Each
of these stages has its own characteristics and depends on a variety of parameters, including the chemical
composition of the initial precursors, the type of substrate, and the laser exposure conditions such as
radiation power, wavelength, pulse duration, and others. In the context of thermal LIS at the substrate-
liquid reaction medium interface, general fundamental considerations applicable to a wide range of
systems have been presented. However, a thorough understanding and determination of the exact
reaction mechanisms requires additional studies that take into account the specificity of the selected
system. The results of this work emphasize the importance of a comprehensive approach to the study of
laser-induced synthesis of metallic structures and the need for further research in this area. Future
experimental work may be aimed at a detailed study of the influence of laser exposure parameters and
the chemical nature of the system on the mechanisms of formation and growth of metallic structures.

In addition to scanning electron microscopy, the morphology of the electrodes was also studied by
impedance spectroscopy, the results of which are summarized in Figure 57 and Table 12. All the
admittance spectra of the fubricated structures are approximated by the equivalent electrical circuit
shown in Figure 57 d, the numerical values for the elements of the electrical circuit are presented in
Table 12,
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Figure 57 - Admittance spectra of (a) Ni, (b) Ni-Au and (c) Ni-Pt electrodes. (d) Equivalent electric

circuit (L ~ fH - parasitic inductance caused by the time response of the ammeter).

Table 12 - Approximation results for Ni, Ni-Au and Ni-Pt electrodes, where Cl is 99.9% confidence

interval

R,Q R, Q W;(Ss?) W2(Ss®?) a
Value 2370 1840 1.31x10° 6.1x107 0.652 0.556

Cl 60 30 5.0x10®  4.0x10® 0.005 0.08

. Value 1600 9000 6.3x10° 1.0x107 0.685 0.68
Ni-Au

Cl 30 1000 2.0x107  4.0x10® 0.005 0.04

Ni-Pt Value 3760 6800 9.3x107 1.7x10°® 0.5 0.588

Cl 60 300 4.0x10®  1.0x107 exact 0.009

The impedance spectra of the synthesized electrodes can be described using capacitance dispersion
because all non-ideality parameters a are significantly different from unity (Table 12). In impedance
spectroscopy, the non-ideality parameter o describes deviation of electrochemical system from ideal
behavior. Often the data obtained by impedance spectroscopy deviate from ideal half circles, which can
be caused by electrode morphology and porosity, among other things. Unlike an ideal capacitor, whose
impedance depends only on frequency and capacitance value, the impedance of constant phase element

(CPE) depends on frequency, which makes it possible to describe with CPE also the porosity of the
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electrode. The presence of two CPE in the equivalent circuit of an electrochemical system indicates its
more complex structure than can be described by a single CPE. In the considered case this can also be
related to the porosity of the electrodes. Thus one CPE can be associated with a description of the macro-
level behavior of the system (e.g., total electrode porosity), while another can reflect micro-level
processes (e.g., pores within pores) [224,225]. When approximating the data for Ni-Pt, a1 was fixed at
0.5 as this value was stable for all experiments. The collected data are in agreement with the SEM results,
Ni-Pt electrode has lower o values than Ni-Au based electrode. The presence of two R-CPE branches on
the equivalent electrical circuit with different values of the non-ideality parameter a in the spectra of the
Ni-Pt electrode can be explained by the presence of pores of different sizes on the electrode surface. The
similar values of a for the Ni-Au electrode may indicate that there is no hierarchical surface structure
for this electrode in contrast to Ni-Pt, whose non-ideality parameters have different values. In addition,
the close values of a may indicate that the two-branch model (Figure 57 d) may be redundant for the Ni-
Au electrode. The condition for this is that the ratio Ri/R2 = W2/Wx is fulfilled when the scheme in
Figure 57 g is simplified. However, the approximation data (Table 12) show that this condition is not
fulfilled. In this case, the presence of two R-CPE branches for the Ni-Au electrode can be associated not
only with the complex morphology of the electrode surface, but also with different resistive and
capacitive properties of the electrode structural elements, which can be dictated, for example, by their
elemental composition.

Biocompatibility of sensor materials becomes essential when they are used in biological systems,
including invasive contact. The presence of noble metals in bimetallic sensors, including gold and
platinum, significantly increases biocompatibility compared to monometallic systems [117]. In this
regard, the influence of morphology and composition of nickel structures modified with gold and
platinum on cytotoxicity was studied using HeLa cell lines as an example. The cells were obtained from
the Cell Culture Bank of the Institute of Cytology of the Russian Academy of Sciences. Cells were
seeded on the surface of synthesized electrodes and incubated for 24 hours at 37°C and 5% CO:2
concentration in Dulbecco’s Modified Eagle Medium (DMEM, Dulbecco's Modified Eagle Medium)
supplemented with 10% fetal bovine serum and 40 pg/ml gentamicin. Before microscopic examination,
HelLa cells were treated with fluorescent dye (dibenzoazacyclooctin, DIBAC), then the cell medium was
replaced with phosphate-salt buffer with the addition of propidium iodide as a dye to visualize dead cell
nuclei. Ina living cell, the membrane maintains its integrity and functions as a barrier to large molecules,
including propidium iodide. When membrane integrity is compromised, propidium iodide binds to DNA,
greatly increasing its red fluorescence. Images of the cells were acquired on a Leica DMB-4000
microscope and are presented in pseudo-color (Figure 58). Pseudocolored images were obtained as a

superposition of three photographs: 1) taken in visible light in transmitted light mode (gray scale,
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membrane imaging); 2) DiBAC fluorescence (green channel); and 3) propidium iodide fluorescence (red
channel).

As can be seen from the presented data (Figure 58), the synthesized Ni-Au and Ni-Pt electrodes
are non-toxic, since live cells were preserved on their surface as a result of testing. The live cells show
green coloration, while the dead cells show yellow coloration due to the appearance of a red color
channel from propidium iodide fluorescence. However, the Ni-Au-based electrode has much higher
biocompatibility than the Ni-Pt electrode, which is probably due to the more complex morphology of
the Ni-Pt surface, as well as the material composition, since Pt NPs are more prone to exhibit cytotoxic
effects compared to Au NPs [226].

Figure 58 - Microscopic photographs of Ni-Au (a) and Ni-Pt (b) electrodes taken during biocompatibility
study

3.2.2 Study of electrocatalytic activity of synthesized materials

Electrocatalytic activity toward D-glucose was investigated by cyclic voltammetry and
chronoamperometry. All potentials shown below were measured relative to a Ag/AgCl reference
electrode.

The CV of the nickel electrode (Figure 59 a) in 0.1 M NaOH background electrolyte has
characteristic anodic and cathodic peaks. The electrochemical behavior of the nickel electrode in highly
alkaline medium is similar in many respects to the copper electrode described earlier. The catalytically
active species, as in the case of copper, are Ni®*. The redox processes are reflected in the peaks 1 and 2
on the CV (Figure 59 a) [227,228]. Modification of the nickel surface with platinum and gold leads to
an increase in the area under the CV curve, which is an indirect indicator of a highly developed surface

in view of the increase in the capacitive component of the current. Figure 59 b shows the CV for Ni-Pt
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electrode obtained in the background electrolyte containing 100 uM and 1000 uM D-glucose. It is
possible to note a gradual increase in the oxidation current with increasing glucose concentration in the
solution, which indicates the presence of electrocatalytic activity of the electrode in relation to glucose.
Further electrocatalytic activity studies were performed using chronoamperometry (Figure 59 c). The Ni
and Ni-Pt based electrodes show two linear regions of the calibration curve (Figure 59 d) unlike the Ni-
Au electrode which has only one region of linearity. In the first linear region, the amperometric current
increases rapidly with increasing glucose concentration, whereas in the second linear region, the growth
of the analytical response slows down. This behavior correlates with the assumption of the presence of
different types of pores on the hierarchical surface of Ni and Ni-Pt electrodes. The decrease in sensitivity
at higher glucose concentrations may be due to stronger adsorption of intermediates and partial blocking
of the electrode active centers [229]. It should be noted that the Ni-Pt electrode with the most developed
surface shows the highest sensitivity among all synthesized materials within the range of glucose
concentration up to 300 uM (Figure 59 d). Also, all investigated nickel-based electrodes demonstrated a
much higher amperometric response to glucose than to potential interfering substances, indicating
sufficient selectivity of the analysis. In addition, the stability of the response of the synthesized
electrodes over time during storage under room conditions for 1 month was investigated (Figure 59 e).
The relative current density Ix/lo was used as an evaluation parameter, where Ix and lo are the current
densities exhibited by the synthesized electrodes upon addition of 100 uM D-glucose, recorded on day
x and the day of the beginning of the experiment, respectively. It was found that modification of the Ni
electrode surface with precious metals significantly improved its stability, such that the relative current
density of the Ni-Pt electrode was maintained above 85% of its initial value for 1 month.
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Figure 59 - (a) CV of synthesized electrode materials taken in 0.1 M NaOH. (b) CV of Ni-Pt electrode
taken in background solution with D-glucose additives; (¢) Amperometric response of the synthesized
electrodes in the presence of different concentrations of D-glucose at potentials of 0.60 V (for Ni), 0.64
V (for Ni-Au) and 0. 62 V (for Ni-Pt), respectively; (d) Calibration relationships for non-enzymatic
detection of D-glucose on Ni, Ni-Au and Ni-Pt electrodes; (e) Selectivity of the synthesized materials
upon sequential addition of 100 pM D-glucose (GL), 30 uM ascorbic acid (AA), 30 uM uric acid (UA),
30 uM 4-acetamidophenol (AP) and 30 uM hydrogen peroxide (H202). (e) Stability of Ni-based

electrodes during the determination of 100 uM D-glucose

Oxidation of glucose using nickel and other transition metal catalysts involves redox reactions
between metal hydroxides and their oxyhydroxides (in the case of nickel Ni(OH)2/NiOOH) [66]. The
mechanism of glucose electrooxidation on the surface of the nickel electrode is as follows: catalytically
active NiOOH is reduced to Ni(OH)2 at the expense of the hydrogen atom detached from the C1 atom
of glucose, glucose in turn is oxidized to gluconolactone with subsequent hydrolysis to gluconic acid.
Thus, the possible reactions occurring during the electrooxidation of glucose under alkaline conditions
on the surface of Ni electrodes modified with Au and Pt can be represented as follows [66,117,119,230]:

