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Abstract

In recent decades, hydrogen peroxide (H20:) has attracted considerable attention as an
omnipresent analyte, finding applications in clinical studies/diagnosis, biology,
environmental protection, atmospheric studies, homeland security, and various analytical
methodologies. This dissertation provides valuable insights into three different types of
electrochemical sensors specifically designed for the detection of low concentration levels
of gaseous H»O,. Their stability, detection limits, sensitivity, repeatability, ability to
analyze real samples, and challenges encountered in their practical application are
examined.

In addition, the dissertation delves into a discussion of the advantages and
disadvantages associated with the implementation of different
sensing/modification/functional materials in the design of H.O, sensors. These materials
encompass a range of options, such as 2D materials (MXenes), polymeric substrates,
metal oxides, and redox-active compounds such as ferrocyanide, all aiming to enhance
electrochemical sensor performance.

Furthermore, considering their inherent advantages and limitations, the future
prospects of these sensors are examined alongside potential scenarios for their application
in indoor/outdoor HO, monitoring.

Doctoral dissertation provides comprehensive insights into the development and
evaluation of sensitive electrochemical sensors for gaseous H.O, detection, highlighting
material selection, performance improvements, and future opportunities for their
application in monitoring H>O, in various environments.
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Povzetek

V zadnjih desetletjih je vodikov peroksid (H:0:) privabil veliko pozornosti kot
vseprisoten analit, ki je nasel aplikacije v klini¢nih Studijah/diagnostiki, biologiji, varstvu
okolja, atmosferskih Studijah, domovinski varnosti in razlicnih analiznih metodologijah.
Ta disertacija nudi dragocen vpogled v tri razlicne vrste elektrokemijskih senzorjev,
posebej zasnovanih za zaznavanje nizkih koncentracij plinastega H.O,. Preuceni so
njihova stabilnost, meje zaznave, obcutljivost, ponovljivost, sposobnost analize realnih
vzorcev in izzivi, s katerimi se srecujejo pri njihovi prakti¢ni uporabi.

Poleg tega se v disertaciji razpravlja o prednostih in slabostih, povezanih z
implementacijo  razlicnih  senzorskih/modifikacijskih/funkcionalnih  materialov  pri
nacrtovanju senzorjev H»O,. Ti materiali obsegajo vrsto moznosti, kot so 2D materiali
(MXenes), polimerni substrati, kovinski oksidi in redoks aktivni materiali, kot je
ferocianid, katerih namen je izboljsava delovanja elektrokemijskih senzorjev.

Poleg tega so ob upostevanju njihovih znacilnih prednosti in omejitev preuceni
prihodnji obeti teh senzorjev skupaj z moznimi scenariji za njihovo uporabo pri
monitoringih H,O, v zaprtih prostorih in/ali na prostem.

Doktorska disertacija nudi celovit vpogled v razvoj in vrednotenje obcutljivih
elektrokemijskih senzorjev za detekcijo plinastega H2O., s poudarkom na izbiri materiala,
izboljsavah delovanja in prihodnjih priloznostih za njihovo uporabo pri spremljanju H»O,
v razli¢nih okoljih.
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Chapter 1

Introduction

1.1 Hydrogen Peroxide Importance and Its Occurrence

Hydrogen peroxide (H:0) is the smallest and one of the most versatile oxidants. In
addition to being an oxidizing agent, H,O, can also be a reducing agent in both acidic
and basic environments.

Reduction:  Hy0, + 2¢~ = 20H" (in basic medium) (1.1)
H,0, + 2H" + 2¢~ = 2H20 (in acidic medium) (1.2)
Oxidation: ~ H,O; + 20H™ = O; + H,0 + 2e™ (in basic medium) (1.3)
H,0, = O, + 2H" + 2¢ (in acidic medium) (1.4)

H»0, is a highly reactive natural metabolite in many living organisms, whereas its
decomposition produces molecular oxygen (O.) and water (H,O). It is a ubiquitous
compound that occurs in both the gas and aqueous phases and plays an important role in
many fields. H.O, is one of the end products of atmospheric oxidant chemistry in the gas
phase, and its concentration in the gas phase and in liquid and solid precipitates can
indicate the oxidizing power of the atmosphere. In addition, H-O, plays an essential role
in the chemistry of atmospheric aerosols and in one of the most important processes
where it is involved as the oxidant of S(IV) to S(VI) that is closely related to the
phenomenon of acid fog and acid rain [1].

The dissolution of gaseous H»O, into atmospheric hydrometeors serves as a significant
contributor to the presence of aqueous H,O, [2]. This is also the main sink for gaseous
H,0,, and precipitation consequently acts as a vital removal process for atmospheric
peroxides [3, 4, 5]. However, other aqueous sources also exist; they include the
dismutation of aqueous hydroperoxyl [6, 7], reduction of superoxide by organic
compounds or hydrogen carbonate [8], photolysis of aqueous ozone [9], irradiation of
aromatic carbonyls in the presence of phenols [10], and H,O vapor photonucleation [11].
Studies have shown that the formation of H.O, can be related to the presence of chemical
species, such as SO, NO*, and H*, the level of rainfall, temperature, wind direction,
the intensity of solar radiation, etc. It is also believed that electrical discharges
(lightning) increase its concentration [12].

The first commercialization of H,O, dates back to 1800, and its worldwide production
increases yearly. It is believed that H,O,, in isolated or combined form (mainly), is one of
the most used reagents with the most diverse applications. Undoubtedly, its usage must
be conducted safely and responsibly to avoid risks of burning and explosions since H,O, is
known as a highly reactive compound.
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H-0, is used in specific treatment processes of effluents to remove organic impurities
by using Advanced Oxidation Processing (AOP). These processes are based on the
generation of the hydroxyl radical ("OH), which has high oxidizing power and can
promote the degradation of several pollutants in a short time while reducing their scent
[13, 14, 15]. Among the various processes for obtaining hydroxyl radicals are ozone, H,O,,
their mixture (Os/H,O; or O3/H,0,/UV), photocatalysis, and Fenton's reagent, i.e., the
mixture of H,O, and ferrous salts [16].

Aside from its role in pollution control, with a particular focus on environmental
monitoring, H,O, finds application in the textile, wood pulp, and paper industries as a
crucial component in bleaching processes [17, 18]. In the next chapter of this thesis, we
will address the critical role of monitoring the presence of H»O, in the healthcare field.
This process is of immense importance due to its indispensability and will be discussed in
detail.

H,0; can be utilized to sterilize numerous surfaces, including medicinal tools [19], and
can be deployed as a vapor for room sterilization [20, 21]. It demonstrates broad-
spectrum efficacy against viruses, bacteria, bacterial spores, and yeasts. Superior activity
is seen against Gram-positive than Gram-negative bacteria. On the other hand,
catalase(s) or other peroxidases in these microorganisms can increase tolerance in the
presence of lower concentrations of HyO, [22]. Lower concentration levels (3%) will work
against most spores; higher concentrations (7-30%) and longer exposure times will
improve sporicidal activity.

High-test peroxide (HTP), also known as high-concentration HyO,, can be used either
as a monopropellant, i.e., only fuel, not mixed with other chemicals, or as an oxidizing
component of a bipropellant rocket [23]. Functioning as a monopropellant, H.O, takes
benefit of its 70-98% decomposition to vapor and Os. The propellant is driven into a
reaction chamber, where a catalyst, usually an Ag or Pt screen, triggers decomposition,
producing vapor expelled through a nozzle, generating momentum. H.O, was the first
important monopropellant adopted for use in rocket applications. It has been widely
utilized for propulsion and power applications.

H,0, is also important in the food industry [24, 25], the pharmaceutical industry,
medical diagnostic, and process monitoring. It is present in numerous biological reactions
as the product of various reactions involving oxidases and is an essential parameter in
quantifying these bio-processes [26]. For instance, in diabetes, blood glucose levels can be
measured using strip glucose tests. The enzyme glucose oxidase reacts with glucose,
water, and oxygen to produce gluconic acid and H>O,. The generated H,O, can then be
utilized to oxidize a chromogen, or oxygen consumption is measured to estimate the
glucose amount present. Similarly, for patients with asthma and chronic obstructive
pulmonary disease (COPD), a chemiluminescence assay and a device to measure H,O, in
exhaled breath condensate are utilized in health diagnostics and the healthcare industry
[27].

Other uses of H,O, are in glow sticks — it reacts with certain di-esters to produce
chemiluminescence [28], horticulture — weak H,O, solution is used for watering because
its natural decomposition releases O, that supplements plant's root growth and helps to
treat root rot and prevents a variety of other pests from appearing [29], fishkeeping — it is
used in aquaculture for decreasing mortality caused by various microbes [30], and
removing yellow tones from aged plastics — in combination with a UV-light source, it is
used to remove yellow tones from white or light grey acrylonitrile butadiene styrene
(ABS) plastics to partly or fully restore the original color [31].
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1.1.1 Reactive oxygen species and diseases

H,0, in living organisms, in terms of redox signaling and regulation, is an endogenous
oxidant [32]. As one of the most stable reactive oxygen species (ROS), H,O:is involved in
the regulation of protein function [33], and under certain circumstances, it is also a
precursor of *OH and hypochlorous acid (HOCI).

Due to its stability, short cellular half-life (~10~* seconds), diffusivity, and specific
reactivity, H.O; is a pivotal redox signaling molecule in various biological processes [34].
It influences cell differentiation, proliferation, inflammation regulation, tissue repair,
circadian rhythm modulation, and aging [35]. Conversely, H:O, causes oxidative stress
(0S), leading to biomolecular damage. OS arises from the complex interplay of cellular
composition, localized H.O, concentration, and the dynamics of its generation and
elimination processes [36]. Under normal conditions, *O* (superoxide anion) and H:O,
production and elimination are balanced, but excessive *O* and H,O, generation occurs
during OS.

H50, is produced through monovalent reduction of superoxide or divalent reduction of
O, [37]. Enzyme-catalyzed superoxide dismutation is the primary source, but oxidases
like glucose oxidase, xanthine oxidase, urate oxidase, and amino acid oxidase can also
produce H,O,. Due to its neutral pH and lack of charge (with a pKa=10.8), H,O, can
readily traverse biological membranes. Despite being a strong oxidant, its slow reaction
kinetics with biomolecules make it relatively unreactive, allowing it to accumulate at
high concentrations in cells and tissues [38]. H:O, can directly oxidize molecules and
inactivate enzymes with thiol groups or methionine residues in their active sites [39].

Within mammalian cells, two distinct mechanisms contribute to the production of
H»0,, i.e., enzymatic and non-enzymatic generation. The non-enzymatic one originates
from the reduction by electrons and protons of the *O,  anion, which consecutively
comes from the reduction of O, in the mitochondrial respiration pathway and which
takes place in the cellular mitochondrial matrix.

Elevated levels of H,O, are intimately associated with inflamed tissues, inducing a
critical mechanism that significantly contributes to the host's defense against microbial
threats [40]. During inflammation, H,O, by-products interact with proteins, lipids, nucleic
acids, and other metabolites, causing related molecular damage that can be significant
and lead to cell apoptosis (cell death) [41]. Inflammation is a contributing factor to some
chronic diseases, such as Alzheimer's disease [42, 43].

Neoplastic cells with heightened metabolic activity often exhibit elevated H»O, levels,
playing a role in tumor development and progression. These cells induce antioxidant
proteins to counteract H»O.'s impact, maintaining a delicate balance between H>0.
generation and antioxidants [38]. Specific doses of H,O, and *O* stimulate cell
proliferation in various cancer types [44]. Human cancer cell types generally have low
glutathione peroxidase levels and catalase, the enzyme responsible for H.O, breakdown
[45].

In healthy hematopoietic stem cells, primitive cells that can develop into all types of
blood cells (HSCs), when OS pathways become excessively activated, it increases the
production and accumulation of *O* and HO, within the cells. This disruption severely
impairs the normal biological functions of HSCs and plays a crucial role in the
progression of leukemia [46].

Among other ROS-related conditions, ischemia-reperfusion (I/R) injury is among the
most studied, along with myocardial infarction, stroke, and other thrombotic events.
Reperfusion occurs when blood circulation is restored to tissues after ischemia, as the
restoration of circulation after the absence of nutrients and oxygen triggers inflammation
and the subsequent OS damage affected tissues [47]. Researchers investigating the link
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between H,O, and I/R injury have noted increased H,O, production in postischemic
tissues. This heightened generation results from enzymes that reduce molecular O, to
"0, leading to the release of H;O, in both extracellular and intracellular spaces [48].

Ulcerative colitis (UC) is an inflammatory bowel disease that follows late adolescence
and early adulthood and causes a chronic relapsing and remitting course characterized by
abdominal pain, bloody diarrhea, and tenesmus, all related to inflammation of the large
intestine [49]. An immune abnormality is a possible mechanism that may cause this
disease, although significantly elevated levels of H,O, have been documented in the
colonic epithelium immediately before the onset of UC, suggesting an underlying role in
its development [50].

Sepsis is a life-threatening response to infection that can result in multiorgan failure
and fatal hemodynamic shock. In sepsis, cytotoxic H-O, levels in the blood can be up to
18 times higher than normal [51]. Hypermetabolism during sepsis increases ATP
production through oxidative phosphorylation, leading to H>O, generation via the
electron transport chain (ETC). Heightened bioenergetic reactions cause H.0,
overproduction, which, if not properly removed, can lead to cell death, severe
bioenergetic dysfunction, and cellular damage. Prolonged exposure disrupts redox
equilibrium, contributing to organ failure, microvascular dysfunction, and fatal septic
shock [52].

H»0; inhibits Krebs cycle enzymes, reducing NADH and FADH2 production involved
in cellular redox reactions. This damages the mitochondrial proton gradient and proton
motive force needed for pyruvate translocase, hindering pyruvate transport into the
mitochondria. Consequently, cytosolic pyruvate increases, converting to lactate, leading
to hyperlactatemia [53].

Pancreatic B-cells, responsible for insulin production, are vulnerable to OS due to
lower antioxidant enzyme expression compared to the liver and kidneys. H.O, is
implicated in the dysfunction of B-cells in both type 1 and type 2 diabetes mellitus,
conditions marked by hyperglycemia and related health complications [54]. In type 2
diabetes, chronically elevated blood glucose levels increase oxidative phosphorylation,
leading to higher H,O, production in B-cells [55]. Enhanced expression of antioxidant
enzymes like superoxide dismutase (SOD1 and SOD2), catalase, GSH peroxidase, and
thioredoxin protects B-cells from oxidative damage induced by various agents [56].
Peroxiredoxins, antioxidant enzymes in B-cells, have shown promise in mitigating the
effects of H,O, and other reactive species, providing protective effects against OS [57].

Cells have numerous sources of H,O, and scavenger molecules that tightly control
H>0, concentration in different subcellular compartments. To better understand the
molecules and objectives involved in this delicate equilibrium (physiological/pathological
H,O, concentration), it is vital to know the molecular mechanisms operating at the
cellular level in detail.

1.1.2 H-:0: in bleaching agents

Bleaching agents whiten or lighten a substrate by degrading dyed components or
changing their absorbance properties. Their application extends across multiple
industries, including the wood (pulp and paper), textile, as well as commercial and
household cleaning sectors, where they find wide utilization. Typically, during the
bleaching process, the aim is to eliminate chromophoric sites that enable the substrate to
effectively absorb visible light by virtue of electron delocalization over conjugated double
bonds. The whitening agent will initiate an irreversible reaction by either breaking or
adding across these double bonds.



1.1. Hydrogen Peroxide Importance and Its Occurrence 5

Interestingly, more than half of the world's H,O, production is used in the wood
industry for pulp and paper bleaching to whiten and brighten paper and other cellulose-
based products [58]. It is used in chemical and mechanical pulping processes to remove
lignin, the natural polymer that gives wood its brown color. In chemical pulping, H.O, is
combined with other chemicals, such as NaOH, to remove lignin from wood chips. The
resulting pulp is then bleached with H,O, to produce a bright white color [59]. H.O, also
plays a crucial role in the mechanical pulping process by effectively bleaching the pulp
subsequent to its mechanical separation from the wood fibers. This process, known as
chemical mechanical pulping (CMP), produces pulp with bright white color and
improved strength properties [60]. In addition, H,O, is used to bleach recycled paper and
to remove contaminants, such as inks and dyes, from the pulp. In the realm of the paper
and pulp industry, H,O, has a vital role as a bleaching agent due to its exceptional
capacity to generate brilliant white hues and enhance the strength and overall quality of
the end product [61].

For a complete bleaching process, H.O. is used before dyeing and to oxidize reductive
dyes in dyeing. Combined bleaching is sometimes used to achieve an extremely white
cloth/yarn: hypochlorite in pre-bleaching and H,O, for anti-chlorination, yellowing, and
bleaching. In most textile industries, completely white fabric is achieved only by an
alkaline boil-out procedure, hot peroxide bleaching, repeated if necessary, and the
addition of optical whiteners [62, 63]. Usually, whitened textiles are yarn, knitwear, and
textile cloths primarily from cotton, wool, and silk, less so from viscose, and some from
cotton/polyester mixtures. The utilization of both hypochlorite and peroxide, in
combination for whitening, is diminishing. The shift towards exclusive peroxide-based
bleaching necessitates a careful selection of suitable optical whiteners and organic
stabilizers. In place of hypochlorite, certain companies have introduced a blended
bleaching approach utilizing per-acetic acid and H,O, [64].

