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Efficacy of Phthalocyanine-Based Catalysts in
Electrochemical Sensors: A Comprehensive Review
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Metal phthalocyanines (MPcs) are promising materials for electrochemical
sensing due to their physicochemical properties, including redox activity,
structural versatility, and chemical stability. These materials can incorporate
various metals into their central core, ensuring tunable catalytic activity and
enhanced sensitivity and selectivity. This makes MPcs valuable for designing
advanced electrochemical sensors, which require precise and reliable
performance for applications ranging from environmental monitoring to
biomedical diagnostics. This review discusses the advancements in
MPc-based catalysts for electrochemical sensors, focusing on their superior
catalytic properties, stability under diverse operating conditions, and high
functionalization potential. The unique redox behavior of the metal center in
MPcs ensures improved detection capabilities of analytes like biomolecules,
heavy metal ions, and environmental pollutants, positioning MPc materials as
a cornerstone in future sensor technology. MPc-based sensors have diverse
applications across various fields, including environmental sensing, medical
diagnostics, and industrial process monitoring. Recent reports highlight the
practical relevance and growing importance of MPcs in real-world

1. Introduction

The sensors are essential for detecting
changes in the environment and human
body by considering the physical and
chemical properties of the analyte un-
der study. The continuous monitoring of
the abnormal variations in the system
helps to tackle the changes with suit-
able remedies. Different sensors and ac-
tuators monitor various chemical com-
ponents of biological and environmen-
tal interest.'* Electrochemical sensors
are essential in monitoring and detect-
ing chemical compounds because of their
exceptional selectivity and ability to de-
tect, distinguish, and estimate an ex-
tensive variety of analytes.*”! Electro-
chemical techniques have been identi-
fied as essential tools for monitoring
analytes, and their electrocatalytic ca-

applications. Challenges associated with MPc-based sensors include
scalability, environmental stability, and integration into practical devices. The
review concludes with a discussion on the future outlook on MPcs in the
design and development of next-generation electrochemical sensors, paving
the way for more efficient, cost-effective, and reliable detection technologies.
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pacities can be improved to upgrade
their execution and real-time applications
consistently.®°1 In these devices, elec-
trocatalyst material serves as a critical
component, facilitating and enhancing
the efficiency of various electrochemical
processes. These catalysts play a pivotal
role in accelerating electrode reactions,
improving selectivity, and minimizing overpotentials, thereby en-
abling the development of advanced technologies across numer-
ous applications.['%13] Various materials have been investigated
as electrocatalysts for these sensors, including metals, metal ox-
ides, metal chalcogenides, carbon-based materials, and organic
molecules.*17] Metal phthalocyanines (MPcs) are one of many
catalysts being studied because of their unique electrical prop-
erties and wide range of catalytic activities. MPcs are a kind
of N4 macrocyclic compound that has stimulated researchers’
interest because of its intriguing structural features and redox
activity.['¥-20] These substances are steady and electrochemically
dynamic, making them appropriate materials for synergist use
in electrochemical sensors. They comprise a central metal atom
with a planar arrangement of four nitrogen atoms.[?"?? MPc-
based catalysts are promising in the development of electrochem-
ical sensor systems. These catalysts may improve the electro-
chemical detection platform in terms of charge transfer, sensi-
tivity, and selectivity.[23-26]

© 2024 The Author(s). Advanced Sensor Research published by Wiley-VCH GmbH


http://www.advsensorres.com
mailto:kslokesh@vskub.ac.in
https://doi.org/10.1002/adsr.202400088
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadsr.202400088&domain=pdf&date_stamp=2024-10-17

ADVANCED
SCIENCE NEWS

ADVANCED
SENSOR
RESEARCH

Open Access,

www.advancedsciencenews.com

1.1. Fundamentals of Electrochemical Sensors

Electrochemistry, a science dating back 200 years, plays a crucial
role in numerous fields, such as battery technology, solar energy,
diabetes management, fuel cells, supercapacitors, and pH sens-
ing. Its strength lies in its ability to provide fast, cost-effective, and
susceptible analytical results, making it ideal for miniaturization
and point-of-care testing. At its core, electrochemistry focuses on
the movement of charges at the interface. Imagine a molecule
that can exist in two forms: reduced (gained an electron) and ox-
idized (lost an electron). By applying a voltage, we can push this
equilibrium in either direction, causing the molecule to gain or
lose an electron, resulting in a measurable electrical current. The
strength of the current produced directly reflects the concentra-
tion of the molecule in the solution.[2-31]

A typical electrochemical setup involves a cell containing
the target molecule, a solvent (usually water), and a conductive
salt (electrolyte) to enhance the current flow. Application of a
positive voltage to the working electrode results in extraction of
electrons from the target molecule resulting in oxidation with
the generation of current. Conversely, a negative voltage causes
the reduction of the target molecule. A vital component of this
setup is the potentiostat, which acts as both a power source and a
measuring tool. The application of a voltage and measurement of
the resulting current (amperometry), or vice versa (potentiome-
try), is carried out using a potentiostat. Depending on its features
and applications, a potentiostat can range in price from a few
hundred to several thousand dollars or pounds. Another crucial
element is the reference electrode, which maintains a stable volt-
age and the working electrode potential is measured against the
reference electrode. This ensures consistent and accurate mea-
surement of potential irrespective of the target solution’s specific
properties. While various materials can be used as reference
electrodes, a model reference electrode offers superior stability
across different pH and temperature conditions. A typical ex-
ample is the Ag/AgCl electrode, which consists of a silver wire
coated with silver chloride and immersed in a potassium chloride
solution. Finally, the counter electrode completes the electrical
circuit in an electrochemical cell by balancing the current gen-
erated at the working electrode. It is typically made of a high
surface area conductive metals like platinum gauze, carbon, etc.,
Figure 1.2

The current generated from the oxidation or reduction of a tar-
get analyte is related to various experimental variables and con-
stants. It can be expressed as follows.

i = nAFj (1)

where n = electrons transferred, A = surface area of the work-
ing electrode (cm?), F = Faraday constant (96,485 C mol~?), and
j = flux of the target analyte toward the electrode (expressed in
cm~2s7!). The flux term is crucial to the redox reaction and a
species must reach the electrode surface from the bulk solution
(mass transfer).3?! Figure 2 depicts these processes in the modi-
fication and respective electrochemical response.

In various electrochemical systems, the rate of electron trans-
fer surpasses that of mass transport and, leads to the turnover
of any species reaching the electrode, and hence mass transport
becomes the constraining factor (mass transport limited). The
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Figure 1. Standard three-electrode configuration of the voltammetric cell.
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Figure 2. General schematic representation of the voltammetric sensor
with MPc.

primary modes of mass transport encompass diffusion (species
movement along a concentration gradient), migration (move-
ment of charged species influenced by an electric field), and
convection (species displacement driven by mechanical forces or
temperature gradients). Consequently, the Nernst-Planck equa-
tion delineates the overall flux, portraying 1D mass transport to
an electrode.*?! Figure 3 represents the schematic illustration of
heterogeneous electron transfer.

1.2. Advantages of ECS Over Other Analytic Techniques

Electrochemical sensors stand out in the domain of analytical
sensing due to their remarkable attributes, which find applica-
tions in diverse fields. One of the essential advantages is their
exceptional sensitivity and selectivity. These sensors excel in de-
tecting even trace and minute concentrations of analytes. They
can be engineered to specifically target particular molecules
or iomns, providing a crucial capability in precise analytical
measurements.3334 The low detection limits inherent to elec-
trochemical sensors enable the identification of trace amounts
of substances, making them particularly valuable in scenarios
where detecting subtle changes is essential. The miniaturization
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Figure 3. Schematic illustration of heterogeneous electron transfer, where all processes within the surface region are encompassed under electron

transfer.

and portability of electrochemical sensors contribute signif-
icantly to their practicality. Their compact form allows for
seamless integration into portable devices, enabling on-site anal-
ysis and real-time monitoring which are invaluable features for
applications ranging from environmental monitoring to medical
diagnostics. Moreover, the cost-effectiveness of both fabrication
and operation enhances their accessibility across various indus-
tries and research domains. Beyond these practical advantages,
electrochemical sensors exhibit versatility in their adaptability to
different applications. Their integration into electronic systems
facilitates the creation of sensor arrays and multi-sensor plat-
forms, expanding their utility in complex analytical scenarios. Ad-
ditionally, the low power consumption of sensors aligns with the
demand for energy-efficient technologies. Long-term stability is
a hallmark of many electrochemical sensors, ensuring sustained
performance over extended periods. This attribute, coupled
with the ease of functionalization, enables the customization of
sensor surfaces to enhance selectivity, stability, and sensitivity
for specific analytes.[**3’] The compatibility of electrochemical
sensors toward complex sample matrices, including biological
fluids, underscores their applicability in challenging real-world
environments. The electrochemical sensors represent a sophis-
ticated and multifaceted analytical toolset. Their sensitivity,
selectivity, portability, versatility, and cost-effectiveness position
them as vital components in the contemporary landscape of
analytical chemistry and sensor technology.?**#21 As technol-
ogy continues to evolve, the development and refinement of
electrochemical sensors hold great promise for advancement in
various scientific, industrial, and healthcare applications. Table 1
provides a brief discussion on the comparison of analytical sen-
sors vs. electrochemical sensors along with their advantages and
disadvantages.
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1.3. The Tale of Phthalocyanine Materials

In 1907, Braun and Tchernic on investigating the properties of o-
cyanobenzamide derived from the reaction of phthalimide and
acetic anhydride, stumbled upon a fortuitous discovery at the
South Metropolitan Gas Company in London. After cooling the
heated o-cyanobenzamide, it was dissolved in alcohol and filtered
to notice the presence of a faint blue substance. This unexpected
finding led to the accidental discovery of phthalocyanines. The
“phthalocyanine” originates from Greek, combining “naphtha”
(referring to oil) and “cyanine” (indicating dark blue). Ancient
texts described naphtha as a clear, combustible rock oil obtained
from Babylonian asphalt, while “cyanine” was a term found in
the written works of various ancient Greek authors, including
Homer. Phthalocyanines (Pcs) represent a novel class of organic
compounds structurally akin to porphyrins and are categorized
as chromogens or coloring agents. The discovery of Pc and its
derivatives marked a significant breakthrough in the textiles and
dyes industries.[*>*4]

Pc is a large, aromatic, macrocyclic organic compound pos-
sessing four isoindole units linked by four nitrogen atoms. Anal-
ogous to porphyrins, Pcs feature four nitrogen atoms at the meso
position of aromatic rings attached to the pyrrole rings in a copla-
nar configuration. Instead of methane corner links, substitu-
tion with aza groups endows the molecule with a 2-D geome-
try and an 18 z-electron ring system, facilitating extensive elec-
tron delocalization. Consequently, Pcs exhibit enhanced proper-
ties, making them versatile across interdisciplinary fields such
as textiles, medicine, dyes, pigments, electronics, and electro-
chemistry. Derivatives of Pcs are synthesized by replacing carbon
atoms of the macrocycles with nitrogen atoms or by substitut-
ing peripheral or axial hydrogen atoms with various functional

© 2024 The Author(s). Advanced Sensor Research published by Wiley-VCH GmbH

85UB017 SUOWIWIOD SA a1 3(dedl dde 8Ly A peusenob a1e sajoliie VO ‘85N JO Sa|N. 10y A1 8UIIUO AB|IAA LD (SUONIPUOD-PUR-SLLIBY WO AS | 1M ARe.d1jBull[UO//SdL) SUORIPUOD pue SWie L 8u18es *[1202/TT/90] uo Akidiauliuo A(IM ‘sndured [eqo(o AIseAlun uoyoes Aq 88000¥202 SPe/z00T 0T/I0pAW0D" A8 1M ARIq Ul |uo//Sciy Woly pepeojumod ‘0 ‘6TZTTSLZ


http://www.advancedsciencenews.com
http://www.advsensorres.com

ADVANCED
SCIENCE NEWS

ADVANCED
SENSOR
RESEARCH

Open Access,

www.advancedsciencenews.com

www.advsensorres.com

Table 1. Analytical sensors versus electrochemical sensors: comparison of advantages and disadvantages. Both analytical and electrochemical sensors are
valuable tools for measuring and analyzing various substances based on their particular property. However, they have distinct characteristics, advantages,

and disadvantages, making them suitable for different applications.