Ni + 20H = Ni(OH)2 + 2¢ (1)
Ni(OH)2 + OH = NiOOH + H20 + ¢ 2
NiOOH + glucose = Ni(OH)2 + gluconolactone 3)
Au+ OH = AuOH +¢& 4)
AuOH + glucose = Au + gluconolactone (5)
Pt + 20H" = P(OH)2 + 2& (6)

Pt(OH)2 + glucose = Pt + gluconolactone (7



Figure 60 illustrates the possible mechanism of glucose electrooxidation on the Ni-Pt surface

considering the reactions presented above.
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Figure 60 - Possible mechanism of glucose oxidation on the surface of Ni-Pt electrode

According to the CVs (Figure 59 b), as well as on the basis of literature data [117,119,231] and
reactions (1)-(7), several potential windows can be distinguished. The window of potentials below -0.10
V with anodic peaks at -0.21 and -0.19 V for Ni-Pt and Ni-Au electrodes, respectively, corresponds to
the dehydrogenation of the glucose molecule involving hydrogen at the hemiacetal carbon atom (C1).
The second potential region is located between -0.10 and 0.48 V (for Ni-Pt and Ni-Au) and between -
0.20 and 0.43 V (for Ni). The anodic peaks centered at 0.09, 0.08, and -0.06 V observed for Ni-Pt, Ni-
Au, and Ni, respectively, correspond to the electrooxidation of the chemisorbed species. Here, the
dissociation of water is accompanied by the release of hydroxide anions, which adsorb on the electrode
surface, forming a catalytic hydroxide pre-monolayer (Equations (4) and (6)). The latter accelerates the
electrooxidation of chemisorbed glucose by the reactions presented in equations (3), (5) and (7). In the
third potential region, the anodic peaks with centers of 0.62 V (for Ni-Pt), 0.64 V (for Ni-Au), and 0.60
V (for Ni) are associated with further oxidation of glucose from solution to form gluconolactone and
then gluconic acid. As for the pure Ni electrode, in alkaline medium, nickel exists in the form of
hydroxide according to equation (1), which then enters the redox reaction to form catalytically active
Ni(111) oxyhydroxide (equation (2)).

The analytical characteristics of the synthesized non-enzymatic nickel-based sensors are presented
in Table 13. Table 14 also lists the parameters of some similar systems described in the literature. Based
on the data presented, it can be concluded that Ni-Pt has a number of advantages over its comparable
analogs, mainly related to its high sensitivity and low detection limit. It has been found that bimetallic
sensors show a stable synergistic effect, resulting in higher electrocatalytic activity due to various
electronic effects as well as the presence of a larger number of active centers [232,233]. The higher
catalytic activity of the Ni-Pt electrode may also be related to the more developed morphology of this

material.
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Table 13 - Analytical characteristics of the electrodes studied in Section 3.2

Material Linear range, UM L ofud'\e/ltection*, "SAE‘WIE'\EI“{::%Z

Ni 10-300 and 300-1500 0.09 and 0.32 5953 and 1180
Ni-Au 10-1500 0.12 2542

Ni-Pt 10-300 u 300-1500 0.14u 0.19 18570 u 2929

*Detection limit = 36/m, where o is the standard deviation from linearity and m is the slope of the calibration curve.

Table 14 - Analytical performance of nickel-based D-glucose sensors described in the literature

Linear I @ Sensitivit
Material detection*, 1 y’_2 Reference
range, uM UM pA mM~cm
Ni nanowire arrays 0.5-7000 0.1 1043 [234]

Ni nanoparticles on
straight multi-walled 1-1000 0.5 1438 [235]
carbon nanotubes

Ni nanoparticles/porous

15-6450 4.8 207.3 [236]
carbon
AuU/Ni multilayer nanowire 0.25-2000, 01 3372. [237]
array 2000-5500 ' 1906
AuNi nanodendrite arrays 5-15000 3 3727.7 [238]
PtNi alloy nanocatalysts 2420 1 1795.1 [239]
on carbon
Pt-Ni nanoclusters 0-15000 0.3 940 [240]
AN e 0-35000 10 20.42 [241]

graphene nanocomposites

In this part of the thesis, the LIS process at the interface between the substrate and the liquid
reaction medium has been studied. The main advantage of this method is identified as the direct
reduction of metal ions from the precursor solution under the influence of laser radiation. It is
hypothesized that the mechanism of reduction of metal ions from metal complexes under LIS is similar
to the phenomena observed during laser pyrolysis of metal-organic frameworks, where the destruction
of organic ligands and the subsequent formation of active reducing agents are considered crucial.
However, since these processes occur at the interface between the substrate and the reactive medium,
the formation of defects on the substrate due to laser irradiation is also considered important. These
defect states are believed to contribute to the reduction of metal ions and the nucleation of the metal

phase. This approach, based on laser-induced thermal reactions, is highlighted for its ability to facilitate
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the synthesis of a wide variety of materials using simple, commercially available precursors and a single
laser source of fixed wavelength. In addition, the potential for spatially selective modification of
electrode materials is emphasized, opening broad prospects for the development of polymetallic systems
with enhanced electrocatalytic properties. The modification of nickel electrodes with nanostructures
derived from noble metals (gold and platinum) has been shown to significantly enhance the

electrocatalytic activity towards D-glucose.

The following observations were made during the research:

- The processes of laser-induced synthesis at the interface between substrate and liquid reaction
medium were investigated. This led to the development of methods for the synthesis of Ni electrodes
and their laser-induced modification with gold (Au) and platinum (Pt) nanoparticles. It has been shown
that Ni-Pt electrodes exhibit a hierarchical structure, while the surface of the Ni-Au electrode has no
obvious separation between pore sizes.

- The biocompatibility and electrochemical properties of the synthesized electrodes were
investigated. It was found that Ni-Au based electrodes, with a less developed surface, exhibited higher
cell adhesion compared to those of Ni-Pt. Conversely, a different trend was observed in terms of
electrocatalytic activity. Among the materials discussed, the Ni-Pt electrode was shown to have the best
performance. For the Ni-Pt electrode, the linearity range of the calibration curve for D-glucose was
determined to be between 10-300 uM and 300-1500 uM, with the sensitivity of 18,570 and 2,929 pA

mM-t cm, respectively.

This chapter is based on data and graphics presented in the following publication, where the PhD
candidate is the primary author [170]:
Khairullina, Evgeniia M; Tumkin, llya [I; Stupin, Daniil D; Smikhovskaia, Alexandra V;
Mereshchenko, Andrey S; Lihachev, Alexey I; Vasin, Andrey V; Ryazantsev, Mikhail N; Panov, Maxim
S;
Laser-assisted surface modification of Ni microstructures with Au and Pt toward cell biocompatibility
and high non-enzymatic glucose sensing,
ACS omega, 6,28 ,18099-18109, 2021, DOI 10.1021/acsomega.1c01880

3.3 Laser-induced synthesis at the interface between substrate and solid reaction medium
In the final part of the experimental study of the processes of laser-induced synthesis of metallic

structures, special attention is paid to the study of LIS at the interface between substrate and solid

reaction medium. This topic is a continuation of the study of the interaction of laser radiation with
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various reaction media discussed in the previous Chapters 3.1 and 3.2. In LIS at the interface between
substrate and solid reaction medium, the formation of metallic structures occurs directly under the
influence of laser radiation, similar to the liquid medium. However, the chemical processes underlying
this phenomenon have significant differences due to the use of metal oxide nanoparticles as precursors.
In addition, the precursor film can reduce the thermal effects of laser irradiation on the substrate, which
can complicate the modification of the substrate to achieve high adhesion with the synthesized material.
In this regard, an important part of the work is the careful optimization of laser irradiation parameters,
such as power density and scanning speed, as well as the investigation of possible ways to improve the
adhesion of synthesized materials to the substrate.