Another significant industrial presence of H,O, involves the production of sodium
percarbonate and sodium perborate, which serve as gentle bleaching agents in laundry
detergents. Sodium percarbonate, an adduct of sodium carbonate and H»O», is the active
ingredient in such laundry products. Once dissolved in H»O, it produces H.O, and sodium
carbonate. These bleaching agents are only effective at certain wash temperatures (60 °C)
and are often used with bleach activators, which facilitate cleaning at lower temperatures
[65].

Tooth whitening or tooth bleaching techniques primarily rely on the use of H.O, or
one of its precursors, such as carbamide peroxide [66]. They bleach the chromogens
within the dense, inner bony structure of the teeth (dentine), thus reducing the body
color of the tooth, and are often used in combination with an activating agent such as
heat and light. These agents can be administered in different ways for tooth-bleaching
purposes. There are two primary approaches for utilizing H»O- in dental procedures. One
is the external application of H,O, to the teeth, known as vital bleaching, while the other
involves internal use within the pulp chamber, commonly referred to as non-vital
bleaching [67, 68, 69]. Tooth whitening can be accomplished using a 10% carbamide
peroxide gel in a bleaching tray at night, H,O, strips [70], and 35% H>O, with or without
light or heat activation [71]. It can also be found in most whitening toothpastes.

H,0, has various other domestic and professional uses. Diluted H,O; (2-12%) mixed
with aqueous NH; has been used to bleach human hair. It can react with blood as a
bleaching agent if a blood stain is fresh or not too old. A generous application of HO,, if
necessary in more than a single application, will bleach the stain fully out.
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1.1.3 H:0: and national /homeland security

Concentrated H»,O, has unique properties that make it increasingly sought-after by
research and development institutions and relevant industries involved in rocket
propulsion. Its ease of handling, exceptional performance, and remarkable versatility as
both a potent oxidizer (in explosives) and monopropellant contribute to its rising
popularity in these domains. Its other remarkable properties include high density, low
vapor pressure, and low toxicity [72].

The discovery of H.O, dates back almost two centuries, yet it was only in the period
preceding World War II that German researchers began to explore and exploit the
exceptional qualities of concentrated solutions. During this time, they also stumbled upon
the explosive properties characteristic of concentrated H,O, solutions [73, 74]. The initial
breakthrough came with the combination of an 89% solution of H,O,, cotton, and
petroleum jelly, which yielded successful results [75]. Subsequently, in the post-World
War II era, researchers further explored concentrated H.O, formulas blended with
glycerol, investigating the detonation ranges of these mixtures [76]. It became evident
that numerous substances such as methanol, ethanol, isopropanol, ethylene glycol,
mannitol, ethyl acetate, cane sugar, diethylene glycol, diethyl ether, acetone, dioxane,
aniline, and several others proved to be excessively sensitive when combined with
concentrated H,O,, making their use in this context impractical.

Nonetheless, it is important to note that pure H.O, (100%) or its concentrated
solutions do not fall under the classification of high explosives in their liquid form. This
distinction arises from the understanding that the detonation of H.O, should be examined
within the framework of three distinct categories: liquids, gases, and two-phase
occurrence [77).

The first patent on H,O,/glycerol high explosive showed that H.O, was sufficient to
oxidize the glycerol during detonation [78]. As research progressed, scientists successfully
formulated other explosive mixtures, many of which exhibited considerable practical
potential. By employing H2O. as an oxidizer alongside diverse organic substances, they
were able to create a range of explosives and propellants that surpassed the energy
content achieved through the detonation of pure H;O,. Numerous patents show the
innovation in this field, illustrating the blending of H.O, with materials such as flour,
sawdust, H.O, glycerol, ammonium nitrate, gelling agents, and various other components
to yield explosive mixtures with enhanced properties [79]. Usually, these mixtures are
H»0, in concentrations of 60- 90%, combined with ingredients such as sawdust, resin, and
a gelling agent such as starch or agar. There are also suggestions for mixtures that use
higher concentrations of H,O,, along with hydrazine (or ammonium nitrate) and HO.
These formulations aim to produce explosive compositions rich in gaseous detonation
products. It is also noteworthy that certain "exotic" explosives can be produced with
lower concentrations of H»O, e.g., a 30% solution known as perhydrol [80]. A notable
example of such an explosive is triacetone triperoxide (TATP), an organic peroxide that
has recently attracted considerable attention because of its rapid and relatively simple
synthesis from inexpensive chemicals [81]. Other organic peroxide explosives used by
terrorist groups include diacetone diperoxide (DADP) and
hexamethylenetriperoxidediamine (HMTD), as well as methyl ethyl ketone peroxide
(MEKP) [81]. TATP has a high content of active O, and is considered a primary
explosive due to its shock sensitivity, easily leading to explosive decomposition [81].
While TATP possesses notable detonation power akin to trinitrotoluene (TNT), it
exhibits a highly sensitive nature and stability issues, thus being categorized as a
powerful secondary explosive [81].
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Terrorists often use substances such as TATP, DADP, and HMTD as homemade
explosives (HMEs) in their improvised explosive devices. These substances are not
necessarily selected for their exceptional explosive power or long-term stability, which are
priorities in military applications, but for other critical factors [81]. Ease of synthesis with
readily available reagents is an important consideration, as terrorists seek to produce
these explosives from common starting materials. Additionally, they prioritize ease of
initiation and a desire to minimize traceability, making it challenging for authorities to
track their origins.

One of the most important strategies for the detection of peroxide-based explosives is
to test for gaseous H»O,, which is invariably used as a precursor in the synthesis of
peroxide-based explosives and is often a decomposition product of peroxide-based
explosives.

1.2 Detection of H20-

H,O, analysis is conducted across a range of sample matrices encompassing
environmental samples, such as H.O and soil, and human fluids like sweat, blood, and
cell and tissue cultures. This broad array of sample types necessitates diverse
measurement strategies and quantification approaches to assess H,O, levels accurately
and precisely. H»O, is measured using a diverse range of methods such as optical,
including colorimetry [82, 83|, chemiluminescence [84, 85|, and fluorescence [86, 87, 88];
electrochemical, including potentiometry [89, 90|, voltammetry [91, 92|, and amperometry
[93, 94, 95]; titrimetry [96]; chromatographic [97, 98] and spectroscopic [99, 100] methods.
Most of these methods are connected to relatively high costs, complex testing processes,
sophisticated and bulky instrumentation requirements, the need for trained personnel to
operate, and interference from sample matrices. Electrochemical techniques demonstrate,
on the other hand, promising prospects in measuring H>O, due to their low cost, high
sensitivity, high selectivity, miniaturization capabilities, simple instrumentation, and
short response time [93].

Over the past three decades, a plethora of electrochemical techniques, including
voltammetry, chronoamperometry, potentiometry, coulometry, and electrochemical
impedance spectroscopy, have emerged as suitable tools for measuring H.O, in diverse in-
vitro and in-vivo applications [101, 102, 103]. Despite numerous endeavors to develop
electrochemical sensors to determine H.O, accurately, several challenges persist in
achieving ease of handling and applicability, along with high sensitivity, selectivity,
reproducibility, and a short response time. These characteristics collectively contribute to
developing electrochemical sensors that meet the stringent requirements of reliable HoOs
detection, and efforts continue to refine and enhance the sensors’ performances.

Notably, while the detection of H2O in liquid samples is a relatively well-established
process [104, 105, 106], its detection in the gaseous samples remains a significant
challenge due to the aforementioned reasons encompassing, particularly the usual low
concentrations and the inherent instability of H»O,. The unique properties and behavior
of H»O, in its gaseous state introduce complexities that complicate accurate and reliable
detection methods. As a result, researchers continue to face obstacles in developing
effective techniques for detecting and measuring H,O, in the gas phase. The pursuit of
robust and sensitive detection methods for gaseous H.O, remains an active area of
research and development in the scientific community.

This dissertation addresses and emphasizes the study, development, and optimization
of sensing principles for the sensitive detection and quantification of gaseous H.O,. The
upcoming chapter will provide a comprehensive and detailed explanation of various
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electrochemical methods, including cycling voltammetry, that were mostly used in this
research. It will delve into the underlying principles, methodologies, and application of
these techniques, offering a thorough understanding of their potential in accurately
measuring gaseous HyOs.

1.3 Electrochemical Detection

Various electroanalytical methods can be differentiated from each other by the type of
analytical signal they produce and excitation waveforms. In this sense, there are three
main types of generated signals: potential, current, and charge. In addition, other
electrochemical quantities can be calculated in a facile and automated manner, including
capacitance, impedance, resistance, etc. On the other hand, there are two principal types
of electroanalytical techniques: interfacial and bulk. In the bulk techniques, a property of
the solution in the electrochemical cell is measured, while in the interfacial techniques, a
potential, current, or charge depends on the species present in the interface between the
electrode and the electrolyte solution. The most known bulk technique used in
electrochemistry is conductometry, mainly used to measure the ionic conductivity of the
solution. Conductometric sensors work based on the principle of changes in electrical
conductivity when exposed to specific target analytes. These sensors are designed to
detect and quantify the presence of various substances, including gases, ions, and volatile
organic compounds (VOCs), by measuring changes in conductance. [107]. There are
many examples of its electroanalytical usage in the detection of CO, [108], alpha-
fetoprotein [109], glucose [110], or HyO, [111, 112]. As for the interfacial techniques, the
main differentiation is into static (zero-current) and dynamic techniques. In
potentiometry, which is the most known and typically utilized zero-current technique,
the response from the sample is obtained through the potential established between ion-
selective and reference electrodes. Different membrane materials, with ion recognition
capability, have been developed to convey the relatively high selectivity of this technique.
The potentiometric probes have been widely used for several decades to indirectly
monitor different ionic species in less or more complex samples, such as the
potentiometric determination of pH. With the availability of inexpensive glass pH
electrodes and pH meters, determining pH is one of the most frequent quantitative
analytical measurements and one of the most simple potentiostatic-based techniques
[113).

Dynamic techniques are divided into controlled-potential and constant-current
techniques. Controlled-potential techniques are based on dynamic current conditions,
such as in the cases of voltammetry and amperometry. The electrode potential is used to
direct an electron-transfer reaction, and the resulting current is measured. The detected
current is a direct reflection of the electron transfer rate occurring at the interface
between the electrode and the solution/electrolyte. These techniques can measure any
electroactive chemical species prone to oxidation or reduction reactions. Their advantages
include high sensitivity (also in combination with several pre-concentration approaches,
such as stripping anodic or cathodic voltammetry), portable and low-cost
instrumentation, and a wide range of electrodes suited for different environments and
applications [113]. Finally, the constant-current techniques include techniques such as
coulometry and electrogravimetry, being rarely used in contemporary research. In
addition, electrochemical impedance spectroscopy (EIS) is a powerful technique used for
interfacial analysis on the electrode/electrolyte interface that measures the current signal
resulting from the AC-induced perturbation of the system. The current signal is then
transformed into signals which are more appealing for analytical purposes, such as the
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impedance, or the impedance-derived parameters, such as the charge-transfer resistance
(R.) or the double-layer capacitance (Ca), depending on the measurement mode, i.e., in
the presence or the absence of the redox-active probe, respectively [114, 115]. Despite
lower selectivity, such measurements enable excellent sensitivity.

1.3.1 Controlled-potential techniques

The base of all controlled-potential techniques is the ability to measure the current
response to an applied (excitation) potential. Voltammetry is viewed as one of the
starting points in electrochemistry regarding controlled-potential methods, which can be
presented in different forms. In the present chapter, some of these techniques will be
reviewed.

In voltammetry, a time-dependent potential is applied to an electrochemical cell
(usually consisting of working, reference, and counter electrodes) between the working
and reference electrode, and the resulting current is measured between the working and
counter electrode. A resulting voltammogram is a graphical representation that shows the
relationship between the resulting current and the applied potential. It is a valuable tool
for obtaining quantitative and qualitative information on the species participating in the
oxidation and/or reduction reactions [113], Figure 1.2.

Two-electrode cell set-up [E)] Three-electrode cell set-up [(3]

i
WE RE/CE WE CE
/ RE
O,

Figure 1.1: Graphical representation of a) two and b) three-electrode cell set-up [116].

Early voltammetric techniques used a two-electrode system for measurements, where
one electrode was the working electrode (WE), and the other one represented both the
reference (RE) and counter (CE) electrode, Figure 1.1 a); however, modern techniques
usually use three-electrode systems like those mentioned in the previous chapter, Figure
1.1 b). A time-dependent potential excitation signal is applied to the WE, changing its
potential relative to the fixed potential of the RE and measuring the current that flows
between the WE and CE.
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Figure 1.2: a) Voltage vs. time profile of cyclic voltammetry. b) Typical (reversible)
cyclic voltammogram showing cathodic and anodic signals [117].

1.3.2 Voltammetric techniques in electroanalysis

Voltammetric techniques involve the potential scan in a selected potential window and
the corresponding measurement of the current response produced from electron transfer
events between the electroactive species and the WE. Since the phenomenon involves the
oxidation or reduction reactions of the electroactive species present in the system, the
measured current can be considered proportional to the analyte(s) concentration(s), and
the peak potential gives the techniques its selective feature.

Over the years, various (sub)techniques have been developed to enhance the speed,
selectivity, and sensitivity of voltammetric measurements. Instead of relying solely on a
straightforward staircase ramp, alternative forms of potential modulation have been
introduced. Additionally, while the focus remains on the widely employed classic
voltammetric techniques, this chapter will also tackle several pulse techniques that have
been mentioned for comprehensive coverage.

1) Stripping voltammetry

Stripping voltammetry, as another representative of the voltammetric techniques, can
consist of three related methods, depending on the analyte of interest: anodic stripping
voltammetry, cathodic stripping voltammetry, and adsorptive stripping voltammetry.
These techniques are by far mostly used for trace metals analysis in water-based media.

Anodic stripping voltammetry consists of two steps; the first step is a controlled
potential electrolysis/pre-concentration in which the WE is held at a cathodic potential
sufficient to pre-concentrate the metal ion on/in the electrode surface. A WE is usually a
hanging mercury drop or a mercury film electrode; however, over the years, other
environmentally friendly solutions have emerged, such as the bismuth-film, antimony-
film, and copper-film electrodes [118, 119, 120]. The pre-concentration step provides an
increase in the analyte concentration by transferring it from the bulk solution with a
larger volume to the electrode with a lower volume. During the pre-concentration step,
the solution is typically stirred to increase the deposition rate. At the end of the
deposition/pre-concentration step, the stirring is stopped, and the solution becomes
quiescent. The deposition/accumulation/pre-concentration step typically ranges from less
than 1 to 30 minutes, whereas analytes at lower concentrations may require longer
accumulation times. After the equilibration step of usually 10-15 s, i.e., without stirring
to make the solution quiescent, and applying the same pre-concentration potential, the
potential is incrementally scanned in an anodic direction, i.e., towards more positive
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potentials. Once the WE reaches a sufficient potential, the analyte is re-oxidized and
stripped from the electrode, returning back to the solution in its oxidized/ionic form.
Because the analyte is concentrated on/in the electrode, detection limits are significantly
lower compared to other electrochemical techniques. The detection limits obtained with
anodic stripping voltammetry can go down to the ng L' concentration range [113].

Cathodic stripping voltammetry shares similarities with anodic stripping voltammetry
but with two key distinctions. Firstly, the electrode is oxidized during the electrochemical
pre-concentration step, reacting with the analyte to create an insoluble film at the
electrode surface. Secondly, the stripping process involves scanning the potential
cathodically towards more negative potential values. The reduction process reverts the
already oxidized electrode to its original state, effectively releasing the analyte into the
solution.

The pre-concentration step in the adsorptive (cathodic) stripping voltammetry usually
occurs, e.g., for trace metal detection, in the presence of a chelating agent (ligand) at the
selected negative potential. The complex metal ion is adsorbed at the electrode surface.
During the pre-concentration step, the electrode is maintained at a potential that
enhances adsorption. Following the pre-concentration step, the potential can be scanned
either in an anodic or cathodic direction, depending on the analyte, i.e., either oxidizing
or reducing the analyte, respectively. The adsorptive cathodic stripping voltammetry is
typically used for metal analytes that cannot form amalgams, alloys, or intermetallic
compounds in/at the electrode surface.

2) Cycling Voltammetry

In cyclic voltammetry, the potential is scanned in both directions, i.e., in anodic and
cathodic directions. This technique is usually the first one used when investigating the
selected electrochemical process/system and gives important information about the redox
properties of the analyte(s) (reversibility /kinetics), electrochemical characteristics of the
electrode material, electrolyte, etc. [113]. In general, cyclic voltammetry holds a great
electrochemical diagnostic potential.

In the example below, the potential is first scanned to more positive values, resulting
in the oxidation reaction for the reduced species (R) R 2 O+ne. Once the potential
attains a predefined switching potential, the voltammetric scan proceeds towards
increasingly negative potentials. Because the oxidation species (O) were generated on the
forward scan, during the reverse scan, they are reduced back to O+ne 2 R. The
resulting voltammogram exhibits distinct signals representing the oxidation and
reduction processes. Each peak is characterized by its peak potential and peak current, as
shown in Figure 1.3.

current

more (+) more (=)

potential

Figure 1.3: Cyclic voltammogram with typical oxidation-reduction curves [121].
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3) Normal Pulse Voltammetry

This technique uses a series of potential pulses of increasing amplitude. The current
measurement is made near the end of each pulse, allowing enough time for the charging
current to decay (faster decay than the decay of Faradaic current). Typically, pulse
voltammetry is performed in a solution without active stirring. The potential is applied
in a pulsed manner, starting from an initial potential. The pulse duration is usually 1 to
100 ms, and the interval between pulses is typically 0,1 to 5 s.