Analytical Sensors

Advantages

Disadvantages

1) Wide range of measurement capabilities: Can measure diverse
parameters like temperature, pressure, flow, pH, chemical composition,
and biological markers

1) High sensitivity and accuracy: Can detect minute changes in measured
values

1) Variety of technologies: Options include optical, mass spectrometric,
chromatographic, and biosensors, each with specific strengths.

1) Data analysis and interpretation:Often integrated with software for

real-time analysis and interpretation of data.

1) Complexity: It can be intricate and requires specialized knowledge for operation
and maintenance.

1) Cost: Initially high and in addition ongoing equipment, calibration, and mainte-
nance costs.
1) Size and portability: May be bulky and not suitable for field applications

Electrochemical Sensors

Advantages

Disadvantages

1) Simple and compact: Smaller and easier to use than many analytical
sensors.
1) Low cost: Generally affordable compared to complex analytical sensors

1) Portability: Well-suited for field measurements and remote monitoring

1) Direct conversion: Convert measured values directly into electrical

signals

1) Limited measurement range: Primarily measure specific parameters like current,
pH, conductivity, and ionic concentration

1) Sensitivity: May be less sensitive than some analytical sensors, especially for low
concentrations.

1) Interferences: Susceptible to interference from other substances in the sample

groups like halogens, hydroxyl, amino, alkyl, thiol, alkoxy, and
nitro groups, among others.

The intensely blue-green aromatic Pc molecule possesses an
18 r electron inner core and, the delocalization is further ex-
panded by the four peripheral benzo units. Aza-nitrogens im-
part excellent stability to Pcs compared to porphyrins, particu-
larly against heat and oxidation. Prof. Linstead and colleagues dis-
covered the metal-free phthalocyanines, abbreviated as H,Pc, in
1929. Metal derivatives of Pc, known as metal phthalocyanines
(MPcs), serve as excellent organic semiconductors and exhibit
high thermal stability. Various methods are employed for the syn-
thesis of MPcs with high purity and structural integrity. Common
methods of synthesis include the reaction of phthalonitrile, or
ligand-substituted phthalonitrile with metal salts or metal oxides
in the presence of 1,8-Diazabicyclo [5.4.0]Jundec-7-ene (DBU) cat-
alyst and 1-pentanol solvent under high temperature and pres-
sure conditions, known as the classical method.['9223%] The
strategies can also be modified to tailor the MPcs’ properties,
such as controlling the metal center, substituent groups, and crys-
tal structure, which affects their optical, electronic, and catalytic
properties.

The MPcs have fascinating electron transfer abilities and
hence, contribute to their noteworthy properties. The central cav-
ity of Pc can accommodate various metal ions, including hydro-
gen (metal-free Pc/H,Pc). In recent years, MPcs have found ap-
plications in molecular electronics and photonics due to their
electron transfer capabilities, predominantly based on the 18-z
electron conjugated ring system.

The core structure of Pcs consists of porphyrins which com-
prise a cyclic structure with four condensed pyrrols and play a
crucial role in biological processes such as photosynthesis and
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oxygen transport. Porphyrin metal complexes, including chloro-
phyll and heme, are not only pivotal in biological processes but
also utilized in materials science for applications like solar cells
and artificial photosynthesis. Pcs and porphyrins possess pla-
nar tetradentate dianionic ligands and metal ions which bind
through inwardly projecting nitrogen centers. The versatile and
unique properties of these complexes hold promise in advancing
various technological applications.[*6]

1.4. Why Phthalocyanines in Electrochemical Applications?

MPcs are extensively utilized in electrochemical applications ow-
ing to their exceptional properties, which make them well-suited
for a wide range of processes and devices. These compounds
exhibit remarkable abilities that are crucial for efficient elec-
tron transport in electrochemical systems such as sensors, fuel
cells, and batteries. Additionally, MPcs are known for their out-
standing stability, particularly against heat and oxidation. Their
longevity can be envisaged through structural modification that
tailors their electrochemical properties, making them adaptable
for diverse applications. Furthermore, Pcs readily form stable
metal complexes, resulting in unique electrochemical behavior
in catalysis, sensors, and other electroactive materials. Their high
chemical stability in various environments ensures robust per-
formance over extended periods, while some specific MPc com-
plexes exhibit good electrical conductivity which makes them
potential candidates in developing conductive materials. More-
over, the extraordinary sensitivity of MPcs to change their prop-
erties according to the surroundings is being harnessed in sens-
ing applications, enabling the detection of specific analytes with
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high precision and selectivity. Due to their photoelectrochemical
properties, these compounds are also used in photoelectrochem-
ical devices like solar cells. Overall, MPcs have excellent electron
transfer properties, stability, versatility, and specific characteris-
tics like conductivity and catalytic activity, which make them in-
dispensable in advancing various electrochemical technologies
and applications.[30->*]

1.5. Modification Techniques

To enhance the electrochemical performance of MPcs and other
electroactive materials in electrochemical sensors, various mod-
ification techniques such as functionalization, fabrication of
nanocomposites, and surface modification are employed. These
methodologies help to further enhance sensitivity, selectivity, sta-
bility, and other key boundary fundamentals for effective sensor
performance. The functionalization refers to the tuning of MPcs
by attaching different functional groups or substituents to the ph-
thalocyanine ring. This method modifies MPcs’ electronic and
structural properties resulting in improved electrochemical per-
formance. Functionalization with electron-donating groups such
as alkyl or amine groups, augments the electron density on the
MPc ring leading to increased conductivity and electron move-
ment, which is crucial for sensors focused on the detection of
electron-rich species like gases or biomolecules.

Substituents like fluorine, nitro, or cyano groups influence the
sensitivity toward analytes by modifying the redox potential of
MPcs and, empowering specific interactions with analytes. In-
tegrating MPcs into nanomaterials such as carbon nanotubes
(CNTs), graphene, metal nanoparticles, or metal oxides forms
nanocomposites that exponentially upgrade their electrochem-
ical properties. MPc composites with graphene or CNTs make
a synergistic impact on the properties by combining the supe-
rior conductivity and surface area of carbon materials with the
versatile properties of MPcs. This improves the electrochemical
response, and sensitivity, with better LOD. Nanocomposites of
MPcs with metal oxides such as TiO,, ZnO, or MnO, further im-
prove redox strength and provide extra active sites, enhancing the
material’s ability to detect small amounts of gases or pollutants.
The presence of metal oxides also affects the sensor’s durability
and cycling stability.

Surface modification techniques such as electrode deposition,
self-assembled monolayers (SAMs), doping with conductive poly-
mers, and immobilization techniques involve altering the surface
of MPcs and composites which improve their surface activity and
interaction with target analytes and in turn, enhance the electro-
chemical performance.

2. Metal Phthalocyanine: A Prospective Catalyst
Material for Electrochemical Sensors

MPcs have significant potential as electrochemical sensors be-
cause of their excellent stability, tunable electronic structure, and
electrocatalytic properties. They serve in numerous applications,
such as organic transformation, biological analysis, and chemi-
cal industries. Metalloporphyrin/ MPc complexes are suitable for
electrochemical applications due to their tendency to promote re-
dox processes. The electrical properties of MPcs may be altered
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by choosing suitable metal centers which results in enhanced se-
lectivity and sensor properties. The characteristics to control the
catalytic activity and properties are accomplished with numerous
electrode materials and the differentiation of multiple phases is
achieved, including screen-printed electrodes, carbon-based elec-
trodes, and modified nanomaterial-based electrodes. Addition-
ally, MPcs are highly active, flexible, and stable for electrochemi-
cal applications, particularly electrochemical sensors.>>>7] Their
flexibility corresponds to their ability to incorporate into numer-
ous sensor configurations. MPcs are highly useful in applica-
tions that require molecular organization accuracy, as they help
in the selective recognition of specific analytes or their combi-
nations. These metal-organic frameworks, consisting of a cen-
tral metal atom and four embedding aromatic rings of nitro-
gen, are characterized by stable electronic structure, conductiv-
ity, and high electroactivity, making them a promising candidate
for designing and development of electrochemical sensors. Be-
cause of their outstanding strength, flexibility, strong electrical
properties, and electrocatalytic activity, MPcs are excellent mate-
rials for electrochemical sensors yielding remarkable activity and
play a crucial role in building new electrochemically significant
innovations.>8-61]

2.1. Structure

MPcs are fascinating molecules because of their macrocyclic
structure with four nitrogens in the ring, and a core metal atom
at the center of the Pc ring. This core metal ion coordinated to the
ligand maintains a uniform and standardized structure and influ-
ences the electrical and synergist barriers and electroactive capac-
ity of the MPc. Altering of the central metal atom in MPc gener-
ates variations in redox potential, electromagnetic arrangement,
and coordination geometry. The extraordinary electrochemical
properties of MPcs are imparted by the unique macrocyclic struc-
ture. Figure 4 presents a general structure of the MPc, which
contains all the elements like nitrogen, carbon, and metal atoms
in a planar core. The ensuing planar structure influences the
electrical properties via delocalization of z electrons throughout
the ring. The nitrogen atoms in the middle of the ring coordi-
nate with the metal atom. The feasibility of modifying the MPc
structure for specified electrochemical investigation depends on
the metal center, which affects the overall capability and reactiv-
ity of the MPc. The exceptional interaction and relationship be-
tween the core metal atom and the Pc structure facilitates the
desired redox capabilities of MPcs, making them versatile mate-
rials suited for constructing sensors with broad electrochemical
activity and modes. The variation in the electroactivity of MPcs
is a direct consequence of the choice of a metal atom, as each
metal exhibits different electrochemical properties. The coordi-
nated metal atom in the MPc contributes to the overall perfor-
mance and facilitates their potentiality in electrochemical sen-
sors. MPcs exist in mainly two unique structural phases, such as
a- and f-structures.[263] The f-structure possesses monoclinic
cell parameters and a more stable phase which is thermally ac-
quired from the a-structure. Metal-free phthalocyanine contains
two hydrogen atoms at the central core of the molecule, as shown
in Figure 5. To extend the flexibility of z-electrons, the two hy-
drogen atoms are replaced by either a lone metal atom or two
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Figure 4. The general structure of metal phthalocyanines.
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metal atoms based on the size. Metal-substituted and metal-free
phthalocyanines are promising as dynamic layers for different
applications.