Laser-induced synthesis at the interface between substrate and solid reaction medium was carried
out using oxide nanoparticles as a precursor. This approach is based on the local interaction of laser
radiation and a film of oxide nanoparticles, which leads to their complete or partial recovery and the
formation of nanostructured electrode materials on the substrate. The target materials were Ni and Cu,
the corresponding commercially available oxide nanoparticles of the aforementioned metals were used
as the precursors. In order to fabricate electrodes with the required functional properties, including
electrical conductivity, high adhesion and developed surface area, a fine-tuning of the laser-induced
synthesis parameters is required with respect to both laser exposure parameters (power, scanning speed)
and surface preparation as well as precursor composition.

The optimal precursor composition for laser-induced synthesis of electrodes at the interface
between substrate and solid reaction medium was determined and is presented in Table 15. The
determining parameters were viscosity and nanoparticle concentration, which allow obtaining uniform

precursor films on the substrate by spincoating.

Table 15 - Precursor composition for laser-induced synthesis at the interface between substrate and solid

reaction medium

Component CuO/ NiO NP PVP* EG**

Mass, g 3/15 0.65 1.35
* Polyvinylpyrrolidone, ** ethylene glycol

On the example of glass-ceramic substrate, it was shown that the main parameters that determine the
composition and morphology of materials during laser-induced synthesis at the interface between
substrate and solid reaction medium are the laser radiation power density (P), scanning speed (v) and the
distance between scanning lines (h). The ranges of variation of these parameters are presented in Table
16. The limits of the ranges were chosen taking into account previous studies on the process of laser-

induced reduction of copper oxide nanoparticles [104]. Thus, by varying these parameters v and h, one
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can effectively control the properties of electrode materials and create systems with different functional
properties. Since this work is aimed at synthesizing electrochemically active materials and studying their
properties, the determining parameters were developed morphology and low electrical resistance. Based

on these requirements, optimization of v and h parameters was carried out.

Table 16 - Parameters of laser-induced synthesis at the substrate-air interface

Scanning speed Distance between Power density (P),
S (v), mm/s lines (h), um KW/cm?
Glass-ceramics 1-10 5-10 45-57

Based on scanning electron microscopy data (Figure 61), it can be concluded that increasing the
line spacing and scanning speed at a fixed power density of 57 kW/cm? leads to an insufficient thermal
effect on the precursor film, resulting in the formation of nonconductiv structures with numerous defects.
On the other hand, too low scanning speed promotes the formation of structures with smooth morphology
due to more complete fusion of initial precursor particles under the action of laser radiation, which leads
to a decrease in the surface area and available active electrocatalytic centers. Thus, the most optimal

parameters are h=5 pm and v=5 mm/s at P = 57 kW/cm?,

Figure 61 - SEM images of structures on the glass-ceramic surface at different scanning speeds and line

spacing (corresponding h and v are indicated on the image)

In addition, it was shown that a decrease in the radiation power density to 45 kW/cm2 leads to
deterioration in the morphology of the samples, including the formation of visible discontinuities due to

incomplete fusion of particles and washout of the latter after synthesis (Figure 62). Thus, detailed
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analysis of SEM images showed that the most optimal conditions for obtaining the structures are the
following: LR power density 57 kW/cm?, scanning speed 5 mm/s, line spacing 5 um. The obtained
materials possess a developed highly porous surface. XRD pattern showed (Figure 62 c) that the
structures synthesized under optimal conditions contain metallic copper and oxide phase, which can be
a product of incomplete reduction of the initial particles or formed as a result of reoxidation. Data on the
composition of materials obtained by X-ray diffraction are in agreement with EDX (Figure 62 a, b). It
can be concluded that the LIS process at the substrate-solid reaction medium interface favors the
formation of composite structures based on copper and its oxides, which exhibit metallic conductivity.
Taking into account the mechanism of glucose oxidation described in Section 1.4, copper oxide also
exhibits high electrocatalytic activity with respect to this analyte, which indicates the prospect of further

application of the fabricated materials as working electrodes for non-enzymatic sensors.
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Figure 62 - SEM images and EDX analysis results (upper right corner in each panel) of Cu-CuxOy
structures fabricated at power densities of (a) 57 kW/cm? and (b) 45 kW/cm?; (c) XRD patterns of Cu-
CuxOy structures and the original precursor film

Similar studies were carried out using nickel oxide nanoparticles as a precursor. Analysis of SEM
images of nickel structures on the glass-ceramic surface showed that the most homogeneous metal layer
is obtained also by the laser radiation power density equal to 57 kW/cm? (Figure 63). Elemental analysis
showed that the main component of the structures is nickel, the remaining elements are related to the
glass-ceramic substrate. X-ray diffraction showed the formation of metallic nickel phase with minor

oxide impurities, as in the case of copper (Figure 63 e).
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Figure 63 - SEM images and EDX analysis results (upper right corner in each panel) of Ni-NiO structures
at laser power density (kW/cm?) and scanning speed (mm/s): (a) 57 and 5; (b) 45 and 5; (c) 57 and 10;
(d) 45 and 10; (e) XRD patterns of Ni-NiO structures and the original ink film

In addition, the parameters of laser-induced synthesis of electrodes on the surface of flexible
polymers PET, PEN, and PI were optimized. The optimal scanning speed and line spacing, as in the case
of glass-ceramics, were 5 um and 5 mm/s, respectively. The results of SEM examination of the materials
suggest that the samples have a highly developed nanostructured surface formed by sintered
nanoparticles (Figure 64). The X-ray phase composition showed that the main phase of the material is
metallic copper, the presence of reflexes corresponding to oxide components can be explained by
incomplete reduction of the initial particles and oxidation of the surface after synthesis. As a result of
the conducted studies on the surface of various substrates, a tendency to decrease the laser radiation
power density required for the reduction and fusion of initial NPs to obtain conductive continuous

structures was revealed. This effect can be explained by the lower thermal conductivity of polymeric

materials compared to glass-ceramics (Table 17) [176].
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Figure 64 - SEM images of the structures on the surface of (a) PET, (b) PEN, (c) Pl and (d) XRD patterns

of Cu-CuxOy
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Table 17 - Laser exposure conditions for laser-induced synthesis at the interface between substrate and
solid reaction medium on different substrates

Substrate PET PEN Pl Glass-ceramic
Power density, kW/cm? 35 38 40 57

The considered system based on ethylene glycol as a reducing agent and polyvinylpyrrolidone
(PVP) as a stabilizer is a widely studied precursor for LIS at the substrate-solid reaction medium
interface. At present, the mechanism of the reduction reaction is still under investigation, the following
mechanism can be considered as the most probable one [242]:

2HO(CH>):OH # 2C-H.O M} CiHsO:+H0 + M

In the process of ethylene glycol dehydration, acetaldehyde is formed, which can reduce copper
oxide nanoparticles to copper nanoparticles.

Due to the high flexibility of the laser-induced synthesis process at the interface between the
substrate and solid reaction medium, taking into account the optimized parameters, it is possible to obtain
structures of any given geometry. Such structures can be used as working electrodes of non-enzymatic
sensor platforms (Figure 65 a). Also in the future it is possible to create printed electrodes, where all
functional electrodes are made with the help of LIS (Figure 65 b). These kinds of systems allow for rapid
analysis in small volumes. The approach proposed in the study shows significant advantages compared
to the traditionally used in scientific and industrial practice printed electrodes, especially in terms of
flexibility and adaptability to changes in analytical tasks. The advantages of the proposed approach are
particularly important in the development of portable analytical devices where the ability to rapidly

change electrode parameters without significant time and cost is required.

Figure 65 - Photographs of (a) Ni-NiO and (b) Cu-CuxOy electrodes fabricated on the surface of
polyimide (black background corresponds to the area not exposed to laser irradiation prior to the

unirradiated ink removal procedure).
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3.3.2 Modification of electrodes

Synthesizing colloidal nanoparticles allows producing metal particles with high control over their
size and shape [243]. This control is achieved by careful selection of synthesis conditions, including the
concentration of reagents, temperature, reaction time, and the choice of stabilizing agents. This approach
is a powerful tool that enables the creation of new nanomaterials with unique properties for a wide range
of applications, including high-performance non-enzymatic sensors. Nanoparticles with complex
morphologies, including nanocages [244,245], have highly developed surfaces and an even higher
relative content of surface atoms than traditional cubic or spherical particles. This shape allows access
for analyte molecules to the active sites of the particles, which can lead to enhanced electrocatalytic
properties towards the target analyte [246].

Thus, electrode modification with nanoparticles can significantly increase the surface area of the
working electrode. This approach is intensively investigated as a way to modify a common glass-carbon
electrodes [117]. However, the literature data regarding electrodes obtained by laser-induced synthesis
at the substrate-solid reaction medium interface are very limited. Moreover, taking into account the range
of electrode-modifier combinations that can be obtained, the deepest field of research opens up. In this
work, we developed a methodology for the synthesis of gold nanoparticles with core-cage structure,
which are hollow NPs with a core inside and perforated framework-like walls. The technique was
developed based on scalable colloidal synthesis using cationic surfactants to stabilize the system [247].
This approach compared to the polyol method [248] avoids the use of high temperatures and the hard-
to-remove stabilizer poly(vinylpyrrolidone), which can block some of the active centers. The control of
the shape of the nanostructure core was achieved by regulating the reaction kinetics and using anions
that promote the formation of certain crystallographic facets [249]. In particular, octahedral Au NPs
were synthesized with in the presence of bromide ions, which promote the formation of crystallographic
faces {111} provided that a sufficiently low concentration of reagents and room temperature is used to
ensure slow growth kinetics [250]. Subsequent growth of the Ag shell leads to the formation of cubic
Au@Ag nanocrystals with a centered octahedral core with vertices oriented toward the center of each
face of the outer cube (Figure 66 a, b), which is ensured by the presence of chloride ions that promote
the formation of {100} faces of Ag [251]. In order to create the outer Au shell, the reduction of gold
from HAuUCI4 (Figure 66 c, d) was first carried out due to the partial dissolution of silver in view of the
difference in electrochemical potentials of these metals and their ions according to equation:

3AQ° + Au*t — Au + 3Ag"

Finally, the remaining Ag was removed from the structure by hydrogen peroxide etching, resulting

in the formation of Au nanoparticles with a core-cage structure (Figure 66 e, f). The formation of a

centrally aligned octahedral core associated with one shell wall is observed, analysis of more than 1000
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particles showed an 80% predominance of frameworks with a centered core, while only 20% of
frameworks are formed with an angular core, i.e. a core associated with two walls. This distribution was
achieved by carefully sizing the Au octahedral core and the Ag cube so that the distance between the
cube surface and the octahedral core vertices was 5+1 nm, and by controlling the amount of deposited
Au.

Figure 66 - TEM images of Ag nanocubes with octahedral Au core in (a) dark and (b) light field; TEM
images of core-shell nanoparticles in (c) dark and (d) light field; TEM images of final Au core-cage NPs
in (e) dark and (f) light field [172]

The SEM image and graphical 3D model of the nanoparticles are shown in Figure 67 a-c. The final
nanoparticles have an overall size of 302 nm with a wall thickness of 3.5+0.4 nm and a core size of
16+2 nm (Figure 67 d-e).

Absorption spectra of colloidal solutions of nanoparticles at each synthesis step are presented in
Figure 68. Octahedral Au nanoparticles show a characteristic peak at 530 nm, after the formation of the
cubic Ag shell the absorption peak shifts to the blue region (430 nm) and additional shoulders appear at
350 and 384 nm, indicating the formation of the silver shell [252]. Upon subsequent deposition of gold
outer cell walls with simultaneous partial dissolution of silver, the absorption spectrum broadens, which
is explained by the influence of Au present on the outer surface of the resulting structure. After complete
dissolution of Ag in hydrogen peroxide and formation of the final Au core-cage structure, the absorption
spectrum showed two peaks with maxima at 547 nm and 824 nm. The broad absorption spectrum of the
proposed particles opens prospects for their use in photoelectrocatalytic processes, where additional light
exposure is used to increase the catalytic activity of the particles [253].
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1.0 == Au octahedrons
c';_'::_—.l\u@.i\g nanocubes
0.8 4 /= Au@Ag@Au cubes
/== Au core-cage
0.6
z
004
o
=
20.2
d—
o,
o

S
o

400 600 800 1000 1200
Wavelength (nm)

Figure 68 - Absorption spectra of core-cage nanoparticles and structures obtained at different synthesis
stages [172]

To obtain bimetallic materials and enhance the electrocatalytic properties of materials fabricated

by laser-induced synthesis at the interface between substrate and solid reaction medium, they were
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modified with gold nanoparticles of complex morphology. Modification of Cu-CuxOy electrodes was
carried out by dropcasting method, for immobilization of the NPs on the electrode surface a water-
alcohol solution of nafion was added to the colloidal solution of gold NPs (Figure 69). This approach
does not allow to obtain an ideal uniform coating, as there is agglomeration of particles at the edges of
the drop when it dries, but it was shown that using a fixed concentration of particles (controlled by
optical spectroscopy) it is possible to obtain a coating with a reproducible average density of particles
(Figure 70).

Figure 69 - SEM images of Au NPs immobilized on the surface of Cu-CuxQy electrode obtained by LIS

(a) center of the electrode, (b) edge of the electrode

C

Figure 70 - SEM image and elemental mapping of the modified electrode: (a) mapping area, (b) - ()

distribution of corresponding elements over the area of the electrode
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3.3.3 Study of electrocatalytic activity of synthesized materials

The electrochemical activity towards D-glucose was investigated in alkaline solution (0.1 M
NaOH). The electrodes synthesized at the interface between substrate and solid reaction medium showed
low adhesion to the surface of all investigated substrate materials. As can be seen from the presented
CV (Figure 71) on the example of PEN substrate, the repeated measurement of the CV does not show
reproducibility of the signal, the area under the curve decreases noticeably due to the electrode
exfoliation (photo in the inset of Figure 71). To enhance the adhesion of the electrode to the substrate, it
was proposed to use perfluorosulfonic acid polymers, which are widely used in the modification of
electrodes with nanoparticles for their immobilization on the electrode surface [254,255]. In this work,
the most common commercial version available under the brand name Nafion® in the form of water-
alcohol mixture was used. In addition to immobilizing nanostructures on the electrode surface, the use
of Nafion in electrochemical glucose sensors can help to increase the selectivity of the analysis. The
Nafion film forms a membrane that allows the retention of anionic impurities. The Nafion film allows
electrolyte and neutrally charged glucose to permeate through the membrane, enabling electrochemical
detection while trapping negatively charged interfering agents [256,257]. 10 ul of a water-alcohol
solution (0.05 wt% nafion) was applied to the surface of a 0.1 cm? electrode by dropcasting, then the
electrode was air-dried at room temperature. Comparison of the 2nd, 5th and 10th CV cycles of the
synthesized Cu-CuxOy electrode on the PEN surface and the electrode coated with nafion (Figure 71 a)
allowed us to conclude that the coating with the polymer composition prevents the destruction of the
electrode during electrochemical measurements, which allows obtaining a stable and reproducible
signal. A similar result was also obtained in chronoamperometric studies (Figure 71 b). Further, all
electrodes synthesized with LIS at the interface between substrate and solid reaction medium were
coated with Nafion polymer composition according to the method described above before
electrochemical studies.



(o}
©

N
n

a3 2 cycle — 2 cycle Nafion ,\.’.“‘ — background Nafion b
g 5 cyele  — 5 cycle Nafion g 20d — 1 mM Nafion
o 24 10 cycle = 10 cycle Nafion e — 1l mM
< <
g Els
z =
Bz ‘@ 1.0
5 07 5
= =)
= -14 £05
7] D
: i
=2 Triitial 0.0
\J ?I‘I?rfrOde T -I T T a U T T T T T
-0.9 -06 -03 00 03 06 09 0 100 200 300 400 500

Potential (V vs Ag/AgCl) Time (s)
Figure 71 - (a) CV of Cu-CuxQOy-PEN electrode in 0.1M NaOH: 2nd, 5th and 10th cycles untreated after

LIS (dashed lines) and coated with Nafion (solid lines), inset: photos of electrode before measurements

and after 10th cycle; (b) amperograms of Cu-CuxOy electrodes in 0.1M NaOH

The study of electrochemical activity of electrodes synthesized on glass ceramics at the interface
between substrate and solid reaction medium is presented below. The sensing activity towards D-glucose
and hydrogen peroxide was investigated by cyclic voltammetry and chronoamperometry. All of the
following potentials were measured relative to a Ag/AgCl reference electrode. Figure 72 a, e shows the
CVs of Cu-CuxOy and Ni-NiO electrodes measured in background electrolyte and in solutions containing
1 mM D-glucose. The CV for the copper-based electrode on the glass-ceramic surface has a broad peak
in the potential range from 0.35 to 0.65 V, corresponding to the anodic oxidation of glucose (Figure 72
a). In turn, the electrooxidation of glucose at the nickel electrode occurs in the potential range of 0.45-
0.7 V, which shifts towards higher potentials with increasing analyte concentration (Figure 72 e).
Chronoamperometry was used as an analytical method (Figure 72 c, g), from which the linear range of
glucose detection, detection limit, selectivity and sensitivity for each electrode were determined. Figure
72 c, g illustrate the amperometric response to successive additions of D-glucose to 0.1 M NaOH at
potentials of 0.51 V for copper and 0.6 V for nickel. Figure 72 b and e show the linear dependence of
the analytical signal on the concentration of D-glucose for each material. According to these data, the
linear range for non-enzymatic determination of glucose is in the range of 0.003 and 3 mM for Cu,
whereas for Ni the linear range is 0.01 and 3 mM. The sensitivity of the sensor was evaluated by
calculating the slopes of the calibration curves shown in Figure 72 b and f. As a result, the calculated
sensitivity values for Cu and Ni are 1,110 and 2,080 pAmM~cm™?, respectively. Sufficiently high values
of sensitivity can be explained by the direct contact of the electrocatalytically active electrode surface

with the bulk part of the electrode, since they represent a single structure in contrast to electrodes
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deposited on a conductive substrate, which can lead to a decrease in the electrical conductivity of the
system due to the incomplete contact of the modifier with the electrode surface.

The selectivity of the fabricated materials towards glucose determination was investigated in the
presence of interfering agents such as paracetamol (AP), ascorbic acid (AA) and uric acid (UA) (Figure
72 g, h). The synthesized materials were shown to be sufficiently selective towards glucose, exhibiting

a much greater analytical response to D-glucose than to other analytes.
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Figure 72 - CV of (a) Cu-CuxQOy and (e) Ni-NiO electrodes; amperogram obtained in 0.1 M NaOH with
different concentration of D-glucose for (c) Cu-CuxOy and (e) Ni-NiO electrode; linear dependence of
measured current on D-glucose concentration (b) for Cu-CuxOy and (f) Ni-NiO electrodes; (d), (h)
amperometric response to sequential addition of 100 uM D-glucose (Glu), 20 uM 4-acetamidophenol
(AP), 20 uM uric acid (UA), 20 uM ascorbic acid (AA)

In addition, the long-term stability and reproducibility of the sensor were investigated. The
electrodes showed high stability over 10 days, retaining approximately 92-95% of their initial
electrocatalytic activity with respect to non-enzymatic glucose detection based on a 5-electrode study.
Also Cu-CuxOy and Ni-NiO electrodes showed acceptable reproducibility of the analysis, with values of
the relative standard deviation of the analytical response to 1 mM D-glucose for 5 measurements being
in the range of 5-8%.

Also using the above methodology, the electrocatalytic properties of Cu-CuxOy structures on the
surface of polymeric materials such as PET, PEN, and Pl were investigated (Figure 73). The electrode
on PI surface showed the highest sensitivity to glucose, with all materials showing sufficient selectivity

and a wide range of linearity of current dependence on analyte concentration.



s 25
bekg — 0V e
- 4 100CHmkM PEN i N3 ——0500% Gl
< I 1] %02 = 104 —
£ E < 025
; E ]
- * =
£ 1.5 T 154 b
z z 3 naug
z E £
3 10 £ 104 E 0154
5 0 T
£ . . £ 2 00
E P . 05 E o054 g
ANV a = s
-2 k)
LX) 00 000
A0 08 06 D4 02 00 02 04 06 08 10 00 400 60 > v 20 4 T y . T y
i 200 00 800 1000 1200 U 1000 2000 3000 oo bl S0 0 10 200 3000 400 S0 600 To0 B
Totential (V vs A@AZCT Time () Gluesse (miM) Tl i)
I (5,
6 10 10 0,20
beke PET I —a— 050V s il
1000mkM —_
T K 08 — g 2 oas
Z 2 B g M
5 ; A 4 AP
£ E 0 E e ; U4 AP A4
H % & = naod
< = z
s, _ = M £ 041 £
-‘E ; E E 3
= ES] £ £ 009
o H f =02 2 h
e 0,0 g 4
\ 0 00 11, 1W
-1,0 -II:,K -"I,{i -lll,-l -0’; 00 II:Z ":-1 O.rl’r 08 1.0 o 20y MY B0 B00 1000 12040 N
Potential l\_ A B'As{]l Time P 1L} 200 4un 0 S0 1M
Glueose (k)
640
25 " — SV
—— kg , —
o~ 204 —— 100tmkM PI 4 -2 _ o510V .
A = 4 045
£ g g :
£ w 2 3 £
E = B =
E S ) 3 E £ 0304
0 i - z £
2 — E] = 1 3
E s . E E 5
. s ol o ) E E 03
] o l s} k -
-15
15 N 000
L0 08 06 04 -02 00 02 04 06 08 10 U] 200 ElLT M) B00 ¢ i.l ﬂllll “""" 100 W M 300 400 500 &00 TO0
Potential (V vs Ag/Ap(T) Lime () e |||m-w (D Time (sh

Figure 73 - Investigation of electrochemical properties of Cu-CuxOy structures obtained on the surface
of PEN (top row), PET (middle row) and PI (bottom row). CV (a, e, i), amperograms obtained in 0.1 M
NaOH with different concentration of D-glucose (b, f, j), linear dependence of the measured current on
the concentration of D-glucose (c, g, I) and amperometric response to sequential addition of 100 uM D-
glucose (Glu), 20 uM 4-acetamidophenol (AP), 20 uM uric acid (UA), 20 uM ascorbic acid (AA) in 0.1
M NaOH (g, h, m)

In addition to glucose, the possibility of detecting hydrogen peroxide using the synthesized
electrode at the interface between substrate and solid reaction medium was shown using Cu-CuxOy on
the PEN surface as an example (Figure 74). The CVs measured in phosphate buffer with hydrogen
peroxide addition are shown in Figure 74 a, where the reductive peak of H20: in the potential range of
-0.2 - -0.3 V is clearly visible. Chronoamperometric studies (Figure 74 b) show a proportional increase
in current with the addition of given concentrations of analyte, yielding a calibration cure in the
concentration range of 3-5000 uM (Figure 74 ¢). In addition, the electrode showed high selectivity of
hydrogen peroxide detection in the presence of interfering agents such as glucose, paracetamol, and

ascorbic and uric acids.
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of H202; (b) amperometric response of Cu at different concentrations of H202; (c) linear dependence of
measured current on H202 concentration, (d) amperometric response of the electrode in the study of
selectivity of H202 detection

The systems obtained by modifying Cu-CuO with gold nanoparticles on the PEN surface were
studied in a similar way. The CV for Cu-CuxOy-Au electrodes have a shape close to that for pure copper,
probably due to the relatively low content of gold in the system, but the modification of copper electrodes
allowed to significantly increase the slope of the calibration curve and, consequently, the sensitivity of

the analysis (Figure 75).
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linear dependence of measured current on glucose concentration, (d) amperometric response of Cu-

CuxOy-Au-PEN in glucose detection selectivity study
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Table 18 presents the analytical characteristics of the electrodes whose electrochemical activity
was investigated in this chapter, including a systematization of sensitivity, detection limit and linear

concentration range.

Table 18 - Analytical characteristics of the electrodes investigated in Section 3.3

. Sensitivity, . Limit of detection*,

Material A mM-lcm?2 Linear range, pM UM
CL=ELC) 1110 3-3000 0,9
(glass-ceramics)
Ni-NiO 2080 10-3000 2,1
CU'CUxOy . 3—100,
PEN 1600; 396 100-5000 03
Cu-CuxOy-Au
PEN 4510 0,5-1000 0,1
Cu-CuxOy
PET 888 0,5-1000 0,15
CUHELCy 7L 2290 3-1000 0,9
glucose
Cu-CuxOy PI -
H,0, 1670 3-5000 1,2

*Detection limit = 36/m, where o is the standard deviation from linearity and m is the slope of the calibration curve.

In this part of the work, the main focus was on the investigation of the laser-induced
physicochemical processes occurring at the interface between the substrate and the solid reaction
medium and their influence on the fabrication of non-enzymatic sensors. In the presented approach,
metal oxide nanoparticles were used as precursors for LIS of metal structures at the interface between
substrate and solid reaction medium. The application of laser radiation leads to an increase in
temperature, resulting in the reduction and sintering of nanoparticles, which in turn yields electrically
conductive structures. One of the possible mechanisms for the reduction of oxide particles involves their
reaction with acetaldehyde, which is itself produced during the dehydration of ethylene glycol.
Optimization of the laser beam parameters, including power density, scan speed, and scan line spacing,
allows a high degree of control over the morphology of the synthesized materials. This is illustrated by
the creation of copper and nickel based structures.

The process of laser-induced synthesis allows the production of composite structures based on
metallic copper and its oxides, characterized by metallic conductivity and high electrocatalytic activity
towards glucose. Furthermore, the application of coatings, such as Nafion, significantly improves the
adhesion of the electrodes to the substrate surfaces, thereby ensuring the stability and reproducibility of
the analytical signal. In addition, the modification of electrodes with gold nanoparticles of complex
morphology serves to further improve the electrocatalytic properties of the materials produced by laser-

induced synthesis.
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In the course of the conducted research were

- Methods of laser-induced synthesis of Cu-CuxOy and Ni-NiO electrodes at the interface between
substrate and solid reaction medium have been developed, including approaches to increase the adhesion
of synthesized films, which makes it possible to use them as working electrodes of non-enzymatic
Sensors.

- A technique for the synthesis of gold nanoparticles of complex core-cage shape has been
developed. The particles have a large surface area and many cavities accessible for small molecules. The
obtained nanoparticles were used to modify transition metal-based electrode materials.

- The electrocatalytic properties of the synthesized materials towards glucose were investigated,;
Cu-CuxOy and Ni-NiO electrodes showed high sensitivity (1,110 and 2,080 pA mM*-cm?), low
detection limit (0.91 and 2.1 uM), wide linear range (0.003-3 mM and 0.01-3 mM), and high selectivity.
At the same time, modification of Cu-CuxOy electrode with Au NPs allowed to significantly increase the
sensitivity of the analysis and to extend the linear range of the current-analyte concentration calibration
curve. Thus, laser-induced synthesis at the interface between substrate and solid reaction medium is a
promising method for the preparation of materials for non-enzymatic detection of important analytes,
but requires separate steps and approaches to increase the adhesion of electrodes to the substrate.

This chapter is based on data and graphics presented in the following two publications, where the
PhD candidate is the primary author [171,172]:
Tumkin, llya I; Khairullina, Evgeniia M; Panov, Maxim S; Yoshidomi, Kyohei; Mizoshiri, Mizue;
Copper and nickel microsensors produced by selective laser reductive sintering for non-enzymatic
glucose detection,
Materials, 14, 10, 2493, 2021, DOI: 10.3390/ma14102493

Evgeniia Khairullina, Kseniia Mosina, Rachelle M. Choueiri, Andre Philippe Paradis, Ariel Alcides
Petruk, German Sciaini, Elena Krivoshapkina, Anna Lee, Aftab Ahmed, Anna Klinkova;

An aligned octahedral core in a nanocage: synthesis, plasmonic, and catalytic properties,

Nanoscale, 11, 7, 3138-3144, 2019, DOI 10.1039/C8NR09731C

3.4 Processes of laser-induced synthesis at the interface
In this study, different scenarios of controlled laser irradiation of the substrate-reaction medium

system were investigated for the synthesis of electrode materials for non-enzymatic electrochemical

sensors. The focus was on the fabrication of materials suitable for non-enzymatic electrodes on the
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surfaces of different substrates, a crucial aspect in the development of sensor devices. This is because
the conductivity and morphology of the electrode significantly influence the performance and analytical
efficiency of the sensor. A key factor in determining the functionality and longevity of sensors is
achieving strong adhesion between the sensor's active material and the substrate. The study focused on
the interactions at the substrate-precursor interface that lead to the formation of materials with metallic
conductivity and optimal adhesion to the substrate. This is essential for achieving high electrocatalytic
activity and analytical signal stability. 1dentifying the optimal conditions for laser-induced synthesis to
produce materials with the desired properties was a critical part of the research. In order to determine
the parameters that are crucial for the functional properties of the resulting electrodes, three different
scenarios of the laser radiation effect on the interface between the substrate and the reaction medium
were investigated and analyzed from a unified position.

In the substrate-air interface LIS scenario, the substrate is directly irradiated with focused laser
radiation in an air atmosphere, which is a separate synthesis step. When LIS occurs at the interface
between the substrate and a liquid reaction medium, substrate activation is achieved simultaneously with
laser-induced metal reduction. In these experiments, the use of precursor solutions with low
concentrations of metal complexes and thus low optical density at the laser wavelength ensures that the
radiation reaches the interface between the substrate and the liquid reaction medium, inducing laser-
induced transformations on the substrate and” its activation. In the case of LIS at the substrate-solid
interface, direct irradiation of the substrate is less likely; instead, the laser radiation interacts with the
optically dense precursor layer, leading to only indirect thermal effects on the substrate due to heating
of the precursor film.

Thus, 3 cases are considered in this work: direct modification of the surface in air, modifications
under the precursor layer and the absence of direct interaction of laser radiation with the surface. The
peculiarities of the interaction between the substrate and laser radiation and changes in the properties of
the latter can have a significant impact on the functional properties of the synthesized systems. Taking
into account the experimental results described above and the reduced adhesion of electrode materials
obtained by the LIS method at the interface between substrate and solid reaction medium, it can be
assumed that the direct interaction of laser radiation with the substrate is one of the determining factors
for the formation of structures with the necessary adhesion to the surface.

Laser-induced processes encompass both changes in the chemical structure of the substrate
material, including photolytic and thermal breaking of chemical bonds, and physical processes such as
heating and melting. The combined effects lead to significant changes in the morphology and
composition of the surface layers of the substrates.

- Change in surface morphology:
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A surface with higher roughness provides more sites for mechanical adhesion to the formed
structure, providing the so-called anchoring effect, increasing the overall adhesion strength. In addition,
surface roughness affects wettability, which is particularly important when synthesizing metal structures
in a liquid. In coating applications, increasing the surface roughness can improve the distribution of the
liquid precursor over the substrate, leading to the formation of a metal film with high adhesion.

- Change in surface composition (formation of surface functional groups):

The surface of polymeric materials may contain insufficient functional groups to provide stable
contact with metal films. Surface activation techniques allow the introduction of polar functional groups,
thereby improving metal adhesion.

Let us take a closer look at the morphology and composition of the substrate in the context of LIS.

Surface morphology

To evaluate the morphology of the substrate after LIS, as well as the structure-substrate interface,

SEM images of the cross-section of the metal structures were obtained (Figure 76).

200 nin

Figure 76 - SEM images of cross-sections of metal structures obtained by LIS at the substrate interface
(@) air, (b) liquid reaction medium, (c) solid reaction medium

Figure 76 shows that in the case of LIS at the substrate-air interface, the copper structure and the

substrate form a continuous interface, with no apparent disruption of the metal-substrate contact. For
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LIS at the interface between substrate and liquid reaction medium it is also possible to note the presence
of continuous contact copper - substrate, in addition, under the action of laser radiation there is a
destruction of the substrate and the formation of a crater in which including the growth of the metal
structure is observed. The opposite picture is observed for LIS at the interface between substrate and
solid reaction medium, on SEM photographs of the cross-section of the structure can be seen the
presence of many voids at the interface between the metal structure-substrate, which is the cause of
insufficient adhesion, noted earlier in the study of electrocatalytic properties.

SEM images of cross sections complement the images of the substrate after interaction with laser
radiation (Figure 77). For LIS at the substrate-air interface, the substrate before selective chemical
deposition of copper is presented; in the case of LIS at the substrate-liquid/solid reaction medium
interface, the metallic structure was dissolved in acid to investigate the surface. It can be seen from the
above images that in the case of LIS at the substrate-solid reaction medium interface (Figure 77 c) there

is really no significant change in the surface morphology compared to the other LIS cases considered
(Figure 77 a, b).

Figure 77 - SEM images of substrates after interaction with laser radiation for the LIS method at the
substrate interface (a) air, (b) liquid reaction medium, (c) solid reaction medium

According to the data of the scotch test, the metal structures synthesized by the LIS method at the
interface between substrate and air and substrate and liquid reaction medium demonstrate significant
adhesion to the substrate (Figure 78 a, b). This conclusion is supported by the absence of visually
noticeable changes in the morphology of the structures after the scotch test, indicating that the
synthesized metallic structures are highly resistant to mechanical peeling. However, in the case of LIS
at the substrate-solid reaction medium interface, significant delamination of the synthesized structures
after the scotch test is observed (Figure 78 c). This indicates a significantly lower adhesion of the metallic
structures to the substrate compared to similar structures synthesized in liquid reaction medium. This
result may be due to differences in the physicochemical processes occurring at the substrate-solid

reaction medium interface, which lead to the preservation of the original substrate morphology.



Figure 78 - Scotch test of metal structures synthesized by the LIS method at the substrate interface (a)

air, (b) liquid reaction medium, (c) solid reaction medium

To confirm the influence of surface morphology on the adhesion of metallic structures, the surface
of oxide glass and polyimide was modified according to optimized LIS protocols at the interface between
substrate and air, followed by LIS at the interface between substrate and solid reaction medium. To
evaluate the contact of the synthesized structures with the substrate, a scotch test was performed (Figure
79), the results of which showed that an increase in surface roughness leads to an increase in the adhesion

of copper structures regardless of the substrate material.

' Pre-modified areas
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Figure 79 - SEM images of modified substrates (a) oxide glass and (b) PI, (c) copper structures before
and after the scotch test
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Thus, it can be concluded that modification of the substrate morphology plays a key role in
determining the functional characteristics of the synthesized structures, including the improvement of
adhesion. Local modification of surface morphology using laser radiation is a universal tool for
improving and extending the functionality of synthesized structures, including the possibility of creating

sensor-active materials on the surface of different types of substrates.

Formation of surface functional groups

As mentioned above, in addition to the change in morphology, the composition of the surface
layers of the substrate can be changed under the action of laser radiation. In this case, the possible
processes strongly depend on the conditions (radiation wavelength, power density, pulse duration and
frequency) and the substrate material. Functional groups and defective structures formed as a result of
laser exposure on the substrate can both directly participate in chemical reactions of metal reduction and
participate in weak interactions with reduced metal atoms.

Let us consider the process of reduction of metallic ions with the participation of functional groups
and defective structures on the substrate. For the solid substrates used in this work, such as oxide glass
and glass-ceramics, a detailed understanding of the nature of activation for laser metallization was
revealed by G.A. Shafeev. For solid ceramic and amorphous substrates consisting of oxides, the
interaction of laser radiation with the surface can lead to the various processes resulting in the formation
of active centers that facilitate electron transfer in the redox reaction. Thus, for glass and glass-ceramics,
one of the main ways of surface activation is the formation of metastable oxygen vacancies at room
temperature. Oxide materials are prone to oxygen loss by ablation due to a very high rate of surface
cooling after interaction with laser radiationv. This effect is explained by the thermodissociation of metal
oxide MeO during laser heating and since only a fraction of oxygen atoms have time to recombine due
to the limitation of oxygen flux from the external environment by diffusion, this results in an increase in
the Me/O ratio [23,258]. Thus, laser modification results in the formation of centers involved in the Ag+
reduction in the case of LIS at the substrate-air interface and directly deposited metal for LIS at the
substrate-liquid interface.

For polymeric materials, PET was taken as a model, PET and PEN are structurally similar, both
being polymerization products of ethylene glycol and 2,6-naphthalene dicarboxylic acid and terephthalic
acid for PEN and PET, respectively. In view of this, the above considerations can largely be applied
equally to these substrates as they are characterized by the same functional groups (Figure 80). It has
been previously shown that for the LIS method at the substrate-air interface, the ablation process plays
a crucial role in surface modification since the applied power densities are above the ablation threshold
[83]. The ablation mechanism for polymeric materials can be different depending on the specific

chemical composition and wavelength. There are two main models of polymer ablation: photochemical
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ablation, where the energy of laser photons is high enough to break the bonds of polymer molecules, and
thermochemical decomposition, where the absorbed laser radiation raises the temperature of the polymer
high enough to thermally break the bonds. For the laser sources used in this work, a reasonable
assumption is thermochemical ablation as the dominant mechanism, since laser radiation with a
wavelength of 532 nm falls within the transparency window of PET polymer. However, it should be
noted that two-photon processes are possible due to the high intensity of radiation and picosecond pulse
duration. In addition, the optical properties of polymers change in the process of interaction with laser
radiation, namely, there is an increase in the absorption coefficient [20], which affects both the ablation
thresholds and the probability of photoprocesses. According to the data obtained, supported by literature
results (Figure 80), beyond the ablation threshold of XPS results for PET, an increase in the oxygen
content of the surface is observed [259]. Thus, we can assume the formation of oxygen-containing
functional groups (aldehyde, ketone, carboxyl) on the surface as a result of laser modification in air,
which participate in the reduction of Ag+, leading to the activation of the surface with respect to further

chemical metallization.
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Figure 80 - (a) Structural formulas of PET and PEN. High resolution XPS spectra of C1s for (b) initial
PET and (c) after laser modification in air

In addition to participating directly in the process of surface activation through the reduction of
metal ions, surface groups can interact with the deposited metal atoms. In the case of polymeric
materials, where the monomeric units are organic structures with different functional groups, at the early
stages of metallization, the interaction of the first atoms of the reduced metal with surface groups is
possible, which significantly affects the adhesion of metal structures [260]. Several types of interaction
between the metal atom and the polymer surface can be distinguished (Figure 81). Oxidative attachment
refers to the attachment of a metal atom to a carbon-halogen or carbon-hydrogen bond. Metals such as
titanium, chromium, and aluminum are oxophilic and are capable of cleaving oxygen from ether,

carbonyl, and hydroxyl groups. In some cases, metal clusters stabilized by ligands can be formed. Also
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one of the interaction options is electron transfer from the transition metal to the acceptor, a prime
example being the interaction of atomic Ni with tetracyanoquinodimethane. In addition, many transition
metals form m-sandwich complexes. Orbital mixing processes, such as those involving the transition
metals Ti, V, Cr, Cr, Zr, Nb, Mo, Hf, Ta, and W, give multilayer n-sandwich complexes with arenes.

Similar complexes can be formed when these metals interact with arene substituents in polymers [260].
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Figure 81 - Possible reactions of a metal atom with an organic molecule (monomer/substituent in a
polymer) [260]

One of the possible ways to investigate the presence of such interactions is Raman spectroscopy,
for which the spectra from different points of the substrate-structure interface were collected (Figure 82
and Figure 83). A detailed analysis and interpretation of the spectral data obtained during the study are
presented in Table 19.

Figures 82 and 83 show the overall Raman spectra as well as individual enlarged spectral regions
for a closer look at the individual peaks related to the vibrations of the carboxyl group, the m-system,
and the ethylene glycol moiety. The spectral data were previously baseline corrected and normalized
with respect to the 1614 cm™ vibration of the aromatic ring, since this peak is the most intense and less

affected by laser exposure due to the exceptional stability of the m-System.
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Table 19 — Raman spectra bands assigment [261]

Wavenumber, : Wavenumber, , .
1 Assigment 1 Assigment
CM CM
276 Qg dgarbony' In-plane bending 1558 ¢(0)-0 stretching
626 Ring mode C=C 1416 CH2 bending and CCH bending
702 Ring mode C=C 1460 CH: bending and CCH bending
857 5 Ag mode consisting mainly of 1614 Ring mode 8a (in Wilson’s
’ ring CC and C(O)-O stretching notation)
gop ~ O:CH2 stretehing Inthe 9705 gperching C=0 vibration
ethylene glycol segments
stretching of ring CC, ester :
1094  C(0)-O,and ethylene glycol CC 2068 Methylene groups - adjacent to
bonds oxygen atoms
1115~ C(0)-O stretching and CC 550, Aroatic C—H bonds
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Figure 82 - Raman spectra of PET, (a) Raman spectra in a wide spectral range, (b-d) enlarged spectral

ranges corresponding to vibrations of oxygen-containing groups

As a result of analyzing the spectral data, the following patterns were revealed:

- An increase of the C(O)-O peak. (1288 cm™) from the substrate to the structure, as well as its

shift to the region of small wave numbers ~4-5 cm™

- The increase of the peak of C=0 (1726 cm™) from the substrate to the structure, as well as its

shift to the region of small wave numbers ~4-5 cm™*
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Examination of the bands related to the vibrations of the aromatic system and the structure of
ethylene glycol revealed the following trends (Figure 83):

- Increase of the C=C peak (626 cm™) from the substrate to the structure

- Decrease in the O-CH2 peak val. (in the ethylene glycol fragment) (996 cm™) from the substrate
to the structure

- Decrease of CH2 def., CCH def. peaks (1418 cm™, 1462 cm™) from substrate to structure

T ?tmdum 626 cm‘1 - gtrumure . 995 em™ ?mcwm 1416 L‘Iﬂ-l 1460 cm.]
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Figure 83 - Raman spectra of PET, (a-c) enlarged spectral ranges corresponding to vibrations of the

aromatic system and ethylene glycol structure

Summarizing the above, it can be assumed that at the interface between the substrate and the
deposited structure there is a modification of the polymer surface layers, which is accompanied by the
detachment of ethylene fragments (Figure 84). The obtained data are in agreement with the literature

reports on the increase in the relative oxygen content in the surface layer.
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Figure 84 - Raman spectrum of PET. (Green arrows indicate the vibrations, the intensity of which
increases when approaching the substrate-structure interface, red arrows indicate the vibrations, the

intensity of which decreases)
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As a result of Raman studies of the interface between the substrate and the synthesized structure,
no new bands were detected in the spectrum compared to the spectrum of the substrate, so it is likely
that the interaction between the metal and the substrate is very weak. However, it should be noted that
there is a slight shift of the carbonyl group peaks in the region of small wave numbers. The small shift
of the carbonyl group vibrations suggests the possibility of a weak interaction between the surface groups
of the substrate and the synthesized copper structure. A. Ouhlal et al [262] evaluated the interaction
between the copper atom and the carbonyl group of acetone, which was taken as a model compound
(Figure 85). It was shown that in the Cu---C=0 system the charge transfer mechanism (Figure 85) from
Cu to carbonyl is realized, the dissociation energy is about 1.03 eV, the C=0 distance slightly increases
from 1.22 to 1.26 A. At the same time, the spectral band of C=O shifts from 1769 to 1556 cm™.

In addition to the carbonyl group, it is possible to interact with other structural units that are part
of the monomers of the polymer substrates under study. The results of the study of the interaction
between polyimide and copper atoms, on the example of model molecules PIM (phthalimide), PMDA
(pyromellitic dianhydride) and PAP (4-aminophenol), which allow us to study various possible pathways
of interaction with the copper atom: nitrogen atom, phenyl, imide ring and carbony! group, showed that
the most stable configurations for Cu/PIM and Cu/PMDA are those in which the copper atom is located
at the carbonyl group. The binding energies of these complexes are 1.10 and 1.15 eV, respectively,
indicating a rather weak interaction. At the same time, the binding energy of Cu/PAP is even smaller
and equals 0.65 eV. Based on these data, we can conclude that the PMDA carbonyl group is the most

likely to interact with Cu atoms [263].

Figure 85 - (a) Computational model of Cu---C=0 interaction [262], (b) structural formula of Pl and

model molecules

Thus, as a result of the conducted studies and analysis of literature data, it can be assumed that as
a result of laser interaction with the surface of polymers there is an increase in the content of surface
oxygen groups. This on the one hand contributes to the reduction of metal ions Ag* for surface activation,
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on the other hand can increase the adhesion of metal layers as a result of weak interactions with
functional groups.

As a result of analysis and systematization of data obtained during the study of laser-induced
processes at various interfaces between substrate and reaction medium, it was shown that the effect of
laser radiation on the substrate plays a key role in the formation of electrode materials with high

adhesion.

Laser-induced synthesis at the substrate - reaction medium interface for the fubrication of

non-enzymatic sensors

In the framework of the present dissertation work, comprehensive research has been carried out to
investigate laser-induced synthesis methods for the creation of non-enzymatic sensors. LIS involves
laser-induced processes at the interface between the substrate and the reaction medium, including surface
modification and chemical reactions for metal reduction. The main focus of the study is on the thermal
effects induced by laser irradiation, which play a key role in controlling the described synthesis
processes. The use of laser radiation with high power density opens new opportunities for controlled
local heating of systems to high temperatures, which, in turn, makes it possible to achieve the necessary
conditions for activation of chemical reactions and formation of materials with specified properties.

A detailed study of the temperature effect on the system in the process of laser-induced synthesis
is a very difficult task, which is due, first of all, to the peculiarities of the synthesis process occurring at
the interface between the substrate and the reaction medium, primarily in the case of solid and liquid
reaction medium, since there is a precursor of complex composition, which has a significant influence
on the properties of the system as a whole. In addition, it should be emphasized that the formation of
metallic structures occurs under the direct influence of laser radiation. The interaction of the formed
metallic structures with the LR can make a significant contribution to the heating of the system, which
further complicates the consideration, for example, in the case of theoretical modeling and attempts to
carry out numerical estimates of the temperature in the region of the laser focus. The complexity of the
experimental study of these processes is also aggravated by their high degree of spatial localization, as
well as by the variety of laser-induced processes. Nevertheless, the temperature modes of laser exposure
are of crucial importance for LIS of sensor materials on the surface of flexible substrates. In all the
proposed methods, sufficiently high radiation power densities are used for metal reduction or surface
modification (Table 20). In the case of laser synthesis at the interface between substrate and air, the
thermal impact on the substrate as a result of laser irradiation is probably not so pronounced due to the
high surface scanning speed in the case of polymeric materials, which avoids their thermal destruction.

In the case of LIS at the substrate-solution interface at power densities and scanning speeds necessary
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for the metal ion reduction reaction, the destruction of polymer substrates is observed, which leads to
the impossibility of their use. LIS in such a system could be realized only using glass or other substrates
with high melting point. In the case of laser synthesis at the substrate-solid reaction medium interface,
it was possible to obtain conductive metallic structures at power densities of 35-57 kW/cm? at medium
scanning speeds; under such conditions, it is also possible to obtain structures on the surface of flexible

polymers.

Table 20 - Laser exposure conditions for laser-induced synthesis at the substrate interface on different

surfaces
Substrate PET PEN PI Glass-ceramics Glass
LIS substrate - air* 944 200 612 124 1270
P, LIS substrate - |Iqud reaction B B B B 250
KW/cm2 medium
LIS substrate - solid reaction
medium*r 35 38 40 57 -
LIS substrate - air 2.0 20 40 0,1 0,2
LIS substrate - liquid reaction B B B B 5%10°
v, m/c medium
LIS substrate - solid reaction 001 001 001 0,01 3
medium

Laser sources used: *532 nm, 10 ps pulse duration; **532 nm, continuous wave, ***780 nm, 120 fs
pulse duration
In case of absence of experimental data in the table is

Due to the versatility of LIS, which allows to carry out synthesis at different substrate-reaction
medium interfaces, it has been demonstrated that each type of interface has its own unique features.
These features differ significantly both in terms of experimental realization and fundamental
mechanisms, as well as in terms of the functional properties of the resulting materials. A detailed
discussion of the features of the techniques and the materials derived from them is presented in Table
21. Various aspects of LIS methods, including the selection of optimal laser irradiation parameters, as
well as the influence of these parameters on the morphology, structure and functional properties of the
synthesized non-enzymatic sensors are discussed in detail in the thesis, which allows an exhaustive
analysis of LIS as a method for obtaining non-enzymatic sensors. All investigated methods allowed to
create electrochemical sensors with characteristics comparable to the literature reported analogs,
however, for each of the approaches it is possible to highlight their strengths and areas of application

where they are most optimal.
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Table 21 - Comparative characterization of techniques m

Interface Air Liquid reaction Solid reaction
Substrate - medium medium
Number of stages 3 1 1
Scanning speed, m/s upto 6 5*106 0.01
Sample adhesion high high low

Change of substrate
morphology under the yes yes no
action of radiation

Metallization of polymeric

materials yes no yes
Resistance to bending high _ low
Difficulty in optimizing the high low middle

technique for other metals

Laser-induced synthesis at the substrate-air interface requires more stages compared to LIS at the
substrate-liquid/solid reaction medium interface, but this disadvantage is compensated by the very high
scanning speed of the laser beam over the substrate at the modification stage and the high-throughput
copper electroless plating step. This process can be scaled up significantly as it is based on a well-
established chemical copper plating technology and can be realized in large volumes.

The low deposition rate is a significant disadvantage of the LIS approach at the substrate-liquid
reaction medium interface. In addition, this method is limited to the use of solid substrates due to the
thermal degradation of flexible polymers. However, extremely high adhesion of the structures is
observed when using solid heat-resistant substrates. The combination of high adhesion and microscale
allows the creation of microscale electrodes that can be integrated into various devices.

A possible limitation at the substrate-air interface is the rather high complexity of optimizing the
technique for other metals, since the metallic layer is formed as a result of chemical copper plating.
Chemical metallization processes have been developed for many metals, but substantial research is
required to obtain polymetallic or other kinds of composite systems. Obtaining polymetallic systems can
be realized much more easily using LIS at the substrate-liquid/solid reaction medium interface, since the
introduction of dissimilar salts or nanoparticles into the initial precursor allows obtaining a wide range
of polymetallic systems with a given composition, which is determined by the ratio of precursor
components. In addition, it is important to note that LIS at the interface between substrate and air and
substrate and solid reaction medium allows to fabricate non-enzymatic electrodes on the surface of
flexible substrates, which is of particular practical importance. It should be separately emphasized that
in the first case of synthesis at the substrate-air interface, the electrodes also have extremely high

adhesion.
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Thus, laser-induced synthesis is a promising approach to create electrodes for electrochemical non-
enzymatic sensors with the required analytical characteristics. The high degree of versatility of the
proposed method ensures the production of sensor materials meeting the requirements for various

applications.
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CONCLUSION

Within the framework of the thesis, the processes of laser-induced synthesis at the substrate -
reaction medium interface for the fabrication of non-enzymatic sensors materials were considered. The
key parameters of the laser influence on the interface between the substrate and the reaction medium, in
the case of laser surface modification in air, as well as in the LIS from solid and liquid precursors for
obtaining electrode materials with high electrocatalytic activity towards target analytes, were
determined. The potential of using the developed materials as working electrodes for electrochemical

non-enzymatic sensors was emphasized by the results presented in the study.

- Methods for laser-induced synthesis of copper structures at the substrate-air interface on the
surface of both flexible and rigid substrates, including glass, glass-ceramic, PET, PEN, and PI, have
been developed. The electrodes synthesized on flexible substrates were found to have high adhesion and
retain functional properties under repeated bending (about 10,000 times), which emphasizes the
promising potential of the proposed approach for the synthesis of non-enzymatic sensors.

- The study of the processes of laser-induced synthesis at the interface between the substrate and
the liquid reaction medium led to the development of methods for the synthesis of Ni-based electrodes.
It has been shown that by varying the precursor composition using the same laser source, a wide range
of polymetallic systems can be obtained, as demonstrated by the sequential LIS-based synthesis of Ni-
Au and Ni-Pt electrodes.

- Methods for the laser-induced synthesis of Cu-CuxQOy and Ni-NiO electrodes at the interface
between the substrate and the solid reaction medium have been developed. It was shown that the effect
of laser radiation on the substrate through the precursor layer does not lead to a significant change in
substrate morphology, which is reflected in the stability of the contact between the synthesized
electrodes and the substrate.

- A wide range of approaches for surface modification of the synthesized electrodes, including
galvanic replacement, electrochemical oxidation, laser-induced and synthesis of colloidal NPs, have
been proposed. It has been shown that these selected approaches allow obtaining polymetallic electrodes
for non-enzymatic sensors, while in many cases ensuring the preservation of the spatial selectivity of the
process and the shape of the electrode set at the stage of interaction of laser-induced interaction with the
reaction medium.

- The sensor properties of the fabricated materials were investigated in relation to biologically
significant analytes. The significant improvement of the analytical properties of the sensors, including
the increase of the sensitivity and the decrease of the detection limits, was shown to be achievable by

the combination of LIS and modification of the synthesized electrodes.
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LIST OF ABBREVIATIONS AND SYMBOLS

LIS - laser-induced synthesis

LR - laser radiation

NPs - nanoparticles

PVP - polyvinylpyrrolidone

EG - ethylene glycol

SEM - scanning electron microscopy
EDX - Energy-dispersive X-ray spectroscopy
XPS - X-ray XPS spectroscopy

CV - cyclic voltammetry

CA - amperometry

Pl - polyimide

PET - polyethylene terephthalate
PEN - polyethylene naphthalate
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