4) Square-wave Voltammetry

In this case, the excitation signals involve consecutive and symmetrical positive and
negative going square-wave potential pulses overlapping with a staircase waveform,
where the forward pulse of the square-wave coincides with the staircase step. The current
is sampled, similarly as in other pulse techniques, a few ms before the end of the
voltammetric pulse (in both directions). The net current is obtained by taking the
difference between the forward and reverse currents. The height of the net signal exhibits
a direct proportionality to the concentration of the electroactive species, thereby serving
as a reliable quantitative measure. Notably, the technique offers the advantage of
achieving very low detection limits, reaching as low as 10® M; usually, it is combined
with the electrochemical stripping protocols. Moreover, a deeper look into the square-
wave voltammetry reveals its powerful electrochemical diagnostic character.

1.4 Screen-Printed Electrodes

Until a few decades ago, the most commonly used electrochemical cells were conventional
glass cells with a separate two or three-electrode system. Because of the progress in
technology and material science, various supporting electrodes (and electrochemical
sensors) have developed rapidly. They have changed shape and size, become simple to
use, and can be manufactured at large scales [122, 123, 124, 125].

The development of screen-printed electrodes (SPEs) has made the field of
electrochemistry simpler and more accessible. At the same time, it has also brought some
challenges in tuning the sensitivity and complexity of the electrochemical systems. The
overall technological process for fabricating SPEs allowed us to acquire a wide range of
new electrode setups and to modify electrodes with ease using various commercially
available inks for RE, CE, and WE, which can be developed and optimized for specific
target analytes. For example, boron-doped diamond electrodes, hexacyanoferrate-
modified screen-printed carbon, gold nanoparticle-decorated carbon nanotubes, screen-
printed carbon, screen-printed carbon electrodes modified with silver nanoparticles,
Prussian Blue/carbon electrodes, etc. [126, 127, 128, 129]. The emergence of novel nano
and other advanced materials opens countless possibilities for bulk and/or surface
modifications to tailor numerous electrode architectures suiting specific needs.

In both potential-controlled experiments and current-controlled experiments, the
widely employed three-electrode system plays a crucial role. The WE serves as the site
where an electrochemical reaction takes place [113, 130, 131]. Given the limitations of
using unmodified supporting WE alone, achieving optimal sensitivity, selectivity, and
reproducibility in electroanalysis often requires employing various surface and/or bulk
modification approaches [113].

Over time, SPEs are becoming more sophisticated and versatile while their size, and
weight are shrinking as well, and they can be used both for the detection in the solutions
and in the gas phase. The usage of SPEs in the solutions offers the opportunity to work
in a more controlled, stable, sensitive, selective, and reproducible environment. The
system can be optimized as robust and might provide a shorter analysis time for the
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detection. The advantages of SPE-based sensors for measuring in the gas phase include
the possibility of miniaturization and portability, adjustable sensitivity and selectivity, a
wide linear range, minimal space, and power requirements, and cost-effective
instrumentation. Compared to the same design in the solution, the application of SPE in
the gas phase could lack stability, reproducibility, selectivity, and sensitivity; all these
challenges pose a need for further investigation of these electrochemical systems [132,
133].

The SPE consists of a chemically inert ceramic substrate onto which three electrodes,
i.e., WE, RE, and CE, are screen-printed (see Figure 1.4). The WE is the most important
part of the SPE at which electrochemical reactions occur, while the RE and CE serve to
complete the circuit.
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Figure 1.4: Model of SPCE with all the essential parts [134].

SPE fabrication involves the utilization of inks comprising particles, a polymeric
binder, and additional additives to enhance dispersion, printing, and adhesion [135, 136,
137]. The composition of the ink, including the types, sizes, and loading of particles,
plays an important role in influencing the electron transfer process and ultimately affects
the overall electroanalytical performance of the screen-printed electrode/sensor. The
variation of ink composition provides an avenue for further tailoring the sensor's
characteristics to meet specific requirements.

To address these requirements, the electrode surfaces are modified with a great
selection of inorganic and organic (nano) materials which gives them the sensitivity
and/or selectivity features together with enhanced reproducibility, durability,
interference-free operation, etc., allowing for improved sensing functionality and
performance in diverse applications [138, 139].

1.5 Electrochemical Gas Sensors

Electrochemical gas sensors, Figure 1.5, exploit (electro)chemical reactions to measure
the concentration of a particular gas in an environment.

They are equipped with two or three, occasionally even four electrodes in contact
with an electrolyte. The electrodes are usually made by introducing a high-surface-area
material onto a porous membrane. The WE establishes contact with the electrolyte and
the ambient air to be monitored, typically through a permeable membrane. Sensors,
along with the sensor housing, are often enclosed within a plastic or glass casing that
includes a gas entry point for the gas or volatile solution to be analyzed and electrical
contacts.
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As the gas permeates to the sensor placed in the glass cell, it diffuses through the
electrolyte toward the WE. The gaseous analyte can come from the external gas flow into
the glass cell, or it can be placed as a solution under the sensor, where it will succumb to
the decomposition and/or evaporation into the gas molecules, which accumulate in the
electrolyte. The gas undergoes oxidation or reduction at the WE through an
electrochemical reaction [140, 141]. This reaction produces an electric current that flows
through the external circuit, which is connected to a measuring device such as a
potentiostat, galvanostat, or electrochemical impedance analyzer. The measuring device
amplifies and processes the signal further.

Chemiresistive sensors are chemical sensors that operate based on changes in electrical
resistance when exposed to specific target analytes. These sensors are designed to detect
and quantify the presence of various substances, including gases, volatile organic
compounds (VOCs), and other chemicals, by measuring alterations in electrical
resistance. While chemiresistive gas sensors have applications in measuring gaseous H20-
concentrations [142], they may not necessarily outperform voltammetric or amperometric
gas sensors. One of the limitations of chemiresistive sensors is their lack of high
selectivity, especially when using certain sensing materials. Some sensors can respond to
multiple gases, resulting in cross-sensitivity, difficulties distinguishing specific gases in
complex environments, and compromising accuracy and selectivity. Additionally, these
sensors are sensitive to environmental conditions, such as high temperatures and
humidity, which can affect their response and lead to reading inaccuracies [143]. On the
other hand, electrochemical gas sensors offer distinct advantages and simpler operating
systems mentioned in this chapter.

In the case of voltammetric or amperometric gas sensors, the magnitude of the electric
current can be determined by the extent of oxidation or reduction of the gas and, in
addition, by the redox modifier present at the WE. Electrochemical gas sensors are
usually designed in a way to limit the gas supply through diffusion, resulting in a linear
relationship between the output of the sensor and the gas concentration [144]. This linear
output is advantageous compared to other sensor technologies that require linearization
of their output. It allows for more accurate and precise measurement of low
concentrations and simplifies calibration, which typically requires only a baseline
measurement and five to eight calibration points. The control of diffusion offers an
additional benefit. The sensor can be tailored to target specific gas concentration ranges
by adjusting the diffusion barrier [144].

Electrochemical gas sensor technology has been used in the industry for many years.
The increasing demand for small and powerful sensors with low power consumption and
user-friendly characteristics has been a driving force behind the continuous advancements
in sensing technology.

The sensitivity and selectivity of the sensor towards specific gaseous analytes can be
finely tuned through various modification techniques applied to the SPEs; however, there
are very scarce reports tackling the optimization and detection of very low levels (ppbv)
of gaseous H,O,. In general, these modifications allow for the precise detection of desired
gaseous analytes while reducing sensitivity to potential interferences. By adjusting the
composition of the electrolyte, density, and pH, the analytical performance of the sensor
can be optimized to target particular analytes.

Furthermore, the surface of the WE can be modified through the introduction of
different components such as metals, metal oxides, polymers, anumerous nanostructured
materials, and their combinations. These modifications improve sensitivity, selectivity,
chemical and/or electrochemical stability, and expand the usable potential window of the
sensor.
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In summary, the versatility of SPEs, together with various modifiers, sensing schemes,
and their combinations, allows precise control of gas sensing performance considering the
sensitivity and selectivity of the sensor towards specific gaseous analytes.

Gaseous H,0, o’ w
v o’
‘e’

u Sensing layer

Counter Working Reference
electrode electrode electrode
Figure 1.5: Cross-section scheme of the electrochemical gas sensor.

1.5.1 Electrode modifications

A modified electrode refers to a conducting or semiconducting material that has
undergone surface modification by being coated with a thin or thick film. This film can
take various forms, including monomolecular, multi-molecular, ionic, or polymeric
compositions, and it plays a crucial role in altering the properties of the electrode surface
[145, 146]. By modifying the electrochemical, optical, and other surface characteristics,
these coatings broaden and enhance the capabilities of electrochemical techniques.

The primary objective of modifying an electrode surface is to impart its predictable
function through the properties of the adlayer. This predictability enables precise control
and manipulation of electrochemical processes, resulting in desired outcomes and tailored
responses.

Recent advancements in surface characterization techniques have revolutionized the
ability to understand modified interfaces at a molecular or even atomic level. Combining
these sophisticated characterization techniques with electrochemical approaches makes it
possible to verify the intended functionality of the modification and set the groundwork
for continuous refinement of the modification strategies.

The selected substrate serves as the supporting electrode upon which the adlayer is
deposited. It can be either a commercially available or custom-fabricated supporting
electrode. While conventional electrode material can be used as a supporting substrate,
certain materials are more suitable for modification. In the case of detecting H,O,, three
generations of sensors and corresponding materials have been used to modify the WE
[147]. These modifications are both used in the detection of gaseous analytes and liquids.

The 1*-generation electrochemical H,O, sensors consider the thermodynamics of H.O,
reactions, which predict its direct reduction or oxidation at various electrode materials;
however, the slow electron transfer kinetics result in high overpotentials for H,O,
oxidation/reduction [148, 149]. Overpotential refers to the voltage difference between the
redox potentials measured under ideal thermodynamic conditions and the actual
experimental conditions. To overcome this challenge, certain materials have
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demonstrated the ability to accelerate redox transformations of H2O.. Noble metals such
as gold (Au) [150, 151], silver (Ag) [106], and platinum (Pt) [152] have shown promising
results in facilitating the desired redox reactions. Similarly, other metals like copper (Cu)
[153, 154] and metal oxides such as CuO [153, 155] have exhibited catalytic properties
that aid in accelerating H>0, redox processes. Additionally, non-metal catalysts,
including various types of carbon-based materials [156], have also been explored to
enhance the kinetics of H,O, electrochemical reactions. Previously mentioned redox
systems involving H,O, are predominantly utilized in bulk solutions due to the relative
ease of detecting H,O» in aqueous solutions compared to gas phase detection. Indeed, the
electrochemical detection of H,O, in the gas phase has been regarded as both intriguing
and challenging. As a result, there is a relatively low number of articles focusing on the
detection of gaseous H2O, compared to its detection in solutions. The unique challenges
and complexities associated with gas-phase electrochemical detection of H,O, have
sparked interest, led to ongoing investigations in this area, and strongly motivated this
doctoral thesis. In addition to the modification of the WE, the preconditioning of the
electrode surface can significantly impact the overall analytical performance of the gas
sensor. One such preconditioning technique is electrochemical cleaning/treatment, which
involves subjecting the electrode to constant potential polarization, cyclic voltammetric
pretreatment in H,SO, and HOs, heat treatment [157] or O plasma treatment [138, 158].
This process helps optimize the electrode surface, removing contaminants or interfering
species that could affect the measurements, enlarge the electrode surface and/or
introduce additional functional groups.

The 2" generation of electrochemical H,0O, sensors represents a significant
advancement, specifically aimed at addressing the sluggish electrode kinetics observed
with bare electrodes. These sensors utilize surface-modified electrodes incorporating
electroconductive and electrocatalytic materials. Among the commonly employed
modifications are noble metal nanoparticles, such as Au, Au-Pt [159], Ag, Pt, and
palladium (Pd) [160]. Additionally, combinations of different metals or composites, metal
oxides, carbon derivatives, and conducting polymers have been explored to reduce the
overpotential associated with H.O, electrode reactions [161, 162, 163].

One approach involves the use of inorganic or organic polymers, as well as poly-
electrolytes, to coat carbon or metallic electrode surfaces [164, 165]. These modifications
have demonstrated the ability to achieve lower detection limits for H»O, in the micro- to
nanomolar concentration range. Furthermore, various substances like amino acid
derivatives [166], pyrrole, aniline, pyridine, and diverse heterocyclic compounds [167]
have been successfully employed as electrode modifiers.

A significant breakthrough in surface modification has been achieved by utilizing
nanocomposite materials that incorporate nano-sized noble metal particles with strong
electrocatalytic properties. Carbon nanomaterials, including single-layer sheets and
single-walled [168] or multi-walled [169] carbon nanotubes, offer numerous binding sites
for a wide range of organic and inorganic compounds. This enables improved selectivity
and sensitivity in H.O, measurements, with detection limits reaching the nanomolar
range. The combination of particles from two different metals, known as "bi-metallic"
configurations [170, 171], has also been explored for electrochemical H,O, detection.

An intriguing class of materials that have emerged in recent years are MXenes,
specifically 2D transition-metal carbides/nitrides. These materials are characterized by
their general formula M,;1X,Tx, where n can be 1, 2, or 3, representing three common
structures. Symbol M denotes an early transition metal, such as Ti, Mo, or V, while X
refers to carbon or nitrogen. Designation T encompasses various surface terminations,
including fluorine (—F), hydroxyl (—OH), and/or oxygen (=O) [172, 173, 174]. MXenes
exhibit exceptional physicochemical properties that make them highly attractive for
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numerous applications. They possess impressive mechanical strength, facilitating their use
in structural applications. Additionally, they demonstrate good thermal conductivity,
enabling efficient heat transfer. One of the notable features of MXenes is their tunable
bandgap, which can span from semiconducting to metallic character, offering flexibility
for different electronic applications. Furthermore, MXenes exhibit hydrophilic surfaces
with numerous functional groups, allowing for post-modification and solution processing.
This characteristic opens up possibilities for tailoring their unique properties to specific
needs and integrating them into various sensing devices and systems [174].

The incorporation of redox mediators represents another crucial improvement in
electrochemical sensors, facilitating electron exchange between the electrode and H2Os.
Commonly used redox mediators include metal complexes, particularly iron complexes,
known for their reliable electrochemical reversibility. Some of these mediators are
sparingly water-soluble compounds, such as ferrocene derivatives [175], Prussian Blue
[176], iron oxides [177], and other metal derivatives. They are immobilized on the
electrode surface mostly through adsorption, exhibiting highly sensitive mediation
properties.

By incorporating these advanced modifications, the second-generation electrochemical
H»0, sensors offer enhanced performance in terms of sensitivity and selectivity. They
enable precise measurements of H.O, with lower detection limits, providing a valuable
tool for various applications requiring accurate detection and quantification of this
analyte.

The advancement of electrochemical H.O, sensors has led to the development of 3"-
generation sensors, which involve the modification of electrodes using proteins and redox
enzymes. These sophisticated systems aim to mimic the intricate redox processes
observed in living organisms, offering enhanced efficiency and specificity for HoO,. These
approaches involve the immobilization of carefully selected enzymes or non-enzymatic
proteins on the electrode surface. These biomolecules possess specific reactivity towards
H,0,, facilitating the mediation of electron transfer between H,O, and the electrode.
Frequently utilized enzymes include horseradish peroxidase [178, 179], catalase [180],
heme, hemoglobin [181], myoglobin [182], and cytochromes [183]. The redox couple
Fe?"/Fe*" within the prosthetic group of these proteins plays a crucial role in mediating
the electron transfer process. Soluble or surface-immobilized redox mediators are often
introduced into the electrolyte solution to enhance the performance of protein-based
electrochemical sensors. These mediators, such as hexacyanoferrates, ferrocene
derivatives, methylene blue, or quinones, facilitate and optimize the electron transfer
between the biomolecules and the electrode [184].

While protein-modified electrodes offer several advantages, such as their ability to
catalyze specific reactions and mimic biological processes, they do come with certain
limitations. The preparation of these electrodes can be time-consuming, requiring
frequent fresh preparation. Additionally, the cost of high-priced proteins poses a
significant financial challenge. The enzyme's activity can also be susceptible to rapid
decrease due to denaturation, and incorrect orientation of the enzyme at the electrode
surface can impair its catalytic activity. Furthermore, the presence of electrolytes in the
measuring buffer can potentially influence the activity of redox enzymes.