2.2. Properties

Generally, MPc molecules exhibit high thermal and chemical sta-
bility. They are stable under a wide range of extreme environmen-
tal conditions, making them suitable for many applications in
electrochemical and biological domains. Figure 6 illustrates the
general properties of MPcs, highlighting key characteristics like
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solubility, chemical stability, thermal stability, and redox proper-
ties. Due to their rigid and planar structure, MPcs exhibit low
solubility in common organic solvents. They are highly solu-
ble in sulfuric acid and polar aprotic solvents like dimethyl sul-
foxide (DMSO), dimethylformamide (DMF), or chlorinated sol-
vents like dichloromethane (DCM) due to their ability to inte-
grate with the polar groups on the MPc molecule. Some Pcs with
hydrophobic substituents are soluble in non-polar solvents such
as toluene or hexane.[®-%] The limited solubility in aqueous sol-
vents limits their solvent-based processes for major applications.
MPcs show extensive redox behavior and operate as a catalysts
in electrochemical sensors. Their redox behavior alters the elec-
trocatalytic cycle by allowing electrons to exchange reversibly be-
tween distinct oxidation states. The energy required for the fa-
cilitation of electron movement plays a pivotal role in increasing
sensor response and influencing the frequency of electron trans-
port throughout the redox cycle. This energy is affected by various
factors, including surface modification and electrode material.
MPcs undergo redox reactions, either accepting or donating elec-
trons during catalysis in the electrochemical reaction. Reactiv-
ity, selectivity, and response time of MPcs are fully controlled by
conductivity and redox energy, which are necessary for the devel-
opment of efficient and sensitive electrochemical sensors. More-
over, MPcs exhibit vital synergistic mechanisms in electrochem-
ical cycles, such as hydrogen evolution reaction (HER) and the
oxygen utilization reaction or oxygen reduction reaction (ORR).
Their flexible structure allows them to catalyze numerous redox
reactions, including ORR and HER, which makes them appropri-
ate catalysts for an expanded range of electrochemical reactions
and applications. Synergist processes in MPcs significantly influ-
ence their performance in electrochemical sensors with respect
to redox nature and, electron movement energy, and in turn, the
synergistic behavior is crucial for developing sensors with higher
responsiveness, selectivity, and performance for various electro-
chemical recognition applications.[1%-22]

MPc compounds possess a square planar coordination system
with a central metal atom or ion surrounded by four nitrogen
atoms in an aromatic ring, like porphyrins. The central metal
atom can be transition metal ions like iron, cobalt, nickel, cop-
per, and zinc, among others. The selection of the central metal
atom influences the optical properties, structure, and reactivity
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Figure 7. Schematic representation of different methods of synthesis of metal phthalocyanines.

of MPcs. In general, the ligands and the core metal alter the elec-
tronic characteristics of MPcs. The delocalized r electrons of the
Pcring expand the electronic conductivity, which significantly in-
fluences the electrochemical applications of MPcs. Their redox
behavior is essential for their electrical qualities, and their syn-
ergist activity is attributed to redox activities generated by the
association between the metal local area and the electronic #
structure in the Pc ring. The excellent electrical characteristics
of MPcs are due to the combination of the core metal atom and
delocalized 7 electrons. The electrochemical properties of differ-
ent metals, such as copper, iron, and cobalt, exhibit varying redox
capabilities.[?”]

The stable macrocyclic structure assures MPcs’ long-term
durability in electrochemical applications. Additionally, MPcs
demonstrate adaptability in many standard circumstances and
are impervious to gases, pH, and temperature variations, and re-
main stable during synergist operations.

2.3. Synthesis

MPcs are synthesized using various methodologies depending
on the precursor and conditions employed during the reaction.
Some of the common methods are the microwave method, the
solvent-free synthesis method, the functionalization process, the
chemical vapor deposition (CVD) method, and the step-by-step
ligand-based synthesis or template synthesis. The synthesis pro-

Adv. Sensor Res. 2024, 2400088 2400088 (7 of 29)

cess involves the selection of appropriate precursors (phthaloni-
trile, phthalimide, phthalic acid, etc.) and metal salts, based on
the requirement of flexibility, functionalization, reactivity, elec-
trical characteristics, and sensitivity. Figure 7 depicts schematics
for the MPc synthesis. The conventional process for the synthesis
of MPcs includes heating the mixture of metal source, precursor
molecule, and phthalonitrile supplements.!*>*] After reflux, the
resultant MPc is typically isolated by filtration and purification.
Another method via the conventional approach is the metalation
of porphyrins. In this method, porphyrins can be metalated to
prepare phthalocyanines by reacting the porphyrin with a suit-
able metal salt or metal atom in appropriate conditions. The mi-
crowave method is an efficient and quick technique for preparing
MPcs. The application of microwave accelerates reaction kinet-
ics, reducing the overall reaction time and providing rapid and
uniform heat transfer for the reaction mixture. The product is
isolated and purified, often with a higher yield than conventional
synthetic methods.[%71]

The ligand-based step-by-step synthesis, or template synthe-
sis, involves a series of steps to yield the final Pc product. This
approach necessarily utilizes a template molecule to direct the
formation of MPc complex. The template molecule guides the
assembly of the Pc units around the metal atom, leading to
the formation of the desired complex. This synthesis is a more
controlled and modular approach. It entails the addition of more
and more ligands one after the other while maintaining precise
control over the MPc structure and properties. The step-by-step
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Figure 8. General applications of MPcs in different fields.

approach empowers the fine-tuning of the MPc structure, im-
pacting properties like solvability, electronic characterization,
and reactivity. The ligand-based synthesis also provides more
control over the final design, permitting the chemist to tailor
properties accurately. This technique is especially beneficial and
has more advantages during the synthesis of specific structure
with unique properties as well as electrochemically active metal
frameworks or designs. In the condensation process, metal
salt or metal oxide sources are used with mostly phthalonitrile
derivatives. Condensation reactions are suitable for large-scale
synthesis due to their versatility. The addition of more valuable
groups or ligands to the existing Pc structure is part of the func-
tionalization process. This methodology is employed during the
combination or altering the structure or post-synthesis structural
modifications. Adding functional groups to MPcs makes them
more flexible by the improvement of properties like reactivity,
electronic properties, and solubility.[8-71]

2.4. Applications

MPcs are a versatile class of electrocatalysts used in various sci-
entific and modern sensor applications. Figure 8 highlights the

Adv. Sensor Res. 2024, 2400088 2400088 (8 of 29)

Photodynamic
therapy

-

Photocatalytic
degradation

general applications of MPcs across different fields and illustrates
their versatility and importance in various technological and sci-
entific endeavours. In solar cell technology, MPc serves as active
materials or sensitizers for converting solar energy into electri-
cal energy through the photovoltaic process. Moreover, in pho-
todynamic therapy, MPcs produce reactive oxygen species (ROS)
that induce cell death and lead to tumor regression. In the realm
of electrochemistry, MPcs function as catalysts in water split-
ting and fuel cells and catalyze various electrochemical reactions.
MPcs can act as anode or cathode active materials in the bat-
tery field and are capable of storing and releasing lithium ions
during charge and discharge cycles and storing electrical energy
through electrostatic double-layer capacitance or fast surface re-
dox reactions. MPcs offer high specific capacitance, rapid charge-
discharge rates, and long life-spans, making them desired and
promising candidates for energy storage devices in portable elec-
tronic devices. MPcs also play a crucial role in electrochemical
sensors due to their extraordinary sensitivity and selective proper-
ties, attributed to their macrocyclic structure with an active metal
core. These sensors aid in the continuous monitoring of natu-
ral pollutants, including nitrite, nitrate, phosphate, ammonium,
etc. In addition, the biocompatibility of MPcs’ expands their util-
ity in biological applications, where they play a crucial role in
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Property

Metal Phthalocyanines (MPcs)

Metal Oxides

Carbon-based materials

Conducting polymers

Structure

Catalytic activity

Thermal stability

Sensitivity

Selectivity

Detection limits

Ease of functionalization

Cost

Environmental impact

Advantages

Disadvantages

Macrocyclic, planar structure
with metal center

Excellent redox activity via
metal centers.

High thermal stability

High sensitivity due to the
coordination with metal
centers and planar structure
High selectivity for specific
analytes, especially gases
like NO,, CO, and
biomolecules like glucose
Low detection limits due to
strong binding affinity with
analytes
Easily functionalized through
peripheral groups or metal
center substitution

Moderate (depends on the
metal used; transition
metals are affordable)

Generally low; some metal

centers (e.g., Co, Ni) may be

toxic

High sensitivity, selectivity, and

electrochemical stability;
customizable with various
metals and ligands
Moderate conductivity without
composites; can be
expensive with certain
metals (e.g., Pt, Au)

Crystalline or amorphous
structure

Active for redox reactions,
especially in oxygen
reduction or pollutant
degradation

Very high thermal stability
High sensitivity in
oxidation-reduction

reactions

Moderate selectivity, often

used in specific gas sensors

Low detection limits in specific
redox reactions

Limited functionalization

possibilities

Low-cost, widely available

Potential toxicity depending on
the metal used

High redox activity and stability
in extreme environments

Low conductivity and
selectivity in some cases

sp? hybridized carbon atoms
arranged in hexagonal
patterns
Moderate; enhanced when
functionalized with
metal/organic groups

Extremely high thermal stability
High sensitivity, especially
when the surface area is
large and functionalized
High selectivity when
functionalized with specific
groups

Low detection limits, especially
in gas sensors and
biosensors
High potential for
functionalization with
oxygen-containing groups,
nanoparticles
High cost (especially for
high-quality CNTs and
graphene)
Low, but manufacturing can be
energy-intensive

High surface area, fast electron
transfer, and excellent
stability

Expensive, challenging to
process and functionalize

Organic polymers with
conjugated backbone

Moderate to high depending
on the polymer; enhanced
by doping

Limited thermal stability
Moderate to high sensitivity,
especially in flexible
sensors
Moderate selectivity,
enhanced by doping and
functional groups

Moderate detection limits,
improved by adding
nanomaterials
Easily modified with
dopants, polymers, or
nanoparticles

Low cost, but synthesis and
doping can increase
expenses
Low; disposal of dopants
and polymer degradation
may pose issues
Flexible, low-cost, and
versatile; high conductivity
when doped

May degrade over time;
moderate sensitivity
compared to other
materials

determining biomolecules like dopamine in natural fluids and
provide augmented information on neurochemical processes rel-
evant to biomedical assessments.l"27%]

In the present scenario, MPc-based sensors are utilized for
real-time testing and monitoring of hazardous substances and
guaranteeing worker safety and health. Moreover, MPcs have
been used as catalysts for detecting various chemical processes
and facilitating the integration of materials and mixtures with
anticipation of novel electrical, optical, and reactive properties in
materials research for broadening their applications. Addition-
ally, MPcs serve as catalysts for various chemical processes and
enhance the efficiency of photovoltaic devices, enabling the de-
velopment of electrochemical cells that are both sustainable and
biocompatible for energy applications.!”®] Table 2 compares MPcs
with various other electroactive materials in literature, such as
metal oxides, carbon materials, and conducting polymers.

The unique physicochemical properties of MPcs, includ-
ing their planar structure, extended z-conjugation, the capac-
ity to organize with different metal ions, redox activity, stabil-

Adv. Sensor Res. 2024, 2400088 2400088 (9 of 29)

ity, and specificity, make them exceptionally significant in elec-
trochemical applications. These properties collectively contribute
to upgraded electron transfer properties, superior redox perfor-
mance, and high stability, making MPcs excellent candidates
for use in electrochemical sensors, energy storage systems, and
catalysis.l”?!

3. MPcs for Detection of Bio-Molecules,
Environmental Pollutants, and Pharmaceutical
Molecules

MPcs have attracted much interest in electrochemical sensors,
especially because of their selectivity, sensitivity, and stability. As
a result of their unique features and electrocatalytic properties,
they show great promise in fabricating simple and sensitive
sensors for a wide range of analytes. Figure 9 illustrates the
process of electrode modification and the localization and detec-
tion of various analytes of environmental and biological interest.
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Figure 9. Schematic representation of the modification of an electrode as well as the location and detection of molecules of pharmaceutical and biomolec-

ular interest.

The schematics present a visual guide to the experimental
procedure involved in adjusting the instruments and electrodes,
localizing target molecules, and in turn detection of desired
molecules.

3.1. Dopamine

MPc-based sensors play a crucial role in distinguishing neuro-
chemicals due to their versatility. Their electrocatalytic proper-
ties and unique behavior enable them to perceive the neurotrans-
mitter dopamine with excellent selectivity, distinguishing them
from other species that could cause interference. Dopamine is
essential for frontal cortex abilities and is associated with neu-
rological conditions like schizophrenia and Parkinson’s disor-
der. Detailed and precise dopamine recognition is crucial in un-
derstanding neurochemical circuits and diagnosing related dis-
orders. MPc-based dopamine sensors are beneficial for neuro-
chemical detection due to their biocompatibility and ability to
recognize dopamine species in trace levels as they undergo facile
interaction with MPcs during redox processes.

It is essential to develop a sensitive and selective sensor with
superior response for clinical diagnostics, particularly for the
early detection of dopamine-related disorders. The goals of re-
search in this field include enhancing sensor execution, analyz-
ing implantable and miniaturization of sensor arrangements,
and expanding continuous real-time measurements. Table 3 pro-
vides a comprehensive summary of the performance of MPcs in
sensing and detecting dopamine. It highlights various key pa-
rameters and characteristics associated with the sensing capacity

Adv. Sensor Res. 2024, 2400088 2400088 (10 of 29)

of MPcs, including electrode materials, methods, wide linearity,
Low LOD, sensitivity, and stability.

Our group has designed a cobalt (II) tetra [#-N-(4-nitrophenyl)
benzamide] phthalocyanine (CoTNBAPc) complex, which was
then reduced to amine phthalocyanine (COTABAPCc).l””! The ben-
zamide aminephthalocyanine derivative showed a redox peak
with a small shoulder-like peak for amine oxidation. The amine of
the phthalocyanine initiates oxidative polymerization on cycling
in DMSO and forms a polymeric film on the electrode surface.
The polymeric film was used for the voltammetric and ampero-
metric detection of dopamine (DA), as shown in Figure 10. The
voltammetric method showed a linear response in the range of
100-4000 nmol L1, while the amperometric method showed a
linear dynamic range of 100-1000 nm with a correlation coeffi-
cient (R?) 0f 0.999, LOD of 20 nmol L™}, and sensitivity was 0.024
pA nmol L7! for DA. The developed sensor was also employed
for the amperometric detection of dopamine in the real sample.
Other co-existing species didn’t show interfering peaks during
oxidation sensing of dopamine.

Diab et al. developed an electrochemical dopamine-detecting
surface using graphene sheets and cobalt tetrasulfonated ph-
thalocyanine on a polished glassy carbon electrode (GCE)
(CoTSPc/Gr-GC).l”8) DPV was used to detect dopamine, and the
electrode was found to be effective in detecting dopamine in
high concentrations of ascorbic acid (AA) and uric acid (UA),
with a LOD of 0.87 nm over a unique linear range of 20-220 nm.
Mounesh et al. successfully combined cobalt (II) tetracarboxylic
acid phthalocyanine (CoTCAPc) through amide linkage to form
tetra8[(E) (4methoxybenzylidene)amino] naphthalene 1-amine
cobalt (II) phthalocyanine (CoTMBANAPc), which revealed
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Table 3. Summary of the performance of metal phthalocyanine electrodes in dopamine sensing.

Electrode materials Method Linearity [um] LOD [um] Sensitivity [WA um~! cm™2] Reference
Poly(CoTABAPC) faY 0.1-4 0.03 16 [77]

Amperometry 0.1-1 0.02 24

CoTSPc/Gr DPV 0.02-0.22 0.0087 - [78]
CoTMBANAPc/MWCNT Amperometry 7.5-67.5 6.6 0.14 [79]
GCE/MnPc DPV 1.13-10.98 0.0146 6.05 [80]
GCE/ZnPc DPV 0.021-7.441 0.0105 9.54

ZnPc-P8BT-Pdots Photoelectrochemical sensors 0.0025-17.5 0.00169 - [81]
GCE/CNP-FeTCAPc cv 0.10-1.0 0.02 0.042 [82]
GCE/ CNP-polyFeTBImPc cv 0.10-1.00 0.02 0.067

CoTGPc DPV 2-12 1.2 291 [83]
Au-PEA-CoTCPhOPc cv 5-10 1.32 0.49 [84]
CoPc/GQDs DPV 2.91-33.38 0.021 2.78 [85]
ITO/(PEI/Na+MMT/PEI/NiTsPc) DPV 5-150 1 - 36]
AgNPs/CuMAPA/GCE DPV 0.01-10 0.0007 14.43 87]
GCE/rGO—Zn(Il) TPEBiPc DPV 0.05-0.8 0.0016 24.36 [38]
GCE/PANI/TA-CoPc hybrid v 20-200 0.064 1.21 89]
GCE/poly-3N-CoPc DPV 3.83-19 3.76 3.12 [90]
GCE/poly-3N-CuPc DPV 3.71-19 2.6 2.53

Si02/C/CuPc Amperometry 10-140 0.6 0.63 [97]
CoPc-modified carbon paste electrode (CoPc-CPE) Electrochemiluminescence 0.5-50 0.0088 - [92]
N-G/NiTsPc/GCE v 0.1-200 0.1 0.93 (93]

excellent solubility in aprotic solvents.[”®) The modification of
the electrode and sensing is shown in Figure 11. The modified
electrode was used to simultaneously detect AA and DA using
CV, DPV, and amperometric techniques. The modified GC
electrode was highly stable, reproducible, and sensitive for the
micromolar estimation of AA and DA.

Demir et al. synthesized tetra-substituted MPcs with 4-
methoxyphenylthiazole-2-thio-units and characterized them
using essential techniques such as NMR, FT-IR, and UV-vis
spectroscopy.[®#] Redox-dynamic metal centers and electropoly-
merizable substituents were introduced to increase redox
properties and electrochemical polymerization capacity. These

OH
HaN HaN

OH

Electro
polymerization
H,N
GC OH

MPcs were electropolymerized on polished GCE and used as an
electrochemical sensor to detect AA, DA, and UA using the DPV
method which displayed highly selective and sensitive detection
and identification of AA, DA, and UA. Peng et al. developed a
method to create photoelectrochemical (PEC) sensors using ph-
thalocyanine polymer dots. The zinc phthalocyanine was dipped
into a poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-(benzothiadia-zol-
4,8-diyl)] (P8BT) and characterized using various techniques.!!
Repeated immersion of indium tin oxide (ITO) electrode in the
solution produced the resulting ultrasensitive PEC sensor for
DA sensing. Here, the authors strategically orchestrated the
phthalocyanine polymer dabs (Pdots), with zinc phthalocyanine
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Figure 10. Schematic representation of dopamine sensing at poly-CoTABAPc. Reproduced with permission.[’”] Copyright 2019, Elsevier.
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Figure 11. Schematic representation of dopamine sensing at COTMBANAPc. Reproduced with permission.!”?! Copyright 2019, Elsevier.

(ZnPc) doping into poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-
(benzothiadia-zol-4,8-diyl)] (P8BT). The photocurrent intensity
of the ZnPc-P8BT-Pdots/ITO sensor increased as the concen-
tration of DA increased under blue light irradiation. Under
optimal conditions, the PEC sensor could accurately locate DA
in the range of 2.5 nmM—125 um with a LOD of 1.69 nm. The
sensor also demonstrated high performance, responsiveness,
quick response, and positive stability, indicating its potential
as PEC sensor for pharmaceutical research and application.
Semiconducting polymers with ZnPc-doped structures showed
run-of-the-mill photocurrent decrease compared with the
virgin polymers. As the photocurrent degraded, energy was
transferred from the polymer to ZnPc. Additionally, the ZnPc-
P8BT-Pdots/ITO sensor showed unrivaled PEC detection, high
response, quick reaction, and positive response for DA.

Our group synthesized iron tetrabenzimidazole phthalo-
cyanine (FeTBImPc) and iron tetracarboxylic acid phthalo-
cyanine (FeETCAPc) and mixed them separately with CNP
to fabricate GCE/CNP-FeTCAPc and GCE/CNP-polyFeTBImPc
electrodes!®?] and the schematic representation of the modifi-
cation of electrode and sensing mechanism is illustrated in
Figure 12. The composite was immobilized on the GCE using
drop-casting or electropolymerization. The modified GCE/CNP-
FeTCAPc electrode demonstrated superior electrocatalytic activ-
ity for dopamine oxidation, with linearity of 100-1000 nm and
LOD of 22 nM. The GCE/CNP-polyFeTBImPc sensor displayed
a dynamic range of 100-1000 nm with an LOD of 20 nm and sen-
sitivity of 67.2039 mA nm™ cm~* This electrode showed high
stability and selectivity for dopamine recognition, and its practi-
cality was explored through real sample investigation.

Adv. Sensor Res. 2024, 2400088 2400088 (12 of 29)

3.2. Cysteine

Cysteine is a non-essential amino acid known for producing pro-
teins with other metabolic capabilities. It is tracked down in beta-
keratin, nails, skin, and hair. Collagen is made by using cys-
teine. The cysteine sensors provide sensitive and explicit detec-
tion, which is essential for knowing metabolic cycles and perceiv-
ing related disorders. The remarkable electrocatalytic capacity of
MPcs makes it possible to accurately evaluate cysteine in com-
plex natural structures. MPcs are used in biomedical assessment
to follow cysteine levels, which helps to understand issues associ-
ated with cysteine assimilation and offers information about cell
abilities.

The unprecedented response and sensitivity of MPc-based sen-
sors allow the identification of trace and lower amounts of cys-
teine in natural and biological systems. The unique electrocat-
alytic property of MPcs helps in the precise and trustworthy dis-
closure of cysteine in complex natural structures by not respond-
ing to other intruding species from interfering. Table 4 provides
a comprehensive summary of the performance parameters of
MPcs in the sensing of cysteine related to electrode materials,
methods, linear range, LOD, and sensitivity.

Our group has developed cobalt (II) tetra[4-(2-(E)- [(4-
bromophenyl) iminojmethylphenoxy)] phthalocyanine (CoT-
BrImPc) complex, which was analyzed using various spectro-
analytical techniques such as IR, UV-vis, NMR, mass, powder
X-ray diffraction, and thermogravimetric methods.[**! The com-
plex was electrochemically active and used for the recognition
of 1-cysteine. The CoTBrImPc electrode was found to be a
promising electrocatalyst for the oxidation of 1-cysteine, with a
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Figure 12. Schematic representation of GCE/CNP-polyFeTBImPc for dopamine sensing. Reproduced with permission.[82] Copyright 2019, Elsevier.

shift in the overpotential toward more negative potential with
an enhancement in the peak current compared to the virgin
GCE. The voltammetric sensor showed its applicability in lower
concentration ranges. The amperometric sensor ensured LOD
and LOQ values of 4 and 12 nwm, respectively, with a sensitivity
value of 10.81 pA nm~' cm~2 for r-cysteine. The preparation of
the modified electrode and sensing mechanism is demonstrated
in Figure 13.

Table 4. Summary of metal phthalocyanines performance in cysteine sensing.

Shahrokhian et al. developed a cysteine-specific modified
electrode using lead phthalocyanine (PbPc) as an ionophore.[®]
The electrode was integrated into a plasticized polyvinyl chloride
layer and coated on the outer layer of a graphite electrode. The
electrode showed high selectivity for the detection of cysteine
compared to the inorganic cations, salicylate, and amino acids.
The sensor showed a wide range of cysteine detection between
1 x 107% and 5 x 1072 M. The electrode had a quick response

Electrode materials Method Linearity [um] LOD [um] Sensitivity [uA um~" cm~2] Reference
GCE/CoTBrimPc cv 0.01-0.100 0.003 0.00299 [94]
Amperometry 0.01-0.08 0.003 0.01081
CoPc-SPEs v 5-200 3.8 0.78 196]
Au NPs—FePc DPV 50-1000 0.27 57.2 [97]
FeTSPc/MWCNTs Amperometry 10-200 1 0.176 [98]
NiTsPc cv 1000-7000 - 233 [99]
(OMo (V) (OH)Pc) v 200020 000 0.1 - [100]
RGO-pTACoPc cv 0.05-2.0 0.018 10.19 [107]
FePc-based SAM cv 4-100 2 - [102]
CoTPC/poly-L-lysine CA 0.50-216 0.15 0.157 [103]
CoOBTPc SAM cv 0.5-10 0.31 - [104]
CoOHETPc cv - 0.52 - [105]
Electropolymerized (CoTAPc) cv - 120 - [106]
CoPc v 1-12 0.2 8.89 [107]
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Figure 13. Schematic representation of cysteine sensing at CoTBrimPc. Reproduced with permission.[**] Copyright 2019, Elsevier.

and excellent long-term stability. The electrode was applied for
cysteine sensing in a synthetic human serum sample which
achieved excellent recovery results.

Dispensable Co(Il)-phthalocyanine screen-printed graphite
electrode (CoPc-SPE) sensor has been fabricated for the elec-
troanalytical detection of 1-cysteine.’®! Cyclic and squarewave
voltammetric (SWV) techniques showed impressive electrocat-
alytic action toward the oxidation of 1-cysteine at CoPc-SPEs un-
der optimum neutral pH. The SWV displayed a linear range of
2.6-200 pm, with a low sensitivity of 0.78 pA pm~! cm™2 for detect-
ing 1-cysteine. The reproducibility and repeatability of 1-cysteine
determination using CoPc-SPE presented RSD of 3% and 0.4%,
respectively. The proposed r-cysteine electrochemical sensor is
applied for the evaluation of 1-cysteine in a complex embryo cell
culture medium.

Abbas et al. have developed an electrochemical sensor for
the precise quantification of cysteine using gold nanoparticle
(AuNP)-iron (III) phthalocyanine (FePc)-modified graphite paste
electrode.l”] The sensor characteristics were understood using
SEM, TEM, CV (cyclic voltammetry), and EIS (electrochemi-
cal impedance spectroscopy). CV of cysteine at the AuNP-FePc-
modified graphite paste electrode showed significant improve-
ment in the electrochemical behavior compared to the unmodi-
fied and FePc-modified graphite paste electrode. The sensor, con-
taining 0.055 wt% AuNPs, demonstrated excellent response in
the analytical range of 50-1000 mm and a LOD of 0.27 mwm.
Devasenathipathy et al. have constructed an iron tetrasulfonated
phthalocyanine (FeTsPc)-designed MWCNT composite modified
electrode for 1-cysteine sensing.[®®! Surface morphological inves-
tigations revealed uniform coverage of the FeTsPc at the outer
layer of MWCNT. MWCNT-FeTsPc composite decorated on GCE
showed improved electrocatalytic oxidation of 1-cysteine with
two oxidation peaks related to FeTsPc-intervened electrocatalysis.
The overpotential of the oxidation peak extraordinarily shifted to
—0.1 and +0.22 V. The amperometric sensor of MWCNT-FeTsPc
showed a wide linear range of 10 pmM—0.2 mm and an exception-
ally low LOD (1 um). The functional practicality of the sensor was
assessed for the determination of cysteine in human urine. The

Adv. Sensor Res. 2024, 2400088 2400088 (14 of 29)

designed sensor showed excellent stability, repeatability, and re-
producibility results.

The substituted nickel phthalocyanine (NiTsPc) chemically
immobilized on silica gel-modified carbon paste showed a re-
dox behavior with a midpoint potential of 0.44 V vs. saturated
calomel electrode (SCE).®”) The NiTsPc-modified silica showed
enhanced stability even in acidic media with an excellent abil-
ity to catalyze the electro-oxidation of cysteine at 0.5 V versus
SCE. The oxomolybdenum(V) phthalocyanine (OMoOH)Pc) em-
bedded into graphite powder was used to catalyze the oxidation
of cysteine.[1%] A significant decrease in the overpotential for cys-
teine oxidation was observed at 0.26 and 0.28 V versus Ag/AgC1
at (OMoOH)Pc and [OMo(OH)TSPc] separately, while 0.77 V ver-
sus Ag/AgCl was noticed at CoPc electrode. The anodic peak of
cysteine showed linearity in the concentration range of 0.02-0.08
mol dm~3 and 0.008-0.02 mol dm~3 for [OMo(OH)TSPc]*~ and
OMoPc, respectively.

3.3. Nitrite

Nitrite is commonly found in the environment, as well as pro-
duced by various industrial processes. It can originate from nat-
ural sources, such as microbial activities in soil and water, as well
as from anthropogenic sources like sewage, fertilizers, and indus-
trial waste, posing critical risks to the environment and human
health. Nitrite is highly toxic, causes hypotension, and limits oxy-
gen transport and delivery in the body through the formation of
methemoglobin. Hence for its detection, several analytical meth-
ods have been developed to detect and quantify nitrite in different
grids, including water, soil, and biological samples ranging from
conventional colorimetric examinations to advanced sensor inno-
vations. Colorimetric examinations, such as the Griess response,
offer simplicity and cost-effectiveness but may require high sen-
sitivity and selectivity. Electrochemical sensors influence nitrite’s
redox properties for quantitative recognition, providing a fast
and versatile solution for on-site analysis with minimal sample
preparation.
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Table 5. Summary of different metal phthalocyanine-based sensor performance for nitrite sensing.

Electrode material Method Linearity [uM] LOD [uM] Sensitivity [uA um~! cm™?] Reference
(CoTsPc/PDDA-Gr)n/GCE v 2-36 0.084 5.30 [108]
PEDOT/FePc/MWCNT/SPCF cv 2.5-25 0.71 0.64 [109]
CoTM-QOPc/ CNP/GCE cv 0.2-200 0.06 2.30 [110]

DPV 0.2-225 0.06 1.03
Si02/C/MnPc v 0.79-15.74 0.02 173 i
FeMAPc/AuNPs/GCE oY 1.9-2000 0.21 0.015 112
GCE/CoPc cv - 0.18 58.8 [113]
GCE/CuPc cv - 0.67 51.7
GCE/MnPc cv - 0.2 32
GCE/NiPc cv - 1.77 11.5
Poly(TazoCoPc)/CNP/GCE Amperometry 0.02-1 0.006 0.1372 [114]
Alternated FeT4MPyP/CoTSPc layers/GCE Amperometry 0.2-8.6 0.04 0.37 [115]
Pt-1/a-FePc/GCE Amperometry 0.5-30 0.1 12 [116]
Pt-2/a-FePc/GCE Amperometry - 0.06 1.4
FePc(tBu)4/GCE Amperometry 2-26 0.63 0.36 [117]
Au/FePc(tBu)4/GCE Amperometry 20-120 0.35 0.46
Pd/CoPc DPV 0.2-50 0.1 0.01 [118]
PA-TaCoPc@ZnO cv - 0.00021 6.36 [119]
CoPc@SWCNTs cv - 1.01 3.16 [120]
Chit-TsCuPc/GCE DPV 0.2-6.3 0.012 - [127]
CoTMePhCAPc/MWCNT/ cv 50-750 10.5 0.00037 [122]
GCE DPV 50-750 105 0.000043

Amperometry 50-500 6 0.000033

MPc-based composite electrochemical sensor systems stand-
out from other electrocatalysts due to their ability to react and
interact with nitrite. The unique electrochemical properties of
MPcs facilitate the selective and sensitive response for nitrite
monitoring in various samples. The ongoing studies on MPc-
based nitrite sensors aim to improve sensor performance, over-
come limitations in sensing, and investigate how MPc-based sen-
sors can be connected to different coherent systems. Table 5 pro-
vides a comprehensive summary of the performance of MPcs in
the sensing and detection of nitrite. Table highlights various elec-
trochemical parameters and characteristics associated with the
sensing of nitrite including electrode materials, methods, linear-
ity, LOD, sensitivity, and stability.

Cui et al. designed a novel composite film of graphene/cobalt
phthalocyanine composite on GCE for sensing nitrite.'%] Scan-
ning electron microscopy (SEM) and atomic force microscopy
(AFM) images provided the parity between the graphene/cobalt
phthalocyanine in the film, and it was found that the compos-
ite film had extraordinary synergist activity toward the oxidation
of the nitrite sample. This film not only displayed greater syner-
gist catalysis but also long-term stability for more than 70 days,
which can be credited to the dispersion of electroactive cobalt ph-
thalocyanine on immobilized graphene. The sensor had a LOD
of 0.084 uM at a signal-to-noise proportion of 3 (S/N = 3). Sim-
ilarly, Lin et al. explored the oxidative electrochemistry of ni-
trite on poly(3,4-ethylenedioxythiophene)/iron phthalocyanine/
multi-walled carbon nanotubes (PEDOT/FePc/MWCNT) modi-
fied screen-printed carbon electrode (SPCE).'®! The designed

Adv. Sensor Res. 2024, 2400088 2400088 (15 of 29)

electrode showed increased anodic peak current and reduced
anodic peak potential for PEDOT-charged SPCE. The heteroge-
neous electron transfer rate constant increased by 7.8 times on
the addition of MWCNT. The SPCE of PEDOT/FePc/MWCNT
fundamentally diminished the overpotential and improved the
peak current density. The sensor had a lower detection limit than
other electrodes and was applied for nitrite detection in various
water samples.

Jilani et al. integrated cobalt (II) tetramethylquinoline oxy-
bridged phthalocyanine (COTMQOPc) and studied its properties
utilizing different analytical techniques.!"'” The schematic illus-
tration of their work is presented in Figure 14. The GCE, coated
with CoTMQOPc/ carbon nanoparticles (CNP) composite, served
as a sensing element for nitrite detection. The composite film is
carefully fabricated on the GCE through drop coating while en-
suring uniform coverage and adhesion to the electrode surface.
The pure COTMQOPc modified electrode displayed a linear range
of 0.3-120 umol L~! with a lower LOD for nitrite whereas the hy-
brid composite of COTMQOPc/CNP/GCE demonstrated a linear
range of 0.2-200 by CV, 0.2-225 by differential pulse voltamme-
try (DPV), 0.1-350 umol L™! by chronoamperometry (CA), a LOD
of (0.06, 0.06, 0.033 pmol L~ by CV, DPV and CA respectively),
and sensitivity of (2.298, 1.031, 1.237 uA pM~'.cm™2 by CV, DPV
and CA respectively). The composite-modified electrode showed
superior electrocatalytic behavior and high selectivity even in the
presence of other interfering ions like carbonate, ascorbic acid,
urea, phosphate, and glucose. The better voltammetric response
observed is due to the integration of CoTMQOPc with CNP,
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Figure 14. Schematic representation of the fabrication of COoTMQOPc/CNP/GCE and nitrite sensing. Reproduced with permission.['1% Copyright 2020,

Elsevier.

which increased the surface area and conductivity of the elec-
trode.

Rahim et al. prepared mesoporous carbon ceramic lattice
Si0, /50 wt% C and characterized the materials utilizing N, sorp-
tion isotherms (SBET = 170 m? g™!), SEM, and conductivity
measurements.''!] Then MnPc was immobilized and XPS was
used to determine the Mn/Si nuclear characteristics and compo-
sition of the MnPc-modified materials. The sensor showed a lin-
ear range, limit of detection (LOD), quantification limit, and sen-
sitivity of 0.79-15.74, 0.02, 0.79 umol L7}, and 17.31 pA L umol~?,
respectively. The repeatability of the proposed sensor was found
to be within the standard deviation of 1.7%. The sensor was ap-
plied to real samples to determine nitrite levels in sausage meat,
streams, and lake water.

Saeed et al. electrodeposited gold nanoparticles onto GCE,
followed by 3-mercaptopropionic acid to empower the connec-
tion of an iron (III) monoamino-phthalocyanine (FeMAPc) via
amide bond arrangement.[''?] They examined the modified elec-
trode for SEM, energy dispersive X-ray (EDX), and UV spec-
troscopy for surface characterization, while CV and electro-
chemical impedance spectroscopy (EIS) procedures were applied
to understand the electrochemical characteristics. The electro-
chemical activity of nitrite at GCE, AuNPs/GCE, FeMAPc/GCE,
and FeMAPc-MPA/AuNPs/GCE was assessed utilizing DPV in
a phosphate buffer solution (0.1 m PBS, pH 5.8). FeMAPc-
MPA/AuNPs/GCE yielded a significant sensitive response of
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14.5 nA um~!, which was twofold better than that of AuNPs/GCE,
2.4 times FeMAPc/GCE, and 3.5 times at bare GCE, with a linear
range of 1.9 pm—2.04 mum (PBS, pH 5.8) and a LOD of 0.21 pm.
The FeMAPc-MPA/AuNPs/GCE showed specificity in the pres-
ence of interfering anions and demonstrated its practical capacity
in real water analysis.

Ndebele et al. utilized a new series of MPcs with Cu, Mn, and
Ni as focal metals (CuPc, MnPc, and NiPc) with tetrasubstituted
chalcone ligands, which were coated on polished carbon elec-
trodes and used as electrocatalysts for the nitrite sensor in pH
7 phosphate-cushioned saline.[''* The detection limit ranged be-
tween 0.18 and 1.77 um with a high sensitivity rate of 58.8 pA
mwm~! for CoPc. Compared to other electrodes, the CoPc showed
the best and NiPc displayed poor electrocatalytic activity for ni-
trite detection. Shambhulinga et.al. synthesized a novel terrazzo-
cobalt phthalocyanine polymer [poly(TazoCoPc)] using an oxy-
bridge to increase the conjugation and delocalized r electron im-
pact on the phthalocyanine moiety."!* Poly (TazoCoPc) and CNP
were combined to create an electrochemical voltammetric and
amperometric nitrite sensor, as represented in Figure 15. The
composite showed improved electrocatalytic activity for nitrite ox-
idation compared to pristine poly(TazoCoPc). The amperometric
sensor demonstrated excellent performance for nitrite detection
in 20 nM-1 pm range, with a LOD of 6 nm (S/N = 3) and a sen-
sitivity of 0.137 mA pm~'. The composite electrode was highly
specific and did not interfere with other co-existing species.
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Figure 15. Schematic representation of nitrite sensing using poly(TazoCoPc) electrode. Reproduced with permission.['"] Copyright 2019, Elsevier.

3.4. Phenols

Phenols are a class of organic compounds that contain a hydroxyl
(-OH) group connected to the aromatic benzene ring. They are
known for their active role in drugs and biomolecules but can
also be toxic with significant impacts on the environment and
human health. Phenols are often found in industrial wastewater
from various sources, such as chemical manufacturing, refiner-
ies, and agricultural runoff. These phenol-based pollutants can
enter water bodies through improper disposal practices or acci-
dental spills, and once in the environment, they can persist for
significant periods due to their stability and non- degradation.
Phenols are poisonous and can irritate the skin, eyes, and respi-
ratory system upon contact or inhalation. Systemic toxicity can re-
sult from prolonged or high-level exposure to phenols, affecting
the nervous system, kidneys, and liver. Also, phenols can present
dangerous situations to the environment and humans through
bioaccumulation and biomagnification in the food chain. Due to
these environmental and health concerns, there is a need for ef-
fective methods to sense and detect the phenols in water sam-

ples. The electrochemical sensors offer a promising solution for
the detection of phenols due to their sensitivity, selectivity, and
potential for portability. MPc-based sensors are very crucial in
the detection of phenols even in complex systems. MPc systems
exhibit excellent electrochemical activity toward the oxidation of
phenols by enhancing their response in addition to selectivity and
sensitivity.[!2)] These sensors are ideal for assessing phenol levels
in water bodies and effluents, making them applicable to regular
monitoring and assessment.

Table 6 provides an extensive literature on the MPc-based
sensors in the detection of phenols. Our group has developed
a novel cobalt (II) tetra-b-[N(2-(1,3-benzothiazole)) carbox-
amide] phthalocyanine (CoTBTCAPc) complex, which has
been characterized using various physicochemical and analyt-
ical techniques.' CV studies revealed that the complex is
redox-active, and its modification on GCE (GCE/CoTBTCAPc)
showed an excellent charge transfer ability, while the composite
hybrid of CoTBTCAPc with CNP covered on GCE (GCE/CNP-
CoTBTCAPc) enhanced the charge transfer at the interface.
The electrochemical oxidation of 4-aminophenol at nanomolar

Table 6. Summary of metal phthalocyanine based electrodes performance in sensing of phenols.

Electrode materials Method Linearity [um] LOD [um] Sensitivity [uA um~'ecm 2] Reference
GCE/CNP- cv 0.04-0.8 0.011 8.2 [124]
CoTBTCAPc DPV 0.1-1.0 0.03 417.7

Amperometry 0.1-0.9 0.03 888.7
GC/MWCNT/CoPc Squarewave voltammetry (SWV) 0.99-8.30 0.63 - [125]
CoPcNRs/FA-rGO/GCE DPV 2-160 0.65 - [126]
CoTSAPc- cv 0.1-30 0.03 56.03 [127]
MWCNT- DPV 0.1-38 0.03 114.09
GCE Amperometry 0.05-20 0.016 177.14
(PAH/FeTsPc + DPPG/AgNp)5 v 2-100 0.87 - [128]
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Figure 16. Schematic representation for the construction of GCE/CNP-CoTBTCAPc electrode for 4-aminophenol sensing. Reproduced with

permission.!24] Copyright 2019, Elsevier.

concentration was noticed in phosphate buffer of pH 7.0
electrolytic media. DPV and amperometric sensors showed
a wide linear response for 4-aminophenol oxidation in dif-
ferent concentration ranges as represented in Figure 16. The
GCE/CNP-CoTBTCAPc displayed selectivity for 4-aminophenol,
even in the presence of mixture of organic and inorganic species.
The proposed sensor offers potential for sensitive electrochem-
ical detection of 4-aminophenol in real-world applications like
Paracetamol tablets.

Cesarino et al. developed a sensitive electrochemical sensor us-
ing MWCNT and CoPc modified on smooth carbon electrodes
to identify the side effects of benzene electrolysis.'>! The sen-
sor showed a response for sequence of phenols’ such as cate-
chol, hydroquinone, resorcinol, phenol, and 1,4-benzoquinone
using squarewave voltammetry (SWV). The sensor was success-
fully used to ensure the total amount of phenols produced after
benzene oxidation, and the results were in full agreement with
the HPLC analysis. The results for the individual phenols formed
i.e., catechol (15.62 ug L"), hydroquinone (17.91 pg L™'), resor-
cinol (46.12 ug L7!), phenol (58.83 ug L™!) and 1,4-benzoquinone
(13.75 pg L71) were also determined.

Zhang et al. developed a novel nanocomposite fulvic acid
reduced graphene oxide (FA-rGO) and Co-phthalocyanine
nanorods (CoPcNRs) for synchronous detection of catechol, hy-
droquinone, phenol, and p-nitrophenol. FA was used as a reduc-
tant, and CoPcNRs were synthesized using a surfactant-assisted
ultrasonic technique.l?®! The microstructure and morphologies
of the materials were studied using SEM, XRD, and UV-vis spec-
trophotometer. DPV was used to explore the electrochemical oxi-
dation of catechol (CC), hydroquinone (HQ), phenol (PN), and p-
nitrophenol (p-NP). The FA-rGO/CoPcNRs electrode showed im-
proved electrochemical catalytic activity toward the synchronous
reduction of these compounds. The nanocomposite showed great
selectivity, response, and stability. The study also investigated
their application in real samples indicating the potential of the
developed senor as an ideal platform for simultaneous detection
of these compounds in natural samples.

Adv. Sensor Res. 2024, 2400088 2400088 (18 of 29)

Jilani et al. have developed a novel cobalt tetra-substituted
sorbaamide phthalocyanine (CoTSAPc) sensor for electrochemi-
cal oxidation of 2-amino phenol (2-AP).'?”] The CoTSAPc with
multiwalled carbon nanotubes-based sensor demonstrated ex-
cellent electron transfer capacity with an increase in surface
area on GCE. The sensor was able to detect 2-AP in a wide
range of concentration (0.1-30 by CV, 0.1-38 by DPV, and 0.05—
20 pmol L1 by CA), LOD of (0.03 by CV, 0.03 by DPV, 0.016
pmol L~! by CA) and sensitivity of (56.03 by CV, 114.09 by DPV,
177.14 pA.pM~tcm™2 by CA). The MWCNT-CoTSAPc/GCE sen-
sor demonstrated excellent electrocatalytic activity compared to
the CoTSAPc modified sensor, showcasing remarkable repeata-
bility, dependability, and high selectivity even in overabundance
of o-nitrophenol, p-nitrophenol, bisphenol A, aniline, and hydro-
quinone. The schematic representation of the modification of
MWCNT-CoTSAPc/GCE and the detection mechanism is shown
in Figure 17.

3.5. Hydrogen Peroxide

Hydrogen peroxide (H,0,) is a crucial component of various nat-
ural and modern cycles, and its detection provides a better un-
derstanding of different natural and industrial processes. MPc-
based H,0, sensors offer several benefits, including low LOD,
high sensitivity, and ensure precise and reliable H,O, detection
by preventing interference from other species. MPc-based sen-
sors are versatile and suitable for monitoring H,0, concentra-
tions in various natural and artificial systems. They are used in
biological processes to monitor H,O, levels and to obtain infor-
mation on oxidative stress and related cell processes. MPc-based
sensors are also employed for continuous monitoring of H,0,
in environmental systems.[>®! Table 7 provides a comprehensive
summary of the performance of MPcs in sensing H,0,.
Sudhakara et al. used cobalt phthalocyanine, which is known to
be a better electrocatalyst for a wide variety of natural, inorganic,
and biomolecular analytes.!*] Using an amide bridge, they
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Figure 17. Schematic representation of a modification of MWCNT-CoTSAPc/GCE and sensing of 2-amino phenol. Reproduced with permission.['?7]

Copyright 2019, Elsevier.

covalently bonded tetracarboxy cobalt phthalocyanine (TCCoPc)
with polyaniline (PANI). The linear sweep voltammetry (LSV)
and CA methods were employed for the quantification of H,O,,
as illustrated in Figure 18. The activity of the TCCoPc —PANTI for
H,0, detection may be due to the synergetic impact of the pen-
danted macrocyclic Pc with the redox-dynamic attitude of the core
cobalt metal and the PANT units.

Lokesh et.al. have developed a supramolecular self-assembled
monolayer of polymeric phthalocyanine (poly(CuPc)) on a gold
substrate.[13%] The process involves the interaction of the cyano
group of poly(CuPc) and Au surface. The functionalized gold

substrate was characterized using Raman spectroscopy, X-ray
diffraction, XPS, AFM, and electrochemical techniques. The
results showed that the cyano groups of CuPc firmly bind with
the gold surface with uniform distribution. The modified gold
surface exhibited a reversible redox nature and acted as an
electronic mediator for fast electron movement. The modified
electrode successfully catalyzed H,O, reduction, showing a
synergist current that grows with the peroxide concentration.
In another study, Lokesh et al. developed a layer-by-layer assem-
bly of water-soluble cobalt tetrasulfophthalocyanine on a gold
substrate pre-modified with poly(diallyldimethylammonium
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Figure 18. A) Schematic representation of H,O, sensing and, B) reduction of H,0, on the TCCoPc-PANI modified electrode. Reproduced with

permission.l12° Copyright 2021, Elsevier.
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Table 7. Summary of Metal Phthalocyanine based sensor performance for hydrogen peroxide sensing.

Electrode materials Method Linearity [um] LOD [um] Sensitivity [WA um~" cm™2] Reference
CoTMePhCAPc/MWCNT/GCE oY 50-750 12.5 0.000529 [91]
DPV 50-750 11.2 0.000049
Amperometry 50-500 5.5 0.00004
TCCICoPc-PANI/GCE Amperometry 0.2-52 0.05 2.32 [129]
poly (CuPc) v 0.35-70 0.25 - [130]
CoTSPc Amperometry 1-20 0.4 - [137]
GO/poly(CoTBIPc) (@Y 2-300 0.5 0.34 [132]
Amperometry 2-200 0.6 1.0004
CNT/Poly(CoTBImPc) v 0.01-0.1 0.005 - [133]
Amperometry 0.01-.01 0.002 -
CoTLMethPc/MWCNTs/GCE v 0.1-0.8 0.01 - [135]
DpPV 0.05-0.750 0.025 -
Amperometry 0.05-0.500 0.022 -
SPAUE-PA-MnTAPc Amperometry 1-30 0.117 150 [136]
SPAUE-PA-SWCNT-MnTAPc Amperometry 1-30 0.442 2790
SPAUE-PA-CoTAPc Amperometry 1-30 0.582 190
SPAUE-PA-SWCNT-CoTAPC Amperometry 1-30 0.643 5160
CoTCAPc Amperometry 100-25 000 8.4 0.0075 [137]
(OEt)gCoPc Amperometry £4000 3 - [138]
CoPc Amperometry £4000 3 -
CoPC Amperometry 200-5000 0.2 1.12 [139]
Nano-CoPc cv 20-18 000 5 7.7 [140]
FePc-CP NS (@Y 0.1-1000 0.017 97000 [147]
CoTTBMPPc Amperometry 0.01-0.2 0.004 0.00038 [142]
GCE-PolyCoTAPc Amperometry 0.50-4.46 0.15 15 400 [143]
GCE-PolyMnTAPc Amperometry 0.50-3.85 0.1 7400
Nano CoPc-Gr/GCE Amperometry 14-630 10 - [144]
rGO/CoPc-COOH (@Y 100-12 000 60 14 500 [145]

chloride).3] The assembled film was characterized using
UV-vis, Raman spectroscopy, ellipsometry, contact angle, AFM,
and electrochemical techniques. The results ensured complete
coverage of phthalocyanine film on the gold surface, with a
reversible redox behavior for the electrochemical sensing of
hydrogen peroxide in pH 7.0 phosphate buffer electrolyte. The
H, 0, spiked pond water yielded a recovery of 94%, demonstrat-
ing the efficiency and practical applications of the developed
Sensor.

In another study, our group synthesized cobalt phthalo-
cyanine with tetrabenzimidazole (CoTBIPc) moieties using
tetracarboxylic acid phthalocyanine. The resulting compound
was stable up to 500 °C and showed an amorphous nature.!'32!
The CoTBIPc complex was analyzed by CV and showed redox
characteristics corresponding to the central metal (Co*?/Co*!)
of the CoTBIPc and Pc macrocycle. The auxiliary amine of the
benzimidazole ring initiated the electropolymerization on the
polished GCE during potential cycling. The electropolymerized
film was used for H,0, detection, and the same is illustrated
in Figure 19. Further, electropolymerization was also performed
on graphene oxide (GO) covered GCE to improve the surface
area, conductivity, and sensitivit. The poly(CoTBIPc) and
GCE/GO/poly(CoTBIPc) demonstrated H,0, sensing in the

Adv. Sensor Res. 2024, 2400088 2400088 (20 of 29)

range of 3 to 140 pM and 2 to 200 pm, respectively. The ampero-
metric sensor GCE/poly(CoTBIPc) and GCE/GO/poly(CoTBIPc),
showed better LOD, reproducibility, repeatability, and high
stability.

Cobalt tetrabenzimidazole phthalocyanine (CoTBImPc) and
its polymer (poly(CoTBImPc)) were synthesized.'*¥] The CV
technique confirmed the redox nature of the poly(CoTBImPc).
To enhance conductivity, surface area, and responsiveness, CNTs
were functionalized on GCE before electropolymerization. The
resulting CNT/poly(CoTBImPc) amperometric sensor showed
a direct relation in 10-100 nm H,0, concentration range.
The sensor displayed remarkable reproducibility, repeatabil-
ity, and high stability without losing synergistic properties.
Figure 20 represents a detailed illustration of the sensing mech-
anism of H,0, detection and electrochemical behavior of the
CNT/poly(CoTBImPc) electrode.

Mashazi et al. used metallo-tetra-amino phthalocyanine
(MTAPc, M = Co and Mn) polymer films on gold and lustrous car-
bon electrode surfaces to detect and quantify H,0,.[13] The AFM
study of the polymeric Pc electrode showed a polymeric rough
film on ITO surface. The electrocatalytic response for H,0, was
significantly greater on the lustrous carbon polymer-modified
electrode compared to its gold counterpart.
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Figure 19. Schematic representation of H,0, sensing at GCE/GO/poly(CoTBIPc). Reproduced with permission.['32] Copyright 2018, Elsevier.

3.6. Paracetamol

Paracetamol is a crucial drug molecule known for its potency as
a painkiller. MPcs provide a platform for paracetamol detection
due to their versatile behavior and offer several benefits, includ-
ing better response for lower concentration, selectivity, and sen-
sitivity. These sensors are particularly suitable for drug-specific
applications, such as medication quality control and biological
monitoring to assess the effects of environmental changes on
the medication storage. The goals of MPc-based paracetamol de-
tection are focused on sensor execution, fabrication of flexible
and compact sensor systems, and scope of steady-state and real-
time monitoring applications. The adaptability and capability of
MPc-based sensors make them significant tools for addressing
the logical issues associated with the detection of paracetamol in
both regular and medication platforms. Table 8 provides a com-
prehensive summary of the comparison of the performance of
MPcs in the sensing of paracetamol.

Our group has developed a novel thio-bridged cysteine
ligand and its corresponding cobalt phthalocyanine complex
(CoTATPAPc) to enhance the stability and compatibility of
phthalocyanine with biomolecules during detection and to over-

come the electrode fouling effects.l'*¢] The synthesized complex
was characterized using various spectroscopic methods, includ-
ing TGA, FT-IR, UV-vis, mass, and NMR spectroscopy. The
resulting GCE/CoTATPAPc showed excellent electrocatalytic
performance for the simultaneous detection of paracetamol (PA)
and 4-aminophenol (4-AP). This sensor demonstrated a linear
response in the range of 20-360 nm with LOD of 4.2 and 4.1
nwM for 4-AP and PA, respectively. The DPV procedure exhibited
LODs of 6.1 and 6.3 nm with a sensitivity of 0.2211 and 0.0197
nm~' cm™? for 4-AP and PA, respectively. The sensor demon-
strated excellent response, reproducibility, repeatability, high
selectivity, and stability for recognizing PA and 4-AP, even at high
concentrations. Figure 21 presents the proposed mechanism for
the electrocatalytic oxidation of the PA and 4-AP compounds.
Luhana et al. have developed a touchy, quick, cost-effective,
and eco-friendly electrochemical sensor for biomedical, natural,
and pharmaceutical applications. They used graphene oxide
to form electrochemically reduced graphene oxide on GCE
(GCE-ERGO). Cobalt (II) tetra-aminophthalocyanine was elec-
tropolymerized onto the GCE consequently creating a stable
GCE-ERGO/polyCoTAPc electrode.l'*”] The detecting surface,
GCE-ERGO/polyCoTAPc was characterized using CV and EIS

(b)
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Figure 20. A) Schematic representation of H,0O, sensing, B) Mechanism of H,O, reduction at the CNT/poly(CoTBImPc) electrode.['*3]
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Table 8. Summary of Metal Phthalocyanine electrodes performance in Paracetamol sensing.

Electrode materials Method Linear [um] LOD [um] Sensitivity [uA um~! cm 2] Reference
GCE/CoTATPAPC cv 0.020-0.380 0.007 0.00019 [146]
DPV 0.020-0.340 0.0063 0.00025
Amperometry 0.020-0.360 0.0041 0.00302
GCE-ERGO/polyCoTAPC DPV 7.0-90 0.104 1.32 [147]
CoTBPCAPc/MWCNTs/GCE v 0.05-0.5 0.019 0.00008 [148]
DPV 0.05-0.75 0.017 0.0007
Amperometry 0.05-0.5 0.014 0.00012
FeTCIBCTCAPc@MWCNTs/GC cv 0.05-0.5 0.0205 - [149]
DPV 0.05-0.5 0.015 -
LSV 0.05-0.5 0.0155 -
Amperometry 0.05-0.9 0.0185 -
1.0Si02- cv 39.8-458 0.513 146 [150]
CS/CuPc DPV 19.9-385 0.564 173
4-CullTAPc SAM modified GCE DPV 5-1400 0.0304 - [157]

methods. The modified surface was characterized and confirmed
using infrared spectroscopy and energy-dispersive X-ray spec-
troscopy. The fabricated electrode was used for ultrasensitive
simultaneous recognition and assurance of dopamine (DA) and
paracetamol (PA). The electrocatalytic peak current for DA and
PA was significantly improved, with an oxidation potential differ-
ence of 264 mV, wide enough for concurrent and simultaneous
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detection of the analytes. The sensor showed excellent sensitivity
of 8.39 uA.um~! cm™2 for DA and 1.32 pAum~! cm™2 for PA.
The ultrasensitive electrochemical sensor was effectively used
for DA and PA determination in synthetic urine with excellent
recovery.

Mounesh et al. developed an electrochemical sensor for
the sensing of PA and DA. They mixed substituted CoPc

.0 CHs
® cocH H Y7
HNI 2 O
HZO H -CH3CONH2
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NH s
+H20
_______h...
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Figure 21. Proposed mechanism for the electrocatalytic oxidation of the compound A) PA and B) 4-AP. Reproduced with permission.['46] Copyright

2022, RSC Publications.
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Figure 22. A) Electrochemical mechanism for the oxidation of paracetamol (PA), DPV plot for (B) (a) bare GCE, (b) FeTCIBCTCAPc/GC, (c) 200 nm PA at
FeTCIBCTCAPc/GC and (d) 200 nm PA at FeTCIBCTCAPc@MWCNTs/GC electrode in PBS (pH 7) solution at a scan rate of 50 mV s~, (C) Peak current
for different electrodes, (D) different concentrations (50-500 nm) of PA at FeTCIBCTCAPc@MWCNTs/GC electrode and (E) linear plot of oxidation peak
currents versus concentration of PA. Reproduced with permission.!'#] Copyright 2022, RSC Publications.

(CoTBPCAPc) with MWCNTs and deposited them on the GCE
and applied CV, DPV, CA, and EIS to analyze the concentra-
tion of PA and DA.I'l The sensor demonstrated excellent
performance in identifying PA and DA in concentrations of 50
to 750 nmol L7, with LOD of 17 and 19 nmol L~! and high
reproducibility with 5.1% relative standard deviation. The sensor
constructed was simple, and delicate for the quantitative analysis
and screening of PA and DA and was successfully applied in
the analysis of commercial urine samples. The same group has
also developed a novel tetra-substituted Schiff base iron (II)
phthalocyanine (FeTCIBCTCAPc) complex and characterized
using IR, IHNMR, mass spectroscopy, XRD, TGA, and UV-
vis spectroscopy.'*l The composite of FeTCIBCTCAPc with

Adv. Sensor Res. 2024, 2400088 2400088 (23 of 29)

MWCNTs was applied for the electrochemical detection of PA as
represented in Figure 22. The FeTCIBCTCAPc@MWCNTs/GC
electrode showed superior electrocatalytic action for the ox-
idation of PA which exhibited lower oxidation potential and
larger peak current. This nanocomposite electrode can be
used as an improved detecting stage for the electrochemical
detection of PA by LSV. The proposed strategy was effectively
applied to the identification and sensing of PA in commercially
available tablet samples, confirming its suitability for practical
examination.

Ramos et al. have developed a mesoporous and thermally
stable chitosan/silica (SiO,-CS) bioinorganic hybrid material
using the sol-gel technique.[">*! The material has explicit surface
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Figure 23. SEM images of hybrid material A. 0.5 SiO,-CS, B.1.0 SiO,-CS, C. 2.0 SiO,-CS, D. 4.0 SiO,-CS (magnification 20,000x). Reproduced with

permission.!>%] Copyright 2019, Elsevier.

regions and mesopore widths allowing the immobilization of the
electroactive species, copper (II) tetrasulfonic phthalocyanine, on
the outer layer. The material was applied to the carbon paste elec-
trode, which showed good electrocatalytic activity for the redox
response of paracetamol. The modified electrode with 1% w/w
chitosan/silica showed a higher reaction current, and further
CV studies showed that the paracetamol oxidation-reduction
process is constrained by a diffusion-limited mass transfer
process. CV and DPV techniques demonstrated a low LOD and
high sensitivity. The electrode was also applied for paracetamol
detection in the presence of dopamine, which ensured excellent
selectivity, and reproducibility. The designed electrode is suitable
for paracetamol detection independently as well as simultane-
ously with paracetamol and dopamine. Figure 23 shows the SEM
images of hybrid material which revealed a rough surface for all
the samples, and the images are comparable inferring that the
insertion of various amounts of chitosan does not create huge
morphological changes at the integrated composite.

4. Advantages and Disadvantages of MPc-Based
Sensors

4.1. Advantages
4.1.1. Catalytic Activity

MPcs exhibit excellent catalytic activity due to their capacity to
facilitate reversible redox reactions.

Adv. Sensor Res. 2024, 2400088 2400088 (24 of 29)

4.1.2. Tunable Redox Properties

The redox properties of MPcs can be customized by changing the
central metal ion and functional groups attached to the phthalo-
cyanine ring.

4.1.3. Stability

MPcs are chemically and thermally stable, which makes them
suitable for long-term sensing applications. Their resistance to
oxidation and degradation ensures their durability, even in ex-
treme conditions and environments, such as high pH or high
temperatures.

4.1.4. Selectivity

MPcs can be designed to have selective interactions with
molecules, such as gases, biomolecules, or environmental pol-
lutants. This selectivity, combined with their catalytic properties,
allows MPc-based sensors to provide precise detection, reducing
cross-sensitivity and improved sensor precision.

4.1.5. Modification

MPcs can be functionalized with different functional groups
or integrated into nanocomposites like carbon nanotubes,
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nanoparticles, graphene, reduced graphene oxide, or conducting
polymers. This hybridization can enhance their conductivity, sur-
face area, catalytic effectiveness, and overall performance in elec-
trochemical detecting applications.

4.1.6. Biocompatibility

Certain MPcs are biocompatible, making them appropriate for
biosensing applications such as distinguishing the biological
molecules in medical diagnostics (e.g., glucose, dopamine).

4.2. Disadvantages
4.2.1. Slow Response Time

MPc-based sensors may occasionally display slower response
times compared to other materials, such as graphene-based sen-
sors. This is due to the slower electron transfer kinetics of MPcs,
which might restrict their application in rapid detection situa-
tions.

4.2.2. Limited Conductivity

Pure MPcs have lower electrical conductivity compared to other
electroactive materials such as graphene or conductive polymers.
This can reduce their efficiency in electrochemical analysis, un-
less they are modified or utilized as composite with more con-
ductive materials.

4.2.3. Cost of Synthesis

The synthesis of some MPcs, particularly those incorporating
rare or expensive metals (e.g., ruthenium, platinum), can be
costlier. This increases the overall expense of producing MPc-
based sensors, making them less economically viable for large-
scale commercial applications.

4.2.4. Sensitivity to Environmental Conditions

MPc-based sensors can be affected by environmental factors such
as humidity or temperature changes, which can alter their per-
formance. This can lead to decreased accuracy or the need for
calibration to maintain sensor reliability.

4.2.5. Limited Dynamic Range

MPc-based sensors offer various benefits, like high catalytic ac-
tivity, stability, selectivity, and tunability, making them promising
materials for different electrochemical applications. However,
challenges such as slower response times, lower conductivity,
and higher synthesis costs should be addressed through further
material engineering and optimization process to enhance their
performance and make them more commercially viable.
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5. Challenges, Concluding Remarks, and Future
Directions

While discussing the limitations and challenges of existing re-
search on MPcs, it would be of great importance to consider var-
ious dimensions, related to theoretical gaps, experimental short-
comings, technological issues, and application-specific barriers.

5.1. Theoretical Gaps

Many models have been proposed to understand MPcs’ elec-
tronic, optical, and magnetic properties, but are still too simplistic
to capture the complexity of real systems, especially under vary-
ing external conditions like temperature or pressure. Further, dis-
crepancies in reported data (e.g., in optical absorption spectra or
catalytic activity) often arise due to differences in experimental
conditions or synthetic methods, complicating the development
of universally applicable theories. The interaction between MPcs
and substrates or guest molecules is often insufficiently under-
stood in fields like catalysis or sensors. This hinders progress in
optimizing MPc-based materials for specific applications.

5.2. Experimental Challenges

The synthetic procedures for producing MPcs often lead to vari-
ability in terms of purity, crystallinity, and morphology. This
can make reproducibility across different laboratories difficult.
While MPcs show promise in laboratory-scale applications, scal-
ing up the production for industrial applications remains a chal-
lenge. This is especially critical for catalysis and electronic appli-
cations, where cost efficiency is important. Although advanced
techniques exist for characterizing MPcs, many are still not fully
optimized for in-situ measurements, which are crucial for un-
derstanding their behavior in real-time operational environments
(e.g., in catalysis or sensor applications).

5.3. Technological Barriers

One of the major challenges in MPc-based research is integrat-
ing these compounds into practical devices (like transistors, pho-
tovoltaic cells, or sensors) without significantly losing perfor-
mance. Issues like poor charge mobility and instability under op-
erational conditions limit their use in commercial devices. Many
MPcs are prone to degradation when exposed to environmen-
tal factors such as humidity, light, or oxygen, which limits their
longevity and reliability in practical applications. While MPcs are
relatively easy to synthesize, the cost of high-purity materials and
the lack of efficient, large-scale production methods can make
them less appealing for commercial purposes. MPcs are being
explored for use in organic photovoltaic cells, but their relatively
low efficiency compared to other materials (e.g., perovskites, sili-
con) remains a significant hurdle. While they show promise as
catalysts, their activity and selectivity need to be improved for
widespread applