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Electroanalytical techniques have a broad application for chemical analysis of various
samples because of their advantages such as versatility and high sensitivity. To improve
the efficiency of the analytical setup, the electrodes for such measurements can be modi-
fied with nanoparticles. Laser synthesis is a promising candidate to fabricate suitable
nanoparticles and has numerous advantages. The Review presents a description of laser
techniques of synthesis of nanoparticles as well as achievements and prospects of usage of
obtained nanoparticles in electroanalytical methods, which is important for its further
application.
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JlazepHo-ingyKoBaHi HaHOouacTMHKH B exaekrpoananisdi: Oruasax. B.C.Bacuabvkoscvkuil,
M.I.Cainyenkxo, O.B.Cainyenxo, K.M.Mysuxa, IO.T.JKoaydoe

EnexkrpoanasiTuuHi MeToau SHAXOAATh IIMPOKE B3aCTOCYBAaHHS [OJd XiMiuHOro amasrisy
pisHOMaHiTHMX 00’€KTiB 3aBAAKM TAKMM IiepeBaraM, AK yHiBepCaJbHICTL TA BHUCOKA YyT-
auBictb. HusA mokpamieHHs €(eKTUBHOCTI aHAJITUYHOI YCTAHOBKMU, €JEKTPOAM MAJSA TaKUX
BUMipOBaHb MOMKYTb OyTH MOoamM(piKoBaHI HAHOUYACTHHKAMH. JIa3epHUU CHHTE3 € [epCIeK-
TUBHAM MeTOAOM aJjid (hOPMYBaHHS BiANIOBiZHMX HAHOYACTHMHOK i mae 0Oesaiu mepesar. B
OIJIsI[i IPeJCTAaBJIEHO IepPeiK MEeTO[IB Ja3epHOI'0 CHUHTE3y HAHOYACTHUHOK, a TAKOMK [JOCSI-
HEHHsS Ta IePCIeKTUBY BUKOPHUCTAHHS OTPUMAHHX HAHOYACTHHOK B €JEKTPOAHAIITHUYHUX
MeTOoJax MOCIiIKeHb, IO € BAKJIMUBUM JJis HOro IOJANBIIOr0 3aCTOCYBAaHHS.

OJIeKTPOAHAIUTUYECKIE METOAbl MMEIOT IINPOKOe MIPUMEHEHUEe IJid XMMUYECKOTrO aHAJU-
3a pasHOOOpPa3HBIX O0BLEKTOB OJsiarogaps TAKMM IIPEeMMYIecTBaM, KaK YHHBEPCAJbHOCTb U
BBICOKAsl YyBCTBHUTEJBHOCThb. [si moBbImeHus 9(@HEKTUBHOCTH AHAJUTUYECKON yCTaHOBKH,
DJIEKTPOABI IJIsI TAKMX M3MEPEeHUil MOryT ObITh MOAM(UIIMPOBAHBI HAHOUACTHUIAMHU. Jlasep-
HBIM CHHTE3 SBJSETCH IIePCIEeKTUBHBIM METOAOM [AJis (POPMHUPOBAHMS COOTBETCTBYIOIIMX HAa-
HOYACTHUI[ M KMMeEeT MHOMKECTBO IIPerMyIlecTB. B 0030pe mpeacTaBjieH IepedyeHb METOIO0B
JIA3ePHOr0 CHHTEe3a HAHOYACTHUI[, & TAKIKe MOCTHKEHWS U IEePCHEeKTHBBLI HCIIOJb30BAHUS IIO-
JIYYEHHBIX HAHOYACTHUI[ B 9JE€KTPOAHAJUTHUUYECKUX METOHaX HCCJIEIOBAHWUN, UTO SBJSIETCS
BaJKHBIM [IJIA MX AAJbHEHIINX IIPUMEHEHUI.
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1. Introduction

Electrochemistry is the branch of chemis-
try concerned with the interrelation of elec-
trical and chemical effects. A large part of
this field deals with the study of chemical
changes caused by the passage of an electric
current and the production of electrical or
optical energy by chemical reactions.
Namely, the measurement of electrical
quantities, such as current, potential, or
charge, as well as optical quantities and
their relationship to chemical parameters
[1, 2]. A variety of modern research areas
and industrial techniques are part of elec-
trochemical science — energy storage and
conversion, corrosion studies and protec-
tion, chemical synthesis and surface modifi-
cation, and electroanalysis [2].

Electroanalytical (Electrochemical, Pho-
toelectrochemical, Electrochemiluminescent)
techniques play a crucial role in modern
analytical science due to their inherent ad-
vantages like simplicity, versatility, effi-
ciency, sensitivity, rapidness, etc. To con-
duct electroanalytical measurements at least
2 electrodes and a sample solution are re-
quired. One of the electrodes, termed the
reference electrode, is independent of the
properties of the solution. The second one
responds to the target analyte(s) and is thus
termed the working electrode [1]. However,
a single-electrode electrochemical system
that requires using only one electrode with
the gradient of an electric potential across
it is also reported [3].

Modification of the working electrode
surface is a way of creating electrochemical
sensors — elements with new and interest-
ing properties. Modified carbon and metal-
based electrodes are widely applied as a
working electrode for electrochemical detec-
tion of the analytes. The material for elec-
trode modification is applied to the elec-
trode surface in the form of electroactive
thin films, monolayers, or thick coatings.
Modification of the electrode surface can
enhance the performance of an electrode as
a sensor device suitable for biological and
environmental samples in many ways [4].

The use of nanoparticles of different ma-
terials — a relatively new form of matter —
for electrode modification can offer further
enhancement of the performance of modi-
fied working electrodes for electroanalytical
applications.

Nanoparticles (NPs) of different compo-
sitions and dimensions have become used as
versatile and sensitive tracers [5]. The crea-
tion of NPs for enhanced sensitivity in elec-
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troanalytical applications greatly benefits
from their nanoscale size, where their prop-
erties are strongly influenced by increasing
their surface area to volume ratio. Also,
NPs are one of the most exciting areas in
modern electroanalytical chemistry because
they offer excellent prospects for creating
highly sensitive and selective electrodes.
Thus, the usage of NPs reduces the use of
reagents and the required electroanalysis
time. Many kinds of NPs, including metal,
metal-oxide, semiconductor, and even com-
posite-metal NPs, have been used for con-
structing electrochemical sensors [6].

A wide variety of methods is available
for mnanoparticle synthesis, affording a
broad spectrum of chemical and physical
properties. Laser synthesis is one of the
best candidates, as compared to other meth-
ods. This method allows the preparation of
stable colloids in pure solvents without
using either capping and stabilizing agents
or reductants. Laser methods produce
nanoparticles that can be more suitable for
medical and food-related applications where
it is important to use chemicals and materi-
als non-toxic for humans. Besides, laser
synthesis allows for achieving nanoparticles
with different properties according to ex-
perimental laser parameters, in particular
influencing their electrical and optical prop-
erties, size, antibacterial properties [7].

This work is dedicated to reviewing the
promising future for the use of NPs that
are generated using laser techniques for the
development of new and efficient electro-
chemical methods, procedures, and devices
for the analysis of liquids.

2. Laser fabrication of
nanomaterials

The synthesis of nanoparticles has at-
tracted considerable interest due to their
potential applications in a variety of areas in-
cluding medicine, energy, and environmental
remediation [10]. Numerous methods and tech-
niques were presented to synthesize nanoparti-
cles including chemical, physical and biological
techniques. However, the use of laser tech-
niques for the synthesis of nanoparticles is of
great interest due to a large number of advan-
tages over other methods.

2.1. Pulsed laser ablation

Amongst the available techniques for
synthesizing NPs, the pulsed laser ablation
(PLA) route, either in liquid or solid phase,
possesses several advantages over others
[12]. PLA synthesis of nanoparticles is an
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Fig. 1. Schematic of particle generation via laser ablation process [11].

interest in nanotechnology since pulsed
laser synthesis is the fastest and green
method to fabricate nanomaterials directly
from bulk targets [8, 9].

Laser ablation is a method that utilizes
laser as an energy source for ablating solid
target materials. During this process, ex-
tremely high energy pulses are concentrated
at a specific point for a few nanoseconds on
a solid surface to evaporate light-absorbing
material [11, 12]. The laser ablation process
often utilizes wavelengths of commercial
solid-state lasers and their 27d and 3'd har-
monics (e.g. 355, 532, and 1064 nm). Fig. 1
is a schematic of the nanoparticle formation
by PLA. The laser systems for nanoparticle
production consist of a pulsed laser, beam-
handling optics, a target, and a substrate [8].

Targets required for the synthesis are
less expensive than the metal salts and
other chemicals required in the chemical
routes, which makes this method cost-effec-
tive comparing to other methods [12]. Laser
ablation can generate high-purity nanoparti-
cles because the purity of the particles is
determined by the purity of the target and
ambient media (gas or liquid) without con-
tamination by the precursor chemicals and
other reagents [11]. In addition, laser syn-
thesis techniques do not require special ex-
ternal conditions, such as high temperature
or high pressure. The appropriate selection
of significant parameters like ablation me-
dium, as well as wavelength and laser inten-
sity, is essential in minimizing unwanted
by-products and increase the yield of the
intended nanostructured materials [9, 10].
Most importantly, as-fabricated NPs are in-
herently surfactant-free; thus, their surface
functionalization is simple if required [12].
PLA demonstrates excellent suitability for
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the synthesis of a wide range of nanoparti-
cles (semiconductor quantum dots (QDs),
carbon nanotubes, nanowires, core-shell
nanoparticles, ceramic and noble metal NPs,
etc.). in terms of the yield and size homoge-
neity of the produced nanomaterials [10,
11, 13, 14]. Such nanomaterials can be ef-
fectively used for detection applications
[12-26].

Many researchers perform the PLA proc-
ess under different environments like vac-
uum, buffer, and gas [8]. That is why, there
are different experimental setups for the
synthesis of nanostructures using lasers,
which depend on the precursor materials,
the laser parameters, and the ambient con-
ditions [10].

2.2. Laser dewetting method

The construction of metallic NPs of con-
trolled size, spacing, and ordered distribu-
tion is essential for the modification of elec-
trodes for electroanalytical purposes. How-
ever, it is very challenging to precisely and
efficiently arrange individual nanostruc-
tures into desired patterns with controlled
periodicity, particularly over large areas.
NPs can form on solid surfaces by the spon-
taneous dewetting of thin metastable metal
films on various substrates [31]. Self-assem-
bly via laser dewetting of the heated thin
film is a cost-effective and environmentally-
friendly approach for nanostructures fabri-
cation. Moreover, this method can be ap-
plied for dielectric, semiconductor, and
multilayer substrates, allowing them to pre-
cisely control their microscopic properties
[33]. Hence, dewetting can be an effective
method to form nanoparticle arrays for elec-
troanalytical applications [25—28].

Functional materials, 28, 2, 2021
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Table. Existing electrochemical nanomaterials-based sensors

Synthesis Type of Solution Type of the Detectable References
method Nanoparticles electrode substance
Laser dewetting Au NPs H,SO,, NaOH ITO Ascorbic acid, [25], [26]
glucose
Au NPs Phosphate buffer Graphene Fructose, [27], [28], [29]
glucose,
Furazolidone,
Flutamide
Laser ablation Au NPs N,., NaOH, Carbon Glucose,Ascorbic| [16}, [17], [18]
H,SO, acid, Cd?*,
Pb?*,Cu?* Hg?
Ni NPs NaOH Carbon Hydroquinone, [17], [24]
glucose
Ni NPs Fe(CNg) ITO Aflatoxin Bl [23]
Pd NPs H,SO, Carbon Dopamine, [17]
ascorbic acid
Cu NPs H,SO, Carbon Ascorbic acid [17]

Dewetting is a spontaneous phenomenon
that refers to the decomposition of a film
into droplets or other structures on an inert
substrate. Its driving force is the minimiza-
tion of the total energy of the free surfaces
of the film and substrate, and of the film-
substrate interface [15]. The dewetting is
known to occur either through heterogene-
ous nucleation, which emanates from sur-
face particles and impurities that grow into
circular patches, or spinodal dewetting,
where there is an amplification of thermal
fluctuations on the surface of the film [30].

A method of dewetting of gold formed in
an ordered array of NPs by femtosecond
laser without the need for lithography has
been proposed by Makarov et al. A single
element is cut to a patch with a dimension
greater than the edge uncertainty of the
groove. The cut patch is thermally isolated
since the thermal conductivities of the sil-
ica substrate and air are two and four or-
ders of magnitude smaller than gold, re-
spectively. Therefore, the isolated patch can
be easier heated up to the temperatures
where the film undergoes the dewetting
process [33].

3. Applications of
laser-fabricated nanomaterials in
electroanalytical methods

Modified electrodes (carbon-based, gra-
phene-based, and ITO) are often used as a
working electrode for electrochemical detec-
tion of many biomaterials (ascorbate, glu-
cose, fructose, dopamine, etc.), toxins,
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drugs, antibiotics, pollutants, heavy metals,
and other substances in liquids [34].

The most common materials of electrode
surfaces for electrochemical detection are
Indium tin oxide (ITO), carbon (glassy carb-
on, carbon fiber), graphene (graphene
paper, graphene substrate), and silicon.
ITO, graphene, and carbon electrodes are
some of the most widely used for electro-
chemical sensing of liquids. It is due to
their high electrical conductivity, high
chemical resistance, stable physical and
electrochemical properties, low electro-
chemical activity over a wide potential
range, and the possibility of a wvariety of
chemical functionalization [26, 28, 38]. Re-
cently, several works have demonstrated that
hybrid structures that include nanoparticles
can offer unique physicochemical properties
that are desirable for sensing applications by
enhancing achievable sensitivity.

3.1. Laser-fabricated nanomaterials in
electrochemical assay

Currently, numerous papers are report-
ing on the applications of nanomaterials in
the method of electrochemical (EC) analysis.
Electrochemical sensors use an immobilized
receptor (chemical recognition system) on
the electrode surface for reacting with the
analyte selectively. The recognition is de-
tected by a change in currents and/or volt-
ages at the localized surface. Based on their
operating principle, the electrochemical sen-
sors can employ potentiometric, amperomet-
rie, impedimetric, and conductometric tech-
niques to convert the chemical information
into a measurable signal [35].
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Fig. 2. Metal nanoparticles fabricated by
laser dewetting a) SEM image before laser
dewetting b) SEM image of an Au nanoparti-
cle array made of a 30 nm film on a SiO,
substrate at a fluence of 40 mdJ/cm? [32].

Recent works on the usage of laser-fabri-
cated nanoparticles in the method of elec-
trochemical analysis show the versatility of
this method in the detection of various sub-
stances in Table [16-18, 23-29].

3.1.1. Applications of laser-fabricated gold
NPs in EC

Gold nanoparticles are one of the most
studied materials in nanotechnology com-
paring to the other metal-based nanoparti-
cles. Au nanoparticles (Au NPs) have also
drawn much attention in electrochemical
fields because of their favorable properties
which include: unique optical and electronic
properties, high chemical stability, biocom-
patibility, and ability to facilitate electron
transfer between biomolecules and elec-
trodes [23, 39, 40]. According to the ana-
lyzed articles, laser-fabricated Au NPs have
been successfully used for the signal amplifi-
cation for detection of glucose, ascorbic acid,
fructose as well as heavy metal ions (Cd2*,
Pb2*, Cu?*, Hg?*) and medicinal agents (Fura-
zolidone, Flutamide) [16-18, 25-29].

In [18] have used laser-ablated Au NPs as
sensors for the detection of Cd2*, Pb2*,
Cu?*, Hg?*. The laser for PLA was first
harmonic 1064 nm Nd:YAG, with a pulse
duration of 1 ns and a frequency of 10 Hz
and was focused on the gold target with a
2 mm spot size. Obtained Au NPs were
negatively charged and the bare Glassy
carbon electrode’s working surface (diame-
ter 2.0 mm) was successfully modified by
the electrophoretic deposition method. The
simultaneous detection via differential
pulse anodic stripping voltammetric
(DPASV) method of Cd2*, Pb2*, Cu2*, Hg2*
have been successfully performed under the
following experimental conditions: potential
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Fig. 3. DPASVs for 0.8 puM each of Cd?*,
Pb2*, Cu?*, Hg?* on Au nanoparticle modified
GC electrode in 0.1 M acetate buffer [18].

range of —1.0 to 0.5 V; increment potential
=4 mV; amplitude = 50 mV; pulse width =
0.06 s, test solution — 0.1 M NaAc-HAc
(pH 5.0) [18].

Laser-fabricated AuNPs in combination
with ITO electrodes, carbon fiber microelec-
trodes as well as graphene paper showed
good results in the detection of glucose. The
size-range of nanoparticles in observed
works varies in the range of 20-150 nm
[16, 26, 28, 29].

3.1.2. Applications of
nickel NPs in EC

Nickel nanoparticles attract much inter-
est for biosensing application due to their
biocompatibility, strong absorption ability,
ability to promote fast electron transfer re-
sulting in enhanced sensitivity, selectivity,
shelf-life, and large detection range.

Kalita et al. have shown the possibility
of usage of the self-assembled ring-like
nickel nanoparticles (size = 10—-20 nm) pre-
pared by laser ablation method deposited
onto iridium-tin-oxide functionalized by di-
methyl sulfoxide for electrochemical detec-
tion of aflatoxin. Produced electrodes have
shown the affinity towards aflatoxin, the
detection limit of 82.7 ng-dL."11, and sensi-
tivity of 0.59 puA/ng-dL-1 [23].

The other research of Kaneko et al.
shown that Ni nanoparticles (size = 3 nm)
prepared by pulsed laser deposition (using a
Nd:YAG laser) on glassy carbon electrodes
can be used in electrochemical nonenzymatic
glucose detection [25].

laser-fabricated

3.2. Application of laser-fabricated
nanomaterials in photoelectrochemical assay

Photoelectrochemistry evolved from elec-
trochemistry is a vigorous discipline explor-
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ing the effect of light on photoactive mate-
rials, which involves the transformation of
light into electricity and interconversion of
electric energy and chemical energy. It is
accepted that the photoactive materials ab-
sorb photons with enough energy to produce
electron-hole pairs [37].

The applications of laser-fabricated
nanomaterials in the detection of substances
via the photoelectrochemical method has not
been studied. The research of Hajjaji et al.
showed that TiO, nanotubes decorated by
laser-fabricated PbS nanoparticles have a
photocatalytic efficiency and good pho-
toelectrochemical properties. A pulsed KrF
excimer laser (A = 248 nm; repetition rate =
20 Hz) was used to ablate the PbS enabling
the growth of PbS NPs on the Ti/TiO, [20].

3.3.  Application of laser-fabricated
nanomaterials in electrochemiluminescent
assay

Electrogenerated chemiluminescence or
electrochemiluminescence (ECL) is a phe-
nomenon where light-emitting species are
produced in a course of energetic electron
transfer reaction. The luminescent signal
originates from the excited states of an
electrochemiluminescent luminophore gener-
ated at the electrode surface during the
electrochemical reaction. [42, 43] Electro-
chemiluminescence is an analytical method
that combines both electrical and lumines-
cent characteristics. In the electrochemilu-
minescent technique the electrochemical re-
action taking place on the surface of the
working electrode causes a specific chemilu-
minescence reaction. A light-emitting ex-
cited state of luminophore species is formed
by a highly energetic electron transfer reac-
tion in the solution near the surface of the
electrode from the electrochemically gener-
ated precursors. Luminescent transitions
occur during relaxation from an excited in-
termediate level to a lower energy level
state. ECL detection consists of monitoring
the production of photons and, thus, the
light intensity produced during the electro-
chemical reaction in solution. Therefore, the
light intensity is related to the concentration
of one or all the reactants involved in the
electrochemical reaction and is applicable for
the creation of efficient and highly sensitive
analytical techniques and sensors possessing
unique properties [35, 36, 44, 45].

ECL assay can also benefit from elec-
trode modification with various functional
structures and films [46—49] that has great
potential for the development of cheap, reli-
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able and reusable analytical ECL devices —
ECL sensors. The use of various nanoparti-
cles of fluorescent and conductive materials
for functionalization of ECL sensors’ elec-
trodes is widely exploited to enhance their
analytical performance [50, 51].

In our previous research, we have also
shown that fluorescent CdSe NPs can be
successfully generated using the PLA ap-
proach and that CdSe QDs deposited onto
the ITO electrodes can exhibit ECL emis-
sion. This allows believing that such laser-
fragmented  fluorescent semiconductor
nanoparticles are suitable for application in
ECL experiments and the development of
ECL assay procedures [14, 52, 40].

4. Conclusions

Observed research works indicate that
the utilization of the nanoparticles obtained
by laser methods and the modification of
electrodes by these modifiers are promising
for electrochemical, electrochemiluminescent,
and photoelectrochemical assays. Also, it has
been shown the effectiveness of the detection
of organic substances, toxins, and heavy
metal ions in liquids by the use of these elec-
trodes in electroanalytical methods. At the
same time, it is worthy to point out that an
overall number of research related to the
usage of laser-induced NPs for electroanalyti-
cal applications is rather scarce and further
work and collaboration of research groups in
this multidisciplinary field is required and
has great potential for success.
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