1.5.2 Electrolytes

Every electrochemical process occurs within a specific ionically conductive medium,
typically a solvent containing dissolved ions. This medium, often referred to as the
supporting electrolyte or simply the electrolyte, plays an important role in every
electrochemical experiment and sensing scheme.
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The presence of medium comprising mobile ions is essential in an electrochemical cell
as it allows for the control and measurement of electrode potential/current, a key
parameter in virtually all electrochemical investigations. A suitable medium should
possess a solvating power to dissolve reactants and products involved in the electrode
reactions, low reactivity, and should exhibit stability in a wide potential window.
Additionally, it is desirable for the medium to have relatively low viscosity, enabling
efficient transport of reactants and products to and from the electrodes. Thus, the
selection of an appropriate solvent-electrolyte combination is a critical decision in
electrochemistry. Researchers strive to identify mediums that fulfill these requirements
while considering factors such as stability, availability, safety, and environmental impact.
By carefully choosing the solvent-electrolyte combination, optimized experimental
conditions can be reached, enabling advancements from fundamental research to practical
applications related to energy storage, corrosion prevention, chemical synthesis,
electrochemical sensing, diagnostics, and beyond.

Electrolytes can be generally categorized into two groups: strong electrolytes and
weak electrolytes. Strong electrolytes are substances that, when dissolved, undergo
complete dissociation into ions. An illustrative example is sodium chloride (NaCl) in H,O,
where the compound dissociates fully into sodium and chloride ions. In contrast, weak
electrolytes exist in a partially dissociated state, with a significant portion of the
dissolved electrolyte remaining in its uncharged form, typically as neutral molecules.
Acetic acid (CHsCOOH) in H2O serves as a prime example of a weak electrolyte. In a 0.1
M CH;3;COOH solution, only about 1% of the acid dissociates into protons and acetate
ions, while the remaining approximately 99% remains neutral CH;COOH molecules.

When selecting electrolytes, the impact of ion size on conductivity is an important
factor to be considered. At first glance, large ions might seem less favorable due to their
lower mobility. However, there are instances where large ions offer advantages in terms of
solvation. In low-polarity solvents, where the solvation energies for ions are typically low,
large ions can be more readily solvated compared to small ions. In these cases, salts
containing small, highly charged ions often become insoluble. Furthermore, large ions are
less susceptible to ion-pairing interactions within such solvents.

Alternatively, electrolytes can be categorized into two main types: aqueous
electrolytes and solid electrolytes. For example, aqueous electrolytes have historically
been at the forefront of battery research and commercialization [185]. For instance, the
first Leclanché cell (zinc-carbon battery) utilized an ammonium chloride (NH4CI) aqueous
solution as its electrolyte. This laid the foundation for the development of the neutral Zn-
MnQ, battery in its dry cell form.

Solid electrolytes, on the other hand, can be further divided into four groups.

a) Gel electrolytes closely resemble liquid electrolytes as they consist of liquids
within a flexible lattice framework [186].

b) Dry polymer electrolytes differ from liquid and gel electrolytes in that the salt
is directly dissolved into a solid medium, often a polymer with a relatively
high dielectric constant, such as polyethylene oxide or polyacrylonitrile. To
enhance mechanical strength and conductivity, composites with inert ceramic
phases are often employed, resulting in two major classes: polymer-in-ceramic
and ceramic-in-polymer electrolytes [187, 188].

c) Solid ceramic electrolytes enable ion migration through vacancies or
interstitials within the ceramic lattice. There are also glassy-ceramic
electrolytes.

d) Organic ionic plastic crystals represent organic salts that exhibit mesophases,
showing characteristics between liquids and solids [189]. In these materials,
the mobile ions exhibit a fascinating characteristic where their orientations or
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rotations lack a definite order, while their central positions maintain a
structured arrangement within the crystal lattice.

Additionally, there are "exotic" electrolytes, such as Nafion, ionic liquids, poly(acrylic
acid) (PAA), etc. Nafion, a proton-conducting fluorosulfonic acid ionomer material, finds
applications in fuel-cell technology as well as electrochemical sensors. PAA, renowned for
its remarkable H,O retention properties, has exhibited significant potential as a gel
electrolyte material. These gel electrolytes possess ionic conductivity comparable to that
of aqueous electrolytes, making them suitable for a wide range of devices. Additionally,
the flexibility of PAA enables its utilization in various applications [190, 191].
Furthermore, its capability to absorb gaseous molecules allows it to function as an
accumulation (and derivatization) medium, enhancing its versatility and usefulness in
diverse settings.

The unique properties of these electrolytes make them suitable for specific
applications. For instance, the semi-solid nature and low volatility of solid-polymer
electrolytes, combined with their resistance to solvent loss by evaporation, make them
convenient for high-vacuum conditions. Room-temperature ionic liquids, composed solely
of ions without volatile or uncharged components, have gained popularity due to their
low volatility, low reactivity, low H.O solubility, and relatively high ionic conductivity
[192]. Although their conductivity may seem low considering their ion content, factors
such as ion size, viscosity, and ion association contribute to their performances.
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Chapter 2
Goals and Hypothesis

This dissertation aims to tackle the most critical aspects concerning the still challenging
sensing of low concentration levels of gaseous H.O, and to suggest novel and effective
sensor architectures for its sensitive, selective, and point-of-need detection. The purpose
of this dissertation is to provide a thorough and systematic study and selection of an
appropriate supporting (and disposable) electrode system and suitable modifications
enabling efficient H,O, accumulation, redox transformation, signal amplification, and
efficient detection using materials such as metal/metal oxides, 2D laminated materials
(MXenes), polymeric materials, etc., together with specific electrochemical sensing
schemes. Furthermore, this doctoral thesis aims to provide relevant discussion and
understanding of the physical and electrochemical phenomena involved in the detection
processes occurring at the sensing interfaces.

Goals of the dissertation:
- Study and improvement of the electrochemical properties of disposable screen-
printed electrodes (conductivity, reproducibility, signal-to-noise ratio) by chemical and
electrochemical methodologies/treatments;
- Selection of suitable sensing redox/catalytic modification materials, e.g., state-of-
the-art 2D and 3D nanomaterials, metal-oxide, and metal ions.
- Development of new sensing/accumulation/protective membranes for improved
detection of gaseous H.Os;
- Development of quantification methods for measuring gaseous H-0,
(amperometry, voltammetry, etc.);
- Real environmental detection of gaseous H»O..

Hypotheses:

e (Electro)chemical pretreatment and modification of the working electrode will
enhance the electroanalytical properties and performance of the gas sensor,
considering sensitivity, selectivity, and reproducibility;

e 2D laminated MXenes will increase and/or stabilize the analytical signal when
integrated into the sensing architecture;

e Electrochemically deposited MnO, can serve as the redox mediator for
sensitive detection of H.O, via chemical-electrochemical sensing pathway:

o Gel-like electrolyte with favorable characteristics, such as pH, viscosity,
conductivity, and H,O, accumulation, will lead to highly sensitive and
selective detection of gaseous H2O;
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The chitosan-based membrane can serve as the protective/stabilization layer
against unwanted oxidations of MZXenes, leading to their improved
electrocatalytic effect;

Fine-tuning of the operational parameters will result in lower limits of
detection.
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Chapter 3
Scientific Publications

The dissertation comprises two distinguished manuscripts, each published in highly
esteemed scientific journals. In Manuscript 1 (3.1), we explored several hypotheses,
namely the enhancement of electroanalytical properties and performance of the newly
developed gas sensors through (electro)chemical pretreatment and modification of the
working electrodes. Our pretreatment protocol was carried out in a 0.1 M H,SO, solution,
employing cyclic voltammetry and two distinct modifiers for the working electrode
surface. Additionally, we demonstrated that the electrochemically deposited MnQO, serves
as a convenient redox mediator for the sensitive detection of H.Os, via the chemical-
electrochemical sensing pathway. We also showed that the gel-like electrolyte composed
of poly(acrylic acid) (PAA) possesses favorable gas sensing characteristics such as pH,
viscosity, conductivity, and H,O, accumulation properties, thus enabling highly sensitive
and selective detection of gaseous H,O, while simultaneously acting as an electrolyte and
accumulation medium for H.O,. We demonstrated that both gas sensors, i.e., the one
with included MnO,; and the other one without MnQ,, exhibited excellent
electroanalytical performances for the detection of very low concentration levels of HO..
Interestingly, the one without MnQO, revealed a slightly lower limit of detection. The
optimization of experimental parameters was shown as an important part of the sensor
preparation protocol resulting in improved sensing performance. The effectiveness and
applicability of such sensing architecture were demonstrated by measuring a released
H»0, during the disinfection process.

Moving on to Manuscript 2 (3.2), we addressed the remaining hypotheses: the second
and fifth. Here, we explored the integration of 2D layered MXenes into the sensing
architecture of the sensor on the top of the ferrocyanide layer, which resulted in increased
and reliable electroanalytical signals. This integration successfully fulfilled the first and
second hypotheses. We introduced a chitosan-based membrane to stabilize the MXenes as
an immobilization layer and effectively prevent their unwanted oxidation. Experimental
data and Supplementary Information support the improved electrocatalytic effect of
MXenes and the beneficial properties of chitosan. Also, in this case, the practical
applicability of the developed gas sensor was successfully demonstrated through the
measurement of released H.Os during real hair bleaching.

In summary, these two manuscripts, published in scientific journals with relatively
high impact factors, represent significant contributions to the field of sensitive
electrochemical gas sensing at room temperature, showing innovative approaches,
successful experimental demonstrations, and the validation of multiple hypotheses. This
dissertation's comprehensive body of research reinforces our commitment to advancing
scientific knowledge and pushing the boundaries of very challenging electrochemical gas
sensing.
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3.1 Manuscript 1: “Simple Electrochemical Sensors for
Highly Sensitive Detection of Gaseous Hydrogen
Peroxide Using Polyacrylic-acid-based Sensing
Membrane”

Published — Sensors and Actuators B: Chemical

As emphasized in the introduction of this dissertation, the existing methods for detecting
gaseous H»O, typically rely on complex, bulky, and relatively expensive instrumentation.
This necessitates highly skilled personnel, together with limiting the feasibility of on-site,
fast, direct, and reliable detection protocols for measuring particularly low concentrations
of gaseous H»0O, using portable and user-friendly analytical equipment. On the other
hand, electrochemistry, in combination with a great selection of modification (nano)
materials, supporting electrodes, and advanced electrochemical techniques, offers
unsurpassable possibilities for tailoring powerful sensors for gaseous H.O.. While there are
many reports on the H.O, sensors for their deployment in liquid samples, there are very
few reports on the sensitive and selective detection in the gaseous phase. Recognizing
such needs and opportunities, this research focused on utilizing electrochemical methods,
specifically cyclic voltammetry, to enable the development of sensitive sensors that meet
these requirements.

Simplicity was a guiding principle in the development of point-of-interest and
disposable sensors for gaseous H,O,, pursuing the goal of creating devices that are
relatively easy to fabricate and operate. To achieve this, we explored various materials
for supporting electrodes, guided by thorough electrochemical studies of
(electro)chemically pretreated electrodes. The chosen approach further involved
modifying screen-printed carbon electrodes as the platform for developing sensitive gas
sensors. Through a series of rigorous investigations, we successfully demonstrated that
these sensors, when modified with MnO, and/or polyacrylic acid-based
membrane/electrolyte and in combination with cyclic voltammetry, exhibited remarkable
features such as extremely low limits of detection, excellent reproducibility, selectivity,
and the ability to detect H,O; in real samples.

Furthermore, to establish the reliability and suitability of these sensors for their
intended purpose, we conducted validation studies comparing their performance against a
standardized spectrophotometric method.
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In this study, we present a simple electrochemical sensing platform for the detection of low concentration levels
of gaseous hydrogen peroxide (H,0,). The sensors were designed using a supporting screen-printed electrode
system modified with a polyacrylic-acid-based (PAA) sensing membrane that serves simultaneously as an elec-
trolyte and accumulation medium. We prepared and compared two types of sensors, i.e., (i) PAA sensor and (ii)
MnO,/PAA sensor with a MnO, pre-modified working electrode surface. Both sensors exhibited good electro-
analytical performances for detecting trace levels of gaseous H,O, with the limits of detection of 3 g m~

3

(MnO,/PAA sensor) and 2 g m™> (PAA sensor), a linear response in the examined concentration range of
15-121 mg m ™, and repeatability with RSDs of 10.4% (MnO,/PAA sensor) and 4.7% (PAA sensor). The practical
applicability of both sensors was successfully demonstrated by detecting gaseous H>0 in the real environment, i.
e., in a room that was disinfected with 10% H»0, solution.

1. Introduction

Hydrogen peroxide (H,0,) is undoubtedly one of the most omni-
present compounds, which plays an essential role in many fields, such as
inorganic and organic synthesis, textile and wood industry, pharmacy,
cosmetics, food production, biomedicine, clinical diagnostics, biology,
material science, ete. [1,2]. Its significance in living organisms is
obvious; H,0, is present as a key molecule in combination with
numerous enzymes (oxidases and peroxidases) [3]. It has a vital role asa
signaling molecule regulating various processes connected to the im-
mune system, apoptosis, root growth and is documented as an important
biomarker related to oxidative stress [4,5], infections, and, as a gaseous
molecule, to several diseases, such as lung cancer, asthma, chronic
obstructive pulmonary disease (COPD), acute respiratory distress syn-
drome (ARDS), and cystic fibrosis (CF) [6-11]. Gaseous H0, has also
been recognized as one of the key molecules in different atmospheric
processes. There are several reports on its occurrence in combination
with UV radiation, the existence of free radicals, and chemical trans-
formations of primary and secondary organic aerosols [12]. Unfortu-
nately, the role of H20; is also known in connection with homeland
security issues; it is one of the main decomposition products of
peroxo-explosives [13-18]. These explosives are relatively inexpensive

* Corresponding author.
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and straightforward to prepare, whereas the essential components for
their preparation can be bought in the nearest supermarket. The
peroxo-explosives are relatively unstable under humid conditions; one
of the decomposition products is HoO,, which can be exploited as a key
gaseous marker for electrochemical detection to combat terroristic ac-
tivities [14-16].

H0, can be detected with numerous techniques such as high-
performance liquid chromatography [19], colorimetry [20], chem-
iluminescence [21], fluorescence [22], and electrochemistry [23-25].
Among these techniques, electrochemistry offers unique advantages due
to its inherent characteristics such as high sensitivity [26-29], a possi-
bility for almost unlimited use of different modifiers, membranes, and
their combinations, and unsurpassed suitability for the miniaturization
of electrode systems. Numerous sensors are based on the integration of,
e.g., various enzymes [30,31], redox modifiers, metals [2526],
metal-oxides [32] non-metallic nanoparticles [33,34], and polymeric
compounds into sensing membranes [35,36], which enable sensitive and
selective detection of HyO,. However, there are many reports on elec-
trochemical sensors for detecting H,0, in liquid samples, but only a few
of them tackle its detection in the gas phase [37,38].

In this work, we present a simple preparation and study of two
sensitive electrochemical gas sensors for H,O,, encompassing a
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Fig. 1. Cyclic voltammograms obtained at the MnO,/PAA (A) and PAA (B) gas sensors for background (a) and 90 mg m~* Hy0, (b) using an accumulation time of

12 min. Scan rate: 100 mV s,

polyacrylic-acid-based sensing membrane alone and in combination
with MnO, underlayer predeposited on the supporting screen-printed
electrode. Both sensors exhibited favorable detection of gaseous HyO,
in the low mg m > range under ambient conditions and excellent
insensitivity toward several potentially present interfering gaseous
compounds. Moreover, the sensors showed superior or competitive
sensitivity compared to other electrochemical analogs.

2. Experimental

2.1. Apparatus

Electrochemical studies were carried out using a portable electro-
chemical workstation PalmSens4 potentiostat/galvanostat analyzer
(PalmSens BV) in combination with a cable connector for screen-printed
electrodes (DRP-CAC 71606, Metrohm DropSens), and the PSTrace 5.8
software (PalmSens BV). The supporting screen-printed electrode sys-
tem consisted of a carbon working electrode (d = 4 mm), a silver quasi-
reference electrode, and a carbon counter electrode (DRP-110, Metrohm
DropSens), designed for working with microvolume samples.

2.2. Reagents and solutions

Methanol (VWR International), ethanol (Carlo Erba Reagents), H202
(30%), ammonia, formaldehyde (all from Merck), and phenol (Sigma-
Aldrich) were of the analytical grade purity. Test solutions yielding the
desired gaseous-phase analyte concentrations above the solution were
prepared in 100 mL glass flasks according to the Henry’s law [39] in the
presence of the ambient atmosphere, i.e., no pre-purging was applied. In
all experiments, 3.0 mL of the solution with an adequate analyte con-
centration was used. Afterward, the gas sensor attached to the electrode
holder was tightly inserted into the horizontally-positioned flask in the
area above the solution. The corresponding Henry’s constants were
obtained from the list in the Ref. [39]. All solutions used in this work
were prepared using water purified with the Elix 10/Milli-Q Gradient
unit (Millipore, Bedford, MA, USA).

2.3. Modification of screen-printed electrodes with gas sensing membranes

Before modification, the supporting screen-printed working elec-
trode was electrochemically activated in a 0.1 M H,SOj solution using
cycling voltammetry, in the potential range of — 2.5 to 2.5 V, with a scan
rate of 100 mV s ! (3 cycles) to improve electrode-to-electrode repro-
ducibility and particularly sensor's sensitivity, as shown in Fig. S1. This
was followed by drying the activated screen-printed electrode system in

a stream of gaseous N,. In the case of MnO,/polyacrylic-acid-based
sensor (MnO,/PAA sensor), the working electrode was first electro-
chemically modified with MnO,. The modification was carried out in a
solution (in a 20 mL electrochemical cell) composed of 1.0 mL of 0.4 M
manganese dichloride (Sigma-Aldrich) and 14.0 mL of 1.5 M sodium
hydroxide (Merck), with the pH of 14, using cyclic voltammetric scans in
a range of — 0.5-0.4 V, with a scan rate of 100 mV s™! (180 cycles).
During the modification with MnO,, only the working electrode of the
screen-printed electrode system was connected to the potentiostat,
whereas a conventional reference Ag/AgCl/(KCl satd.) electrode (Met-
rohm) and counter platinum wire electrode (Metrohm) were used.
Finally, the screen-printed electrode system was modified via drop-
casting 50 pL of viscous sensing membrane mixture consisting of 1.0 g
of polyacrylic acid (450.000 g mol ™ ; Sigma-Aldrich) and 10.0 mL of 0.1
M phosphate buffer solution (pH = 7.2), resulting in a polyacrylic acid/
phosphate buffer molar ratio of ca. 0.002:1. In the case of PAA sensor,
the sereen-printed electrode system was modified only with a 50 pL
sensing membrane mixture with a thickness of ca. 1.5 mm.

2.4. Electrochemical measurements

Cyclic voltammetric measurements were carried out in a potential
range of 0.0V up to + 1.0 V (if notstated otherwise) in combination with
a scan rate of 100 mV s~ . All measurements were performed at room
temperature (22-23 °C) in a model atmosphere above the corresponding
hydrogen peroxide solution, in the presence of atmospheric gases.

3. Results and discussion
3.1. Electrochemical sensing

Fig. 1 shows cyclic voltammograms (CVs) obtained at the MnO,/PAA
sensor (A) and PAA sensor (B) in the absence (a) and presence (b) of
gaseous H,0,. Based on preliminary experiments, a potential window
between 0.2 and 0.8 V was used for measuring with the MnO,/PAA
sensor and between 0.0 and 1.0 V for measuring with the PAA sensor. In
the absence of H20z, the MnO;/PAA sensor revealed two redox signals
corresponding to the oxidation of Mn(ILIII) to Mn(IV) and the reduction
of Mn(IV) to Mn(ILIIl) at around 0.60 V and 0.45 V, respectively
(Fig. 1A, curve a). The peak-to-peak separation was approximately 170
mV, indicating that the Mn(II,II)/Mn(IV) redox system is quasi-
reversible, also consistent with previous reports [40.41]. It is evident
that the increase of the oxidation signal (Fig. 1A, curve b) directly cor-
relates with the presence of 90 mg m ™ gaseous Hy0, in the model at-
mosphere above the sensor's surface. The reaction mechanism, also
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Fig. 2. Effect of the accumulation time upon the signal of 15 mg m~* H,0, in the range of 0-60 min obtained at the MnO,/PAA (A) and PAA (B) sensor (seven

different sensors were used per time point). Other conditions are as in Fig. 1.

proposed by other studies of MnO, species [40,41], can be explained as:
in the presence of Hy0,, the MnO, is chemically (in addition to elec-
trochemical reduction) reduced from Mn(IV) to Mn(ILIII) (Eq. (1)); thus,
the following electrochemical re-oxidation exhibits an increased signal
during the potential scan in anodic direction, according to Eq. (2):

Chemical reaction: MnO>(IV) 4+ H20> — MnO(II) or Mn,O5(ITT) 4+ H20 +

0, (€8]
Electrochemical re-oxidation reaction: MnO(II) or Mn,0; (I1I) - MnO,(IV) +
2e (2)

On the other hand, the PAA sensor, i.e., the one without deposited
MnO,, does not exhibit any visible redox signals in the absence of H202,
except an increased current due to commencement of water oxidation
reaction at more positive potentials, similarly as in the case of the
MnO,/PAA sensor. However, in the presence of 90 mgm ™3 H,0,, a
substantial increase of the anodic current (starting at ca. + 0.5 V) was
recorded, which corresponds to the oxidation of H205, as demonstrated
in Fig. 1B (curve b). It is evident that the viscous polyacrylic-acid-based
sensing membrane enables an efficient accumulation of gaseous H,0,,
and at the same time, acts as a suitable electrolyte for electrochemical
measurements.

The following study involved transferring the sensor after a 12-min-
ute accumulation period from the H,0,-containing atmosphere
(15mgm~?) to the HyO,-free atmosphere, followed by continuous

W 60 % 130
Concentration / mg m™,

02 03 04 05 06 07 08
Potential / V

cycling voltammetric measurements (100 cycles). It was shown that
both sensors maintained constant cyclic voltammetric signals after ca.
first 20 cycles, and then the signal started to gradually attenuate during
further potential scans; however, the shape of the voltammetric signals
was not affected considerably. Moreover, the PAA sensor exhibited
somewhat better stability with practically unchanged responses during
the first twenty cycles (Fig. 52). This signal diminution is expected and
can be attributed to the decomposition of HyO, at the ambient condi-
tions and/or decrease of its concentration with successive measurement
cycles due to a very confined cell volume of 50 pL (vs. relatively large
electrode surface of 12.6 mm?). Nevertheless, even after 100 cycles, the
sensor still exhibited a weak signal of Hy0,, thus corroborating the
suitability of the polyacrylic-acid-based sensing membrane as an elec-
trolyte and H202 accumulation medium. At the same time, it is apparent
that the sensor enables even longer exposures/accumulation times
under ambient conditions, thus assuring a further increase in sensitivity,
if necessary. However, after exposing the sensor to ambient air for more
than ca. 60 min, the sensor started to exhibit poorer performance that
might be attributed to the drying of the sensor surface.

3.2 Electroanalytical performance

Aimed at obtaining more insights into the electroanalytical charac-
teristics of both gas sensor types, we studied the effect of the
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Fig. 3. Cyclic voltammograms obtained at the MnO,/PAA (A) and PAA (B) sensors for successive increments of gaseous H,O, concentrations in the range of
15-121 mg m* (voltammograms for 15, 68, 106, and 121 mg m* are shown) together with a background response (dashed line). Each measurement was caried
out with a newly prepared sensor. The insets show the corresponding calibration plots. Other conditions are as in Fig. 1.
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Fig. 4. Cyclic voltammograms obtained at the (A) MnO,/PAA sensor for background (a) and 20 pg m ™ gaseous H,0, (b), and (B) PAA sensor for background (a) and

10pgm*

accumulation time upon the sensors’ voltammetric responses. This study
was carried out using an H,0, concentration of 15 mgm  (Fig. 2).

The current signal increased linearly with increasing accumulation
time in the examined range of 0-60 min for both gas sensors. As can be
seen, the signals obtained at the MnO,/PAA sensor exhibited somewhat
lower linearity vs. the PAA sensor, i.e., 0.974 vs. 0.995, respectively, and
the response of the MnO,/PAA sensor started to level off at accumula-
tion times of around 60 min. On the other hand, the PAA sensor showed
improved linear time-dependence without any saturation effect, ie.,
signal leveling off, observed in the investigated accumulation time
range.

We followed the current responses of both gas sensors when
increasing the scan rate of cyclic voltammetric measurements, as
demonstrated in Fig. 53. In the case of MnO,/PAA sensor, the current
signal exhibited a highly linear dependence on the square-root of the
scan rate (1 = 0.999), implying the diffusion-controlled process. When
hydrogen peroxide diffuses to the MnO,-modified electrode surface, the
chemical reaction takes place, followed by a relatively fast electro-
chemical re-oxidation of the Mn(II) to Mn(IV) at the electrode surface.
On the other hand, when investigating the PAA sensor, we observed the
trend (current vs. scan rate) that resembles the adsorption-controlled
process with the 12 of 0.993, whereas the r* of 0.969 was calculated if
considering the diffusion-controlled process. Taking into account a well-
known kinetically sluggish and irreversible electrochemical oxidation
process of hydrogen peroxide [42.43], we can assume the observed
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gaseous H,0, (b), using an accumulation time of 40 min. Scan rate: 100 mV st

phenomenon as a combination of the diffusion and
adsorption-controlled process.

We investigated the performances of both gas sensors regarding their
responses for increasing concentrations of gaseous HyO,. In combination
with an only 12-minute accumulation, both sensors exhibited acceptable
linear response in the same examined concentration range of
15-121 mgm 3, with ¥ = 0.945 for the MnO,/PAA sensor and r>
= 0.983 for the PAA sensor (Fig. 3). The deviation from higher linearity
might be due to the accumulation/dissolution/diffusion pattern of H,0,
in the viscous sensing membrane and partial decomposition of relatively
unstable H>O». The potentials at which we sampled the current signals
were 0.66 V for the MnO,/PAA sensor and 0.82 V for the PAA sensor.

Notably, good sensor-to-sensor repeatability was achieved, i.e., for
the series of 10 PAA sensors, a relative standard deviation (RSD) was
4.7% when measuring 15 mg m ® gaseous H,0, and using 12-minute
accumulation. The repeatability was slightly lower for the MnO,/PAA
sensor, with an RSD of 10.4% under the same experimental conditions.
Although the oxidation signal of gaseous H,0, commences at a slightly
less positive potential with the MnO,/PAA sensor (according to Egs. (1)
and (2) above), the PAA sensor offers improved sensitivity, repeat-
ability, and somewhat enhanced linear operation considering both the
concentration and time dependence, along with simpler and faster
preparation protocol. Moreover, the sensor’s response was checked with
a confirmatory method (Fig. 54), i.e., with a standardized spectropho-
tometric protocol, which is deseribed in Supplementary Information.
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Fig. 5. Cyclic voltammograms obtained at the MnO,/PAA (A) and PAA sensor (B) for a background (a), in the presence of all five interferences (each 150 mg m~ %)
(b), and in the presence of all five interferences and 15 mg m™* H,0, (c). Other conditions are as in Fig. 1.
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Fig. 6. Cyclic voltammograms obtained at the MnO,/PAA (A) and PAA (B) sensors for a background (a) and when left for 12 min in a room that was cleaned and

disinfected with a 10% H,0, solution. Other conditions are as in Fig. 1.

Both gas sensors were also successfully tested for the detection of
even lower H,0, concentration levels. As depicted inFig. 4, well-defined
and readable voltammetric signals could be observed for 20 pg m > and
10 pgm 3 H,0, at the MnO,/PAA and PAA sensors, respectively, in
combination with 40-minute accumulation time. In addition, the
calculated limits of detection using the 3¢ criterion were 3 ug m > for
the MnO,/PAA and 2pgm > for the PAA sensor; lower limits of
detection can be anticipated when using prolonged accumulation times.
Since our research focused on the development of gas sensors for rapid
H,0, detection, studying the accumulation times over 60 min seemed
needless. Moreover, prolonged accumulation times might be accompa-
nied by the negative effect of the H,O, decomposition/oxidation in the
sensing membrane. On the other hand, if one needs to measure higher
concentrations of HyO,, correspondingly shorter accumulation times

should be used.

3.3. Interference study

We examined the (in)sensitivity of both gas sensors towards selected
interfering gaseous compounds that can be expected in the real envi-
ronment. The study was carried out by measuring several interferants
individually at 150 mgm > each, followed by the addition of
15mgm ® Hy0. In the absence of H20s, no responses for gaseous
methanol, ethanol, formaldehyde, ammonia, and phenol were detected
by eyclic voltammetric measurements in the examined potential win-
dows of 0.2-0.8 V for the MnO,/PAA sensor and 0.0-1.0 V for the PAA
sensor (data not shown). Notably, no signal of gaseous phenol was
observed under these conditions; the oxidation of phenol is facilitated in
an alkaline medium due to the formation of phenolate, whereas in this
case, the PAA sensing membrane exhibits acidic pH hindering its
oxidation. In the following study, both gas sensors were exposed to a
mixture of all these compounds, each of them at a concentration of
150 mg m > (Fig. 5). In both sets of voltammograms, there was just a
slight increase (curve b) of the net signal for all tested compounds rep-
resenting a total concentration of 750 mg m 3. Moreover, after the
addition of only 15 mg m 3 H, 0, it is evident that the oxidation reac-
tion of H20; revealed well-defined and readable signals at both gas
sensors, as shown in Fig. 5A (curve ¢) and 5B (curve ¢). Considering that
the concentration of H,0, in the gas phase is 10 times lower than the
concentration of each examined interfering compound, we can conclude
that both sensors exhibit satisfactory selectivity.

In addition, we also examined the effect of 150 mgm > NaNO,
(emitting NO and NO,), 150 mg m ™3 benzene, 75 mg m™ > HNO; and
pure O, upon the sensor’s operation (Fig. S5). We observed no readable
signals for each of the tested analytes, except in the case of NaNO,, which

caused a slight increase in the curmrent signal corresponding to ca.
7 mg m 3 gaseous Hy0,.

3.4. Comparison to other electrochemical H,0, gas sensors

Although there are numerous reports on electrochemical sensors for
detecting H,0, in aqueous and non-aqueous media, there are only a few
reports on sensors for the detection of gaseous H202. Thus, the com-
parison can be made with only a few amperometric/voltammetric sen-
sors and sensors based on chemoresistance. For example, Bontempelli
et al. [44] described an amperometric sensor with a deposited porous
Pt-electrode on one side of the Nafion membrane, whereas the other,
unmodified side of the membrane, faced an internal electrolyte solution
in the electrochemical cell. The sensor exhibited the limit of detection of
40 ppbv using an operating potential of 1.0 V; it was reported that a
drawback of this sensor might be the selectivity. Wiedemair et al. [45]
demonstrated amperometric detection of gaseous HyO, with
agarose-coated electrode chips employing a platinum working elec-
trode; the reported limit of detection was 42 ppb. Wang et al. [46]
prepared an amperometric sensor based on an agarose-coated Prus-
sian-Blue-modified thick-film carbon electrode exhibiting the limit of
detection of 6 ppbv, whereas Dincer et al. [10] demonstrated a
paper-based sensor modified with Prussian Blue and pretreated with
KCl. The latter sensor was able to measure H,0, in a simulated exhaled
breath by providing sufficient humidity; the limit of detection was not
reported. There are also reports on chemiresistive H,O, sensors, such as
a sensor based on a nanocomposite of a porphyrin derivative (oxo-[5,10,
15,20-tetra(4-pyridyl)porphyrinato]titanium(IV))  nanofibers  and
single-walled carbon nanotubes, operating at room temperature, and
revealing the limit of detection of 2 ppb [47], a sensor based on ZnO thin
film, which was prepared by spray pyrolysis technique, exhibiting the
limit of detection of 10 ppm [48], and a sensor based on platinum
nanoparticle-decorated single-walled carbon nanotube networks
showing the limit of detection of 27 ppb [49]. This comparison reveals
that both gas sensors, which we developed and characterized herein, are
undoubtedly competitive and even superior, considering both the
overall electroanalytical performances and the ease of preparation.

3.5. Detection of gaseous H,0; in the real environment

Finally, we tested both gas sensors in the real environment, i.e.,ina
room that was disinfected with a 10% H20; solution. After measuring
the background (before cleaning/disinfecting), the sensors were placed
in the disinfected room for 12 min, and then cyclic voltammograms
were recorded, as demonstrated in Fig. 6. Both gas sensors showed well-
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defined signals for gaseous Hy0,; after three successive measurements
carried out at each sensor, an average concentration of gaseous H202
was ca. 37 mgm >,

4. Conclusions

We developed, characterized, and compared two types of sensors for
measuring gaseous HyO,, which were designed using a viscous
polyacrylic-acid-based (PAA) sensing membrane deposited onto the
commercial supporting screen-printed electrodes. One type of sensor
involves only a PAA sensing membrane (PAA sensor), whereas the other
one’s working electrode is electrochemically pre-modified with MnO,
(MnO,/PAA sensor). Both sensors revealed excellent sensitivity in the
low mg m "3 concentration range with the limits of detection of 3 pg m 3
(MnO,/PAA) and 2 pg m "> (PAA), favorable operation in the presence
of selected interfering gaseous compounds, and were successfully tested
in the real environment. In addition, the comprehensive study showed a
superior electroanalytical behavior of the PAA sensor, which is also
simpler and faster to prepare. This approach provides a solid foundation
for further development of sensitive, selective, and robust gas sensing
systems that could find their application in several fields, such as envi-
ronmental monitoring, preservation of cultural heritage, clinical di-
agnostics (breath analysis), reduction of occupational health hazards,
and security screening applications.
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Figure S1. Cyclic voltammograms obtained at the MnO»/PAA (A) and PAA (B) gas sensors for
50 mg m* H,0, using non-activated (dashed line) and activated (solid line) supporting screen-
printed electrodes. Accumulation time: 15 min; scan rate: 100 mV's .
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Figure S2. Cyclic voltammograms obtained at the MnO»/PAA (A) and PAA (B) gas sensors for
repetitive measurements of 15 mg m Hy0,. Accumulation time: 12 min; scan rate: 100 mV s .
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Figure S3. Cyclic voltammograms obtained at the MnO,/PAA (A) and PAA sensor (B) for
increasing scan rates. Accumulation time: 15 min; ¢(H,05) = 50 mg m™.
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Figure S5. Cyclic voltammograms obtained at the MnO,/PAA (A) and PAA sensor (B) for a
background (dotted line), in the presence of four interferences, and in the presence of 15 mg m?
H,0; (dashed line). Accumulation time: 12 min; scan rate: 100 mV s .
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In this segment of the dissertation, our aim was to further explore the possibilities for the
development of sensitive and selective H,O, gas sensor through a different approach. This
includes, among others, the incorporation of a particular material, such as MXenes,
without the need for prior activation. After a thorough investigation, we determined that
TisC Ty MXene was the optimal choice as the electrocatalytic modification layer
deposited directly on the ferrocyanide-modified screen-printed carbon electrode surface.

During experimental work, we encountered a challenge regarding the
physical /chemical /electrochemical stability of the MXenes, particularly considering their
oxidation. To overcome this issue, we introduced a stabilization layer on top of the
MXene, utilizing a modification mixture involving chitosan.

Furthermore, we examined the stability and durability of the sensor itself. The sensor
was subjected to different storage conditions, including varying storage temperature and
humidity levels, overnight in model environments such as the laboratory, refrigerator,
and desiccator. Although the sensor exhibited consistent performance across all storage
units, a slightly enhanced performance was observed when stored in the desiccator,
characterized by low humidity levels and minimal temperature fluctuations. Such a stable
environment can assist in minimizing the potential hydrolytic damage and changes in the
physicochemical properties of chitosan, which is a component for immobilizing and
stabilizing the MXene layer being crucial for assuring sensor’s high electroanalytical
performance.

Additionally, the sensor's architecture involved a redox pair (Fe(CN)g' /Fe(CN)g*)
embedded in the screen-printed carbon electrode playing a vital role in the
reduction/detection of H;O,. This feature enabled the sensor to operate in the cathodic
potential region, thus additionally improve its interference-free operation in comparison
with the previous work. The newly developed sensing platform, incorporating all these
elements, resulted in an excellent electroanalytical operation considering very low
detection limits, good reproducibility, selectivity, and the ability to detect H2O- in a real
environment, as demonstrated during the real hair bleaching process.
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ABSTRACT: The development of sensitive, selective, and reliable
gaseous hydrogen peroxide (H,0,) sensors operating at room
temperature still represents a remaining challenge. In this work, we
have investigated and combined the advantageous properties of a
two-dimensional Ti;C,T, MXene material that exhibits a large
specific surface area and high surface activity, with favorable
conducting and stabilizing properties of chitosan. The MXene—
chitosan membrane was deposited on the ferrocyanide-modified
screen-printed working carbon electrode, followed by applying
poly(acrylic acid) as an electrolyte and accumulation medium for
gaseous H,O,. The sensor showed highly sensitive and selective
electroanalytical performance for detecting trace concentrations of
gaseous H,0, with a very low detection limit of 4 g m™ (4 ppbv),
linear response in the studied concentration range of 0.5-30.0 mg m~>, and good reproducibility with an RSD of 1.3%. The
applicability of the sensor was demonstrated by point-of-interest detection of gaseous H,0, during the real hair bleaching process
with a 9 and 12% H,O, solution.

KEYWORDS: Ti;C,T, MXene, chitosan, hydrogen peroxide, gas sensor, cyclic voltammetry

B INTRODUCTION regarding their stability during preparative steps.'"* However,
for electroanalytical applications, when MXenes are incorpo-
rated on the supporting electrodes and subjected to measure-
ments in wide potential windows, an additional application
obstacle arises from their innate and irreversible electro-
oxidation." The existing literature does not yet offer a
convincing solution to this problem, which was also addressed
in this study.

H,0, is an important molecule that plays a vital role in
various fields, such as medicine, clinical diagnostics, bio-
technology, chemical synthesis, textile, wood, food, and
pharmaceutical industries in the production of cosmetics,
dyes, detergents, etc.""™"” Besides its main property as an
oxidant, H,0, is a key molecule in numerous biological
systems involving the enzymatic activity of, e.g, oxidases and
peroxidases.”® It is essential as a signaling molecule in the
biological processes of the immune system, apoptosis, and root
growth.lg' ¥ As a biomarker, H,0, is associated with oxidative

In recent years, MXenes have attracted immense attention due
to their high metallic conductivity, hydrophilicity, low diffusion
barrier, high ion transport properties, biocompatibility, large
surface area, and ease of functionalization and thus can serve as
a remarkable interface for the development of next-generation
sensing  strategies.'* This novel class of two-dimensional
(2D)-layered materials consists of transition metal carbides or
nitrides, with the general formula M,,,X,T,, where M stands
for the transition metal (e.g, Ti, Zr, V, Cr, Nb), X is carbon or
nitrogen, and T corresponds to different terminal groups, e.g,,
0, F, OH, and CI* Etching of A elements in the MAX phase
(A is a p-block element) yields the designated MXenes, as
introduced by Gogotsi et al.” To date, more than twenty
different MXene compounds have been successfully synthe-
sized from the precursor MAX phases by etching and
exfoliation methods,*’ resulting in surface-functionalized
MXenes with abundant terminal groups that account for
their hydrophilic nature. As such, MXenes can selectively
absorb biomolecules and gas molecules through morphology
control and surface modification.* ™'’ The drawback is that
MXenes are highly susceptible to oxidative degradation,
leading to impaired functionality and inefficacy. Research
efforts related to the specifics of synthesis protocols, storage
conditions, or storage media appear to offer some comfort
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stress”” and, as a gaseous molecule, with several diseases
such as lung cancer and other pulmonary disorders.>™*" In
atmospheric processes, gaseous H,0, accompanies reactions
involving UV radiation, free radicals, and the transformation of
gaseous pollutants. Its occurrence may also indicate the
presence of relatively labile peroxo-explosives.” Conventional
analytical methods typically used for the determination of
H,0, include spectroscopy,”™*" chemiluminescence,”**~**
colorimetry,35 ﬂuorimetry,m gas chromatography—mass spec-
trometry (GC—MS),”” and others.*®* Most of these
techniques can achieve satisfactory detection limits, sensitivity,
and selectivity; however, expensive and robust equipment,
limited portability, and relatively complex sample preparation
are persistent challenges that must be overcome. On the other
hand, electrochemical sensing offers an attractive alternative to
conventional methods, especially in terms of low-cost and
compact instrumentation, portability, capability for point-of-
interest detection, sensitivity, and relative ease of operation."’
Many powerful electrochemical sensors have been developed
for the detection of H,O, in liquid samples, incorporating
numerous redox modifiers, metal, metal oxide, and nonmetallic
nanoparticles, enzymes, polymeric membranes, and combina-
tions thereof."""** However, to the best of our knowledge, there
are very few reports of electrochemical sensors for detecting
considerably more challenging gaseous H,05.0 ©

In this work, we have investigated the integration of Ti,C,T,
MXene into the sensing membrane to construct a disposable,
ultrasensitive, and interference-free electrochemical sensor for
onsite detection of gaseous H,0,. Moreover, through a
synergistic effect between Ti;C,T, MXene and chitosan
membrane, we successfully stabilized the 2D-layered MXene.
We exploited the electrocatalytic characteristics of MXene by
combining it with a ferrocyanide-modified working carbon
electrode and poly(acrylic acid), the latter simultaneously
serving as a suitable accumulation and electrolyte medium for
gaseous H,0,. We characterized the sensing interface,
including the interaction between chitosan and MXene and
the stabilization of MXene.

B EXPERIMENTAL SECTION

Apparatus. Electrochemical studies were carried out using a
portable potentiostat/galvanostat PalmSens4 (PalmSens BV, Houten,
Netherlands) in combination with a cable connector for screen-
printed electrodes (DRP-CAC 71606, Metrohm DropSens, Herisau,
Switzerland) and PSTrace 5.9 software (PalmSens BV). The
supporting screen-printed electrode system consisted of a ferrocya-
nide-bulk-modified carbon working electrode (FCN-SPCE, the
diameter of the working electrode was 4 mm), a silver quasi-reference
electrode, and a carbon counter electrode (DRP-F10, Metrohm
DropSens) designed to work with microvolume solution droplets.

Reagents and Solutions. Methanol (VWR International,
Radnor, Pennsylvania), ethanol, benzene (Carlo Erba Reagents,
Milano, Italy), H,0, (30%), ammonia, formaldehyde, nitric acid
(65%), glycerol, sulfuric acid (95-98%) (all from Merck, Rahway,
New Jersey), phenol, high-molecular-weight chitosan (310-375 kDa;
>75% deacetylated), lactic acid (85%), and sodium nitrite (97%) (all
from Sigma-Aldrich, St. Louis, Missouri) were of the analytical grade
purity. Pure O, (NS.0) was purchased from Messer (Frankfurt,
Germany). The chitosan blend (CHI) was prepared as follows: 1.5%
(w/v) chitosan and 30.0% (w/w) glycerol were dissolved in 100.0 mL
of 1.0% (v/v) aqueous solution of lactic acid, and the mixture was
continuously stirred (Ika, Staufen, Germany) overnight at room
temperature (24 °C), as reported previously.” Test solutions yielding
the desired gaseous-phase H,O, concentrations above the solution
were prepared in 100.0 mL glass flasks according to Henry’s law™” in

the presence of the ambient atmosphere, i.e., no purging was applied.
The corresponding Henry constants were given in ref 50. All solutions
used in this work were prepared using water purified with the Elix 10/
Milli-Q Gradient unit (Millipore, Bedford).

Synthesis and Characterization of the Ti;C;Ty MXene. For
MXene synthesis, 5.0 g of Ti;AIC, MAX phase material (Jinzhou
Haixin Metal Materials, China) was immersed in 2500 mL of
hydrofluoric acid solution (Sigma-Aldrich) with 40.0 vol % and stirred
continuously for four days. Then, the sample was stirred for two days
in lithium fluoride/hydrochloric acid. Finally, the sample was
subjected to iterative cycles of centrifugation and redispersement in
water until obtaining a neutral pH value in the residual water. The
obtained sample was dried for 24 h in a vacuum oven set at 50 °C.

The morphology of Ti;C,T, MXene was examined by scanning
electron microscopy (SEM) with a field emission gun (FEG) electron
source (Tescan Lyra dual-beam microscope) at § kV acceleration
voltage. Elemental composition was investigated by energy-dispersive
X-ray spectroscopy (EDXS) using an X-Max" detector from Oxford
Instruments at 20 kV acceleration voltage. For both SEM and EDXS
analyses, the colloidal suspension of Ti;C,T, MXene was drop-cast on
carbon tape. STEM was performed with the same instrument as SEM
but with a STEM sample holder. Diluted suspension of Mxene was
drop-cast on a 200 mesh Cu TEM grid and then dried. STEM
measurements were carried out using a 30 kV electron beam.

X-ray diffraction (XRD) measurements were carried out using a
Bruker D8 Discoverer (Bruker, Germany) diffractometer in Bragg—
Brentano parfocal geometry equipped with a Cu Ka radiation source
(4=0.15418 nm, U = 40 kV, and I = 40 mA). The diffraction pattern
was acquired in the scan range of 20 from § to 70° at room
temperature. The data were evaluated by HighScore Plus 4.9 software.
For the sample preparation, 3.0 uL of a colloidal suspension of
Ti;C,T, MXene was drop-cast on a Si/SiO, substrate, followed by
evaporation of the solvent at room temperature.

An InVia Raman microscope (Renishaw, England) was used for
Raman spectroscopy measurements in backscattering geometry with a
CCD detector. An Nd:YAG laser (532 nm, S0 mW) with a 2400 line
mm™" diffraction grating, an applied power of 1.25%, and a 20x
objective were used for the measurements. The Raman spectrum was
collected with 200 accumulations in the Raman range of 100—800
em™ at room temperature. For the sample preparation, the same
procedure was used as in the case of XRD measurements.

Atomic force microscopy (AFM) measurements were carried out
on a Ntegra Spectra from NT-MDT in a tapping mode using a
cantilever with a strain constant of 1.5 kN m™ equipped with a
standard silicon tip with a curvature radius less than 10 nm. Sample
suspensions of exfoliated material were prepared and drop-cast on a
freshly cleaved mica substrate. The measurements were carried out
under ambient conditions with a scan rate of 1 Hz and 512 scan lines.

Modification of the Working Electrode and Fabrication of
the Sensor. The working electrode was first modified with Ti;C,T,
MXene. Before the modification, the MXene solution was sonicated
and stirred for 3 min, followed by drop-casting 1.0 uL of the 250.0 mg
mL™! solution on the surface of the FCN-SPCE. After drying in air for
10 min, an 8.0 4L droplet of chitosan blend (CHI, from the Reagents
and Solutions section) was applied to the working electrode, ie., on
the top of the MXene layer. After drying under laboratory conditions
overnight, the whole screen-printed electrode system was modified via
drop-casting 20.0 yL of a viscous mixture consisting of 1.0 g of
polyacrylic acid (450.000 g mol™"; Sigma-Aldrich) and 10.0 mL of 0.1
M phosphate buffer solution (pH = 7.2), resulting in a polyacrylic gel-
like accumulation/electrolyte membrane.

XPS Measurements. XPS measurements were performed with a
Supra plus device (Kratos, Manchester, UK) equipped with an Al Ka
excitation source. During the spectra acquisition, the charge
neutralizer was on. The binding energy scale was corrected using
the C—C/C—H peak at 284.8 ¢V in the C Is spectra. The screen-
printed electrodes were attached to the sample holder using carbon
tape. Measurements were carried out at a 90° take-off angle at a pass
energy of 20.0 eV and a step of 0.1 eV. The analysis area was 300 by
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Figure 1. Structural and morphological characterization of Ti;C,T, MXene by XRD (a), Raman spectroscopy (b), SEM (c), and EDXS (d).

700 pm. Spectra were measured and processed using ESCApe 1.5
software (Kratos).

ToF-SIMS Measurements. ToF-SIMS measurements were
performed with an M6 device (IONTOF, Miinster, Germany).
During the spectra acquisition, the flood gun was on. The spectra
were calibrated using the peak for CH;" at m/z 15.02, C,H;" at m/z
27.02, and C;H;" at m/z 55.05. The 30.0 keV Bi* with a target current
of 1.2 pA was employed as the primary ion beam. Sputtering was
performed on 500 by 500 ym using the 5.0 keV Ar),,," gas cluster ion
beam (GCIB), while the analysis was carried out on a 300 by 300 ym
in the center of the sputter crater. Spectra were measured and
processed, and 3D profiles were constructed using SurfaceLab 7.3
software (IONTOF). The depth (z-scale) of the sputter crater created
by the ToF-SIMS sputtering was analyzed using a DektakXT stylus
profilometer (Bruker, Karlsruhe, Germany).

Electrochemical Measurements. Cyclic voltammetric measure-
ments were carried out in a potential range of +0.50 to —0.35 V.
(unless otherwise specified) using a scan rate of 100 mV s vs Ag
quasi-reference electrode. The gas sensor attached to the electrode
holder was inserted tightly into the narrow opening of the chamber,
created specifically for the dimensions of a screen-printed electrode, in
the area above the solution. All measurements were performed at
room temperature (22—23 °C) in a model atmosphere (unless
otherwise specified) above the corresponding H,O, solution in the
presence of atmospheric gases. For studying the stabilization effect of
chitosan on Ti;C,T, MXene, square-wave voltammetry was used in
the range of —0.5 to +1.0 V vs Ag quasi-reference electrode.

B RESULTS AND DISCUSSION

Characterization of Ti;C,T, MXene. The Ti;,C,T,
MXene was obtained by selectively etching the Ti;AlC,
MAX phase as described in the Experimental Section and
illustrated in Scheme S1. The physical and chemical properties
of the obtained Ti;C,T, MXene were investigated by X-ray
diffraction (XRD), Raman spectroscopy, scanning electron
microscopy (SEM) combined with X-ray spectroscopy
(EDXS), and atomic force microscopy (AFM).

The XRD pattern of Ti;C,T, MXene is shown in Figure Ia,
and its successful synthesis is confirmed by the presence of

characteristic diffraction peaks at 8.7, 18.2, 27.6, and 38.6°
which are related to the (002), (004), (006), and (008) planes
of this MXene, respectively.’' For a better understanding of
the successful synthesis of Ti;C,T,, the powder diffraction file
(PDF) of its precursor MAX phase Ti;AlC, (PDF 00-052-
0875) was included for comparison. The selective etching of
aluminum (Al) is confirmed by a noticeable shift in the (002)
diffraction of Ti;AlC, from 9.5 to 8.7° in Ti;C,T,. This
downshift not only signifies the removal of Al but also indicates
the introduction of surface terminations (T, = —F, —O) in the
structural composition of Ti;C,T,.

The Raman spectrum in Figure 1b is in agreement with
previous studies™”* on the vibration modes of Ti,C, T, flakes
because typical vibrations related to titanium A (Ti, C, O) at
206.5 cm™" and broad peaks in the region of 230-470 cm™
assigned to in-plane (Eg) modes of surface groups attached to
Ti atoms are identified. In the $80—730 cm™' region, also
designated as the carbon region, the peaks occurring at 621.3
and 700.3 cm™" are associated, respectively, with the vibrations
of Ti (E) and C (A;). The peak at 126.1 ecm”! s a
characteristic resonant peak of laser use during the measure-
ments.”” The numerical data regarding the identified vibra-
tional modes are summarized in Table S1 and are compared
with the reported literature.’>>> The observed deviations
between the Raman spectrum obtained in this work and those
reported in the literature (see Table S1) can be attributed to
differences arising from material purities and the presence and
abundance of terminal groups. Additionally, deviations
between experimental results from stacked sheets and
theoretical calculations performed on residual-stress-free
monosheet models should also be taken into consideration.**
SEM analysis showed that most Al layers of the Ti;AIC, MAX
phase were eliminated after the etching procedure, obtaining
the typical accordion-like morphology of the multilayer
TiyC,T, MXene (Figure 1c).*' The EDXS spectra performed
within the same view field (Figure 1d) confirmed the expected
C/Ti atomic concentration ratio of 2:3 for Ti;C,T, MXene

C https//doi.org/10.1021/acsami.3c053 14
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Figure 2. Characterization of Ti;C,T, MXene flakes: STEM image and respective mapping of elements; the scale bar represents 2 ym (a). AFM
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Figure 3. High-resolution Ti 2p (a) and N 1s (b) XPS spectra of FCN-SPCE-Ti;C,T,-CHI (green) and FCN-SPCE-Ti;C,T, (red) (a) and FCN-
SPCE-Ti;C,T,-CHI (green) and FCN-SPCE-CHI (red) (b). 3D ToF-SIMS image of the FCN-SPCE coated with CHI (green), Ti;C,T, MXene
(red), and ferrocyanide (blue) (c) and the sputter crater in the sensing membrane measured with a stylus profilometer (d).

besides the residual presence of Al (Table S2). The spectra
also show O and F due to their presence as MXene surface
terminations (T, = —OH, —O, —F, etc.). An example of SEM-
EDX elemental mapping of Ti;C,T, MXene is shown in Figure
S1.

Separated Ti,C,T, MXene flakes were obtained after
sonication to form a stable suspension, as observed by
STEM and shown in Figures 2a and S2, which typically
exhibited micron size in the lateral scale. The elemental maps
confirm the composition and distribution of Ti, C, and O,
although there was a nonuniform structural feature of F in the
Ti;C,T, MXene flake (Figure 2a). The selected elemental line
profiles of Ti and C within the same region show a clear higher

intensity of both elements within a length of 2.8 ym (Figure
§3); positions with a higher Ti concentration match those with
a higher C concentration. The AFM image (Figure 2b) shows
the corresponding height profile of the Ti,C,T, MXene flake,
up to 20 nm, with a lateral size of approximately 1.5 ym. The
layer number can be estimated from the theoretical value for a
single layer of Ti,C,T, (ca. 0.9 nm) and the measured flake
thickness which points to ca. 22 layers. In practical terms, gaps
occur between some of the layers, which can be seen in SEM
images (Figures 1c and S1); thus, it is possible that the actual
number of layers can be lower than the predicted.

Surface Analysis. Figure 3a shows high-resolution Ti 2p
spectra for the ferrocyanide-modified screen-printed carbon
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Figure 4. Cydlic voltammograms (CVs) recorded with the sensors prepared using different concentrations of MXene in the absence (a) and
presence (b) of 10 mg m™ gaseous H,0, using a 20 min accumulation and a scan rate of 100 mV s™. CVs recorded for successive increments of
accumulation time in the range of 0—60 min together with a background response (red) for § mg m™ gaseous H,0, using a scan rate of 100 mV
s7' (c) (seven different sensors were used per each time point). All experiments were carried out using completely assembled sensors (FCN-SPCE-

MXene-CHI).

electrode (FCN-SPCE) coated with Ti;C,T, (FCN-SPCE-
Ti;C,T,) and the FCN-SPCE electrode coated with Ti;C,T,
and chitosan (CHI), i.e., FCN-SPCE-Ti;C,T,-CHI. The main
Ti 2p peak for FCN-SPCE-Ti;C,T, is located at 460.0 eV,
whereas the Ti 2p spectrum for the electrode that was
additionally coated with CHI, i.e., FCN-SPCE-Ti,C,T,-CHI,
shifts to more negative binding energies, which suggest
bonding of Ti-containing species and CHL

A higher degree of noise is present in the Ti 2p spectrum for
FCN-SPCE-Ti,C,T,-CHI as Ti;C,T, was undemeath the CHI
layer, and less signal was obtained for Ti 2p. Figure 3b shows
N 1s spectra for the FCN-SPCE electrode coated with CHI
(FCN-SPCE-CHI) and the FCN-SPCE electrode coated with
Ti;C,T, and CHI (FCN-SPCE-Ti;C,T,-CHI). The main peak
in the N 1s spectrum for FCN-SPCE-CHI is located at 397.0
eV, while this main peak for FCN-SPCE-Ti;C,T,-CHI is
shifted to the more positive binding energy. Additional
deconvolution of Ti 2p and N 1s spectra with peak
assignments is given in the Supporting Information as Figure
S5, along with the corresponding discussion. Both peak shifts
in the Ti 2p and N Is spectra indicate that an interaction
between CHI and Ti;C,T, occurred, which can explain the
electrochemical stabilization of MXene by CHI.

The remarkable stabilization effect was confirmed by the
electrochemical characterization of Ti;C,T, MXene in the
presence and absence of CHI, as shown in Figure S4. The
study compares the square-wave voltammetric responses
obtained with bare SPCE (black), CHI-modified SPCE
(green), Ti;C,T, modified SPCE (blue), and CHI-Ti;C,T,-
modified SPCE (red) in 0.1 M KCl as the supporting
electrolyte. The signal at ca +0.55 V can be attributed to the
typical oxidation of Ti;C,T, MXene deposited on the SPCE."
On the other hand, when the Ti;C,T, MXene was codeposited
with CHI (red), no oxidation signal was observed at this
potential, indicating a favorable stabilization effect of CHL
Clearly, the signal at ca +0.0 V belongs to CHL In this study, a
supporting SPCE was used instead of FCN-SPCE since the
latter exhibits a redox activity in the potential window
significant for both studied species, i.e., MXene and CHIL

The ToF-SIMS technique was employed to determine the
spatial distribution of the species in the gas-sensing membrane.
Signals for CH,N™ at m/z 30.03, C,H,NO" at m/z 58.03,
C,H,NO™ at m/z 59.04, Cs_H6N0+ at m/z 72.05, and
CgHoNO;"™ at m/z 144.09°" %" were used to determine the
3D distribution of chitosan. The spatial distribution of Ti;C, T,
was characterized by the signal for Ti* at m/z 47.95, and the

position of ferrocyanide was characterized by the signal for Fe”
at m/z 55.94. The obtained depth profile was processed to
obtain a 3D image, which is presented in Figure 3c. Chitosan
covers the topmost position (green area with a thickness of ca
4 ym), followed by Ti;C, T, (red spots), which is deposited on
the ferrocyanide-modified (blue spots) screen-printed carbon
electrode. The ToF-SIMS 3D imaging, therefore, confirms the
layered design of the sensor, whereas Figure 3d shows the
topography of the sensing membrane and the depth of the
sputter crater (ca 7 ym) measured by the stylus profilometer.

Electroanalytical Performance. Since the initial experi-
ments showed a positive effect of MXene upon the detection of
gaseous H,0,, we investigated the cyclic voltammetric
behavior of gas sensors that were prepared using different
concentrations of MXene in the modification layer.

Figure 4 shows the cyclic voltammetric responses of such gas
sensors in the absence (a) and presence (b) of 10 mg m™
gaseous H,0,. In the absence of H,0,, the sensor revealed two
well-developed redox signals corresponding to the oxidation
and reduction of Fe(CN)s*/Fe(CN)s~ redox couple
between ca +0.00 and —0.20 V vs Ag quasi-reference electrode
(Figure 4a). The most pronounced effect of MXene was
observed at the highest concentration tested (249 mg cm™) at
the electrode surface, whereas the modification with $ mg cm™?
MXene resulted only in shifted peaks of the Fe(CN)¢*/
Fe(CN),*~ redox couple toward more negative potentials for
ca 100 mV. After only 20 min of exposure to gaseous H,0,, a
substantial increase in the reduction signal was observed, as
shown in Figure 4b.

In the presence of H,0, (Fe(CN)e)*~ is chemically re-
oxidized to (Fe(CN),)*", followed by immediate electro-
chemical re-reduction at the electrode surface. Consequently,
the voltammogram displayed an increased reduction signal
during the cathodic potential scan. It can be perceived that the
highest examined concentration of MXene resulted in the
highest cathodic response toward gaseous H,O,. On the other
hand, it is also evident that the sensor containing the highest
concentration of MXene exhibited a somewhat higher anodic
signal, implying favorable electrocatalytic characteristics of
MXene.

To gain further insight into the electroanalytical properties
of the gas sensor, we investigated the effect of accumulation
time on its voltammetric response; each measurement was
performed with a newly fabricated sensor (Figure 4c). It was
found that the current signal increased almost linearly with
increasing accumulation time in the examined time range of
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0—60 min. In this range, we did not observe any concentration
saturation. On the contrary, apart from a linear increase of the
signal (= 0.97) at longer exposure times, excellent
reproducibility was observed for each data point, as shown
by the small error bars in Figure 4c. An even higher response
could be achieved by further increasing the accumulation time;
however, considerably longer accumulation times are associ-
ated with the inherent instability of gaseous H,0,.

With longer accumulation times and consequently with
higher concentrations of gaseous H,0, in the sensing
membrane, the signal waveform gradually changes from a
peak-shaped to a steady state-shaped voltammogram and then,
with even longer accumulation times, to a situation with a well-
visible deflection point. This process is also accompanied by a
gradual shift of the reduction potential toward more negative
values. This is due to the change in the diffusion profile with
more accumulated H,O, and electrogenerated product as a
result of H,0, reduction in the vicinity of the electrode
surface, along with the inherently irreversible reduction
reaction of H,O,.

In addition, the stability study of the sensor was conducted
at various temperatures and humidity, as shown in Figure Sa.
The sensors were stored overnight in different environments,
ie, in the laboratory, refrigerator, and desiccator; they were
tested in triplicate. It can be observed that the background
responses of the sensors stored in different ways are practically
the same, ie, within the range of standard deviation.
Interestingly, storage in the desiccator did not affect the
sensor response, i.e., the dry atmosphere did not compromise
the electroanalytical performance of the gas sensor. A slightly

lower response toward the gaseous analyte was observed when
the sensor was stored under ambient conditions. This could be
due to the combination of higher ambient humidity and
temperature (at more than § °C), which could accelerate the
hydrolytic damage degree of the chitosan and change its
physicochemical properties.**’

We followed the performance of the sensor in terms of its
response to increasing concentrations of gaseous H,0,. In
combination with a 50 min accumulation, the sensor exhibited
a well-developed and satisfactory linear response in the
examined concentration range of 0.5-30 mg m™> with r* of
0.99 (Figure Sb). The deviation from the higher linearity is due
to the accumulation/dissolution/diffusion pattern of H,0, in
the viscous sensing membrane and the partial decomposition
of relatively unstable H,0,.

The gas sensor was also successfully tested for the detection
of lower H,O, concentration; as depicted in Figure Sc, a well-
readable voltammetric signal was obtained for 70 g m~ in
conjunction with an accumulation time of only 60 min. The
sensor unveiled a very low limit of detection (3¢ criterion) of 4
ug m~>. Moreover, surprisingly, good sensor-to-sensor
repeatability was achieved, with a relative standard deviation
(RSD) of only 1.30% when measuring 70 yg m™ gaseous
H,0,.

Selectivity Study. The operation of the gas sensor was
investigated in the presence of selected potential gaseous
compounds expected in the real environment. The study was
performed by measuring the potential interferants individually
ata concentration of 15 mg m™> each, followed by the addition
of 15 mg m™ H,0,, as shown in Figure Ga.

https://doi.org/10.1021/acsami.3c05314
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In the absence of gaseous H,0,, no analytical signal was
detected for gaseous methanol, ethanol, formaldehyde, phenol,
ammonia, benzene, oxygen, nitric acid, and sodium nitrite in
the applied potential range of +0.50 to —0.35 V. In addition,
the sensor was exposed to a mixture of all of these gaseous
compounds at a concentration of 1S mg m™> each. After the
addition of 15 mg m™ H,0,, a well-defined reduction signal of
H,0, was formed with no visible effects of the nine gaseous
compounds present, confirming the excellent selectivity of the
gas sensor (Figure 6b).

Real Sample Detection. Finally, the performance of the
gas sensor was tested in a real environment during the
bleaching treatment of human hair. The experiment was
carried out in a fume hood by applying 10.0 mL of a 9% H,0,
solution to the wig; each of the three sensors was exposed for
20 min. After washing and drying the wig, the same procedure
was repeated with 10.0 mL of a 12% H,0, solution (Figure
6¢). In both cases, the background was measured in the
absence of gaseous H,0,. The sensor exhibited distinct signals
for both concentrations of gaseous H,O,; after three successive
measurements, an average determined concentration of ca 18
mg m™ for 9% H,0, solution and ca 24 mg m™? for 12% H,0,
solution was obtained.

B CONCLUSIONS

In this work, we have demonstrated a synergistic effect of the
advantageous physicochemical properties of exfoliated Ti;C,T,
MXene and the stabilizing characteristics of chitosan, together
with the redox activity of the ferrocyanide-modified screen-
printed carbon electrode for ultrasensitive point-of-interest
detection of gaseous H,0, The poly(acrylic acid)-based
membrane served simultaneously as an electrolyte and a
suitable accumulation medium for the gaseous analyte. The
sensor showed excellent interference-free operation in the
cathodic potential range along with good sensor-to-sensor
reproducibility, favorable stability, and a very low detection
limit of only 4 ug m™ (ppbv). The applicability of the Ti;C,T,
MXene-based gas sensor was successfully demonstrated by
measuring H,O, during the treatment of real human hair with
a bleaching agent.
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Figure S1. SEM micrograph of Ti;C,T; MXene (top left) with the overlay colored mapping
of elements (top right). Individual mapping of elements for C, O, F, Al, and Ti (bellow). The

scale bar represents 2.5 pum.

Figure S2. Bright mode STEM image of Ti;C,T, MXene flakes.
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4

Line probe position (um)

Figure S3. Mapping of elements of Ti;C,Tx MXene flakes: Ti (a), C (b). The yellow arrow

denotes the EDXS elemental line probe for Ti and C elements for which the relative intensity

profiles were obtained (c). Scale bars represent 2 pm.

Table S1. Raman shift positions for Raman-active modes of Ti;C,Ty. All the values are given

in cm.
Resonant A E A
Material ) i ¢ N Ref.
peak (T, C,0) © ©

Ti;C, T, 126.1 206.5 621.3 700.3 This work
Ti;G, T, (HF-HC1

] 122.2 202.8 ~ 620 721.8 .
Multilayer)
Ti;C, Ty (DFT

) - 228 621 - 2

calculations)

[52] Sarycheva, A ; Gogotsi, Y. Raman Spectroscopy Analysis of the Structure and Surface Chemistry of Ti;C, T, MXene. Chem. Mater.

2020, 32 (8), 34803488

[53] Hu, T.; Wang, J.; Zhang, H.; L1, Z.; Hu, M.; Wang, X. Vibrational Properties of Ti;C, and T1;C,T» (T = O, F, OH) Monosheets by First-
Principles Calculations: A Comparative Study. Phys. Chem. Chem. Phys. 2015, 17 (15), 9997-10003.
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Table S2. EDXS element quantification of Ti;C,T; MXene.

at.% C (0] F Al Ti
Average 19.6 19.2 31.2 1.7 28.2
Standard deviation 23 1.9 24 0.2 31

—Ti,C,T, MXene + CHI on SPCE
40 pA  ——Ti,C,T, MXene on SPCE
~—— CHI on SPCE

—— Bare SPCE

Current / pA

-0.6 -0.4 0.2 0.0 0.2 0.4 06 0.8 1.0 1.2
Potential / V

Figure S4. Square-wave voltammograms recorded in 0.1 M KCl using bare SPCE (black),
CHI-modified SPCE (green), Ti;C,Tx MXene-modified SPCE (blue), and Ti;C,Ty MXene +

CHI-modified SPCE (red), using an amplitude of 100 mV, a frequency of 20 Hz and a step
potential of 10 mV.



Chapter 3. Scientific Publications

a) 13’f;°’ Ti(IV) c)

Ti 2py,

-
(el
o

-
g
IS

Ti(IV)
Ti 2pyp,

Counts per second

Counts per second
@
N

131

30 4L — 90—
471 466 461 456 451 406 401 396 391
Binding energy (eV) Binding energy (eV)
b) _xio° Ti(IV) d)
20 Ti 2py,
Ti(IV)
245 Ti 2P -]
2 Ti(ll) s
8 240 172 Ti(ll) ]
P12 " »
3 . Ti 2py, P
8 235 e Ti(IN) =
. i
: S Ti 2p;;, g
£ 3
3 23.0 (6]
o

’ 406 401 396 391
Binding energy (eV)

471 466 461 456 451
Binding energy (eV)

Figure S5. Deconvolution of the high-resolution Ti 2p XPS spectra for FCN-SPCE-T1;C,T-
CHI (a) and FCN-SPCE-Ti;C,Ty (b), and deconvolution of the high-resolution N 1s XPS
spectra for FCN-SPCE-Ti;C,T,-CHI (c) and FCN-SPCE-CHI (d).

Figure S5 shows deconvoluted Ti 2p spectra for FCN-SPCE-Ti;C,T,-CHI (Figure S5a)
and FCN-SPCE-Ti;C,Ty (Figure S5b). A higher degree of noise is present in Figure S5a due
to the coverage of the surface (also Ti-containing species) with CHI. The positions of the Ti
2ps;, and Ti 2pys, peaks correspond to Ti(IV) oxidation state. In the case of FCN-SPCE-
Ti;C, Ty, i.e., the sample that was not covered with CHI, the Ti 2p spectrum is different and
can be fitted with three oxidation states, i.e., Ti(TV), Ti(IIl), and Ti(I) (Figure S5b). As this
sample was not covered with CHI, the XPS excitation signal also reached regions with Ti(II)
and Ti(III) oxidation states of the MXene. The peaks for the Ti(I) and Ti(III) oxidation states
were less intense compared to the peak for Ti(IV), implying lower surface atomic
concentrations of these species compared to Ti(IV)-containing species. In the case of

FCN-SPCE-Ti3C, T,-CHI, Ti(II)- and Ti(III)-containing species were deeper in the subsurface

6
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Interference-Free Detection of Gaseous H202”
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region compared to Ti(IV)-containing species, and the XPS excitation signal did not reach

them (hence the peaks for these species are missing in Figure S5a).

Figures S5c¢ and S5d show deconvoluted N 1s spectra for FCN-SPCE-Ti;C,Tx-CHI and
FCN-SPCE-CHI, respectively. Deconvoluted peaks designated as N3 and N2 correspond to
NH;*™ and NH, in the CHI molecule. The deconvoluted peak N1 might originate from
nonbounded hexacyanoferrate, and the deconvoluted peak N4 to hexacyanoferrate bonded to
SPCE. The N4 peak in the case of FCN-SPCE-Ti;C,Tx-CHI (Figure S5¢) was not developed,
which is most likely due to the too-thick surface layer (as an additional layer of Ti;C,Ty was
present), and the XPS excitation signal did not reach the SPCE, where the connection of
hexacyanoferrate with SPCE occurred. The same is most likely the reason for a less intense
N1 peak in the case of FCN-SPCE-Ti;C,Tx-CHI (Figure S5¢) compared to FCN-SPCE-CHI
(Figure S5d), where more signal for nonbounded hexacyanoferrate was obtained for the latter

as the surface layer was thinner (as MXene was not present).
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Chapter 4

Conclusion

The main objective of this dissertation was to study and develop sensitive and selective
electrochemical gas sensors for detecting low-concentration levels of gaseous H»O,. The
initial objective was to comprehensively investigate and improve the electrochemical
properties of disposable screen-printed supporting electrodes. We aimed to improve key
aspects such as conductivity, electrocatalytic activity, reproducibility, and signal-to-noise
ratio through chemical and electrochemical methodologies and treatments. The next
objective was to investigate and select suitable redox/catalytic modification materials,
including state-of-the-art 2D nanomaterials and metal oxides, to enhance the
electroanalytical performances of gas sensors, such as sensitivity, selectivity, and
robustness.

Another important aspect of our research was the development of suitable multi-
functional gas sensing membranes, serving simultaneously as an electrolyte, accumulation
medium, and protective/stabilization membrane to facilitate improved detection of
gaseous H»0,. We strived to develop membranes that would enhance the sensitivity and
selectivity of the sensors, allowing for more precise and accurate quantification of gaseous
HQOQ.

The ambition was also to provide and demonstrate real environmental detection of
gaseous H»O,, making it possible to identify and quantify this analyte in minute
concentrations.

We have successfully accomplished all the foreseen goals by conducting extensive
research, optimization, and studies and implementing the methodologies and techniques
outlined in this dissertation. Our findings and experimental results demonstrate that
gaseous H,O, can indeed be detected in simulated and real environments, even at its
extremely low concentrations.

The candidate’s Ph.D. research work is summarized in two manuscripts published in
peer-reviewed renowned international journals:

1. Manuscript: In the context of several hypotheses, we dedicated our efforts to
develop, characterize, and compare two distinct types of sensors for measuring
gaseous H20s. These sensors were carefully designed by incorporating a viscous
poly(acrylic acid)-based (PAA) sensing membrane onto commercially available
screen-printed carbon electrodes. The membrane was composed of optimized
amounts of PAA and phosphate buffer solution, providing convenient ionic
conductivity, accumulation of gaseous analyte, and physically stable gel-like
material. The first type of sensor focused solely on the PAA sensing
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membrane (referred to as the PAA sensor), while the second type involved
electrochemical pre-modification of the working electrode surface with
electrodeposited film of MnO; (known as the MnO,/PAA sensor). Both sensor
types exhibited outstanding sensitivity within the low mgm™ concentration
range, with detection limits of 3pugm™ for the MnO,/PAA sensor and
2ugm= for the PAA sensor. The sensors demonstrated favorable operation
even in the presence of selected interfering gaseous compounds and were
successfully tested in real environments. Moreover, our comprehensive study
unveiled the superior electroanalytical performance of the PAA sensor, which
also offered the advantage of simpler and faster preparation. This particular
approach has established a solid foundation for further advancements in the
development of sensitive, selective, and robust gas sensing systems. Such
systems hold significant potential for diverse applications, including
environmental monitoring, food safety (disinfection), preservation of cultural
heritage, clinical diagnostics through breath analysis, mitigation of
occupational health hazards, and security screening.

2. Manuscript: This study demonstrates the remarkable combination of the
advantageous physicochemical properties of 2D MXene material (Ti;C,T), the
stabilizing effect of chitosan, and the redox activity of a ferrocyanide-modified
screen-printed carbon electrode. The electrochemical signal, as a consequence
of the chemical and electrochemical (reduction) reaction of H,O, at the
ferrocyanide-modified screen-printed carbon electrode surface, was enhanced
by the electrocatalytic properties of the MXene material. Moreover, we
demonstrated favorable immobilization/stabilization properties of chitosan
towards MXene, enabling the entrapment of MXene at the electrode surface
and improving its chemical stability. This phenomenon was also demonstrated
through a short electrochemical study. Together, these elements contribute to
an ultrasensitive and accurate point-of-interest detection of low-concentration
levels of gaseous H.O,. By incorporating a poly(acrylic acid)-based membrane
into our sensor architecture, we took advantage of its multifunctional
properties to accomplish two essential tasks simultaneously, i.e., first, the
membrane acted as an electrolyte, facilitating the necessary ion transport and
enabling efficient electrochemical reactions/detection at the sensor interface,
and second, it served as an ideal medium for the accumulation of the gaseous
analyte, providing improved sensitivity and reliable detection of gaseous H.Os.
The developed sensor showed exceptional performance in the cathodic
potential range, ensuring enhanced interference-free operation. It exhibited
excellent reproducibility between sensors, favorable stability, and a very low
detection limit of 4 pg m™*® (ppbv). To demonstrate the practical applicability
of the Ti;C,Tx MXene-based gas sensor, real human hair was treated with a
bleaching agent, and the sensor successfully measured the H,O. generated
during the process.

Given the fulfillment of all hypotheses, the remarkable performance of the
electrochemical gas sensors highlighted in this dissertation can be further interpreted by
comparing them with other electrochemical gas sensors in a comparative manner. Despite
the increasing research interest in gaseous electrochemical H»O: sensors due to their
versatile importance and applications in industrial and biological processes, the
construction of electrochemical sensors for the detection of gaseous H,O, remains a
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challenge, along with relatively limited reports. This scarceness can be attributed to
several factors, primarily the inherent properties of gaseous H,O, molecules, including
their rapid degradation under the influence of UV radiation, susceptibility to
environmental variables like temperature and humidity, etc. These properties have
considerably influenced the progression of electrochemical gas sensor development in this
specific context. Given the limited availability of electrochemical sensors designed
specifically for detecting gaseous H»O,, the impact and importance of the presented
sensors in the dissertation become even more pronounced.

A relatively strong redox activity of H,O, is pivotal for its detection through various
electrochemical methods. Among these methods, electrochemical sensors hold a
prominent position predominantly due to their higher sensitivity, selectivity, cost-
effectiveness, shorter response times, and potential for miniaturization. At this point, it is
important to note that there exist numerous studies addressing the development of HO,
sensors for liquid samples; probably as the most recognized are the sensors for measuring
blood glucose. Within the domain of electrochemical sensors, amperometric sensors stand
out for their simplicity and ease of operation. They exhibit high selectivity, as target
analytes possess specific redox signals depending upon their chemical structures. By
tuning the applied potential to match the oxidation/reduction potential of a particular
analyte, amperometric sensors can selectively target and quantify that specific compound.
For example, J. Kulys is credited with pioneering one of the early amperometric sensors
designed for the detection of gaseous H,O. [193]. This sensor adopted a flow-through
configuration featuring a three-electrode system composed of a platinum electrode, a
silver/silver chloride reference electrode, and a titanium auxiliary electrode. It operated
within a buffer solution containing 0.05-1.0 M sodium acetate at a pH of 5.5,
complemented by 0.01-1.0 M potassium chloride. Air was introduced into the sensor via
a membrane air pump to facilitate the analysis, with flow rates of either 0.5 or 1.0 1/min.
The sensor exhibited a commendably low limit of detection, calculated at 0.01 ppmuv,
although the response time was found to vary with the concentration of H.O, vapor. A
noteworthy limitation of this sensor was its stability, which affected particularly its
sensitivity. Additionally, altering the airflow, transitioning from 1.0 to 0.5 1/min, led to
an increased response time of approximately 20-30%. Furthermore, the sensor's
selectivity remained unexplored; it was presumed that the utilization of an acetate buffer
solution and the relatively low platinum electrode potential would mitigate interference,
though it was acknowledged that certain gases, such as H.S, could potentially affect the
determination of H.O,. S. D. Holmstrom and J. A. Cox introduced an innovative
approach based on a base-catalyzed sol-gel process for H,O, detection [194]. Their
method incorporated Triton X-114 surfactant to enhance sensitivity and a 1.3 M MgCl,
solution within the sol. The outcome was the creation of material capable of extracting
H,0, from the gas phase while simultaneously acting as electrolytes for the voltammetric
oxidation of HO,' species. Remarkably, this was achieved without the need for a
contacting liquid phase. Their sensor employed a combination of techniques, including a
60-minute preconcentration step via solid-phase extraction into the xerogel's pore water,
followed by differential pulse voltammetry. Such an approach delivered an impressive
detection limit of 10.2 ppbv H.O,. However, it is important to note certain limitations of
this sensor; it exhibited poorer reproducibility, extended recovery times between
measurements, which diminished its overall sensitivity, and challenges regarding
selectivity. Specifically, the system could not differentiate among gases that displayed
electroactivity at approximately 0.7 V, potentially introducing interference issues for
specific applications. V. Mirceski et al. conducted a comprehensive investigation focusing
on the kinetics and mechanisms underlying an H.O, sensor [154]. This sensor featured a
screen-printed carbon electrode or glassy carbon electrode with a film consisting of 1%
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aqueous polyacrylic acid and Cu*" ions. The researchers employed cyclic staircase
voltammetry (CV), square-wave voltammetry (SWV), and chronoamperometry (CA) to
scrutinize the redox reactions involving the Cu*'/Cu’ couple, which also functioned as a
redox mediator facilitating the reduction of H.O,. In terms of sensitivity, the limits of
detection were determined for each technique; CV exhibited a detection limit of 3.49 - 10
? pgdm® SWV demonstrated a detection limit of 1.44 - 10' pgdm *, and CA showcased
a detection limit of 4.58 - 10? pgdm *. Importantly, these measurements were obtained
following a one-minute gas equilibration period. Similarly, V. Jovanovski et al. presented
an H,O, gas sensor design, which incorporated a gel electrolyte containing a mixture of
polyacrylic acid and NaOH and integrated Cu(II) ions to serve as a redox mediator [195].
This sensor was prepared on readily available screen-printed carbon electrodes and
showed a detection limit of 0.53 mgm™, with a 5-minute accumulation time employed
during the measurements.

On the other hand, chemiresistive gas sensors, commonly referred to as chemiresistors,
are sensor devices relying on various (semiconducting) materials to alter their electrical
resistance in response to alterations in the surrounding chemical environment or the
presence of an analyte. A fundamental chemiresistor setup comprises a sensing material
that either bridges the gap between two electrodes or coats a pair of interdigitated
electrodes — a design characterized by two comb-shaped arrays of metallic electrodes
interlocking with each other. The sensing material's intrinsic resistance can be adjusted
based on the presence or absence of the analyte of interest. When exposed to the target
analyte, interactions transpire between the analyte molecules and the sensing material,
leading to discernible fluctuations in the resistance readings. Chemiresistors designed for
gaseous analyte detection exhibit favorable analytical features, including high sensitivity
and rapid detection times. However, it is essential to recognize that the effectiveness of
these sensors strongly relies on the choice of sensing materials incorporated within their
architecture. The selection of sensing materials can significantly enhance the sensor's
overall performance, elevating its sensitivity and responsiveness. Despite these
advantages, chemiresistors do present certain limitations. Typically, they exhibit poorer
selectivity, making them more susceptible to interference from other compounds when
compared to electrochemical, i.e., voltammetric sensors for gaseous H-O,. Additionally,
many chemiresistors require elevated operating temperatures, which can be a drawback
in terms of energy efficiency and operational convenience. F. I. Bohrer et al. studied
crafting chemiresistor arrays constructed from ultra-thin films (50 nm) of
metallophthalocyanines (MPcs) [196]. These MPcs, characterized by their redox-selective
nature, exhibited the ability to detect vaporized H.O. with good sensitivity. In cobalt
phthalocyanine sensors, the current decreased, while in nickel, copper, and metal-free
phthalocyanine sensors, the current increased in response to the presence of H,O,; the
phenomenon was attributed to the catalytic oxidation (and reduction) of H,O, at the
phthalocyanine surface. This marked the first example of such a sensor system. The
intrinsic variability linked to the metal center of the phthalocyanines holds great promise
for selectivity, although it should be noted that the sensor's performance in the presence
of other potentially interfering gaseous molecules remains practically untested. The
reported detection limit of 50 ppb, achieved through a combination of preconcentration
and a 10-minute detection time, demonstrates good sensitivity at the operating
temperature of 50 + 0.1 °C. However, it is important to acknowledge that a 90-minute
recovery period between measurements can be somewhat limiting for the practical
application of this sensor. J.-S. Lee et al. engineered an H.O, vapor sensor utilizing
advanced nanocomposites [197]. Their design incorporated nanofibers comprising a
porphyrin derivative known as oxo-[5,10,15,20-tetra(4 pyridyl)porphyrinato] titanium(IV)
(TiOTPyP) and single-walled carbon nanotubes (SWCNTs). What made this sensor
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advantageous was its ability to operate efficiently at room temperature. This sensor
demonstrated rapid response and recovery times, particularly within the H>O, vapor
concentration range of 0.1 to 10 ppm. Notably, the sensor's selectivity was tested,
revealing negligible responses to various potential interferents such as carbon monoxide,
toluene, acetone, hexane, and NO and NO,. While there was a weak response to
ammonia, it remained within acceptable limits for practical application. Furthermore, the
sensor's stability was assessed over a span of 100 days, and the results were satisfactory.
However, it is worth noting that humidity did exhibit a slight influence, i.e., causing a
marginal decrease in performance of about 5%. J. E. Giaretta et al. created a paper-
based sensor composed of poly(3,4 ethylenedioxythiophene) and poly(styrenesulfonate)
(PEDOT: PSS), embellished with horseradish peroxidase, designed for the detection of
H,0, molecules in both liquid and gas phases [142]. Their sensor demonstrated a clear
relationship between its electrical resistance signal and the concentration of H,O,. This
correlation was found to be strongly dependent on the level of the integrated enzyme.
The sensor exhibited a few limitations, like relatively prolonged detection times, whereas
the maximum performance could be achieved only under conditions of 100% humidity,
which could restrict its utility in environments with lower moisture content. Additionally,
while the detection limit was determined for the detection in liquid samples, it was not
assessed for gas-phase detection. X. Xie et al. have introduced a composite material
consisting also of poly(3,4-ethylenedioxythiophene) and polystyrene sulfonate (PEDOT:
PSS) doped with ammonium titanyl oxalate (ATO) [198]. The composite material serves
as the basis for a chemiresistive sensor designed specifically for detecting H»O, vapor,
primarily for breath analysis. The sensor exhibited a relatively rapid detection time of 14
minutes. However, its optimal performance in terms of detection speed was achieved
under high-humidity conditions.

Finally, we can conclude that this research project has achieved important milestones
in the challenging field of electrochemical gas sensing, explicitly in the sensing of gaseous
H,0; as an important and omnipresent analyte, by (i) improving the electrochemical
properties of disposable screen-printed carbon electrodes, (ii) studying and selecting
suitable modification (nano)materials, (iii) developing innovative sensing membranes, and
(iv) establishing sensitive and selective quantification methodologies for convenient
detection of low levels of gaseous H,O,. Through these advances, we successfully
demonstrated that (v) the detection of gaseous H,O, is possible in both simulated and
real environments, even at its very low concentration levels (ppbv). Moreover, the
presented overview has conclusively demonstrated that, in comparison to other reported
research on the electrochemical H-O, gas sensors, the sensors developed in this research
project exhibit superior performance across nearly every aspect of their electroanalytical
functionalities.
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Table 4.1: Published data for detected concentrations of gaseous H,O,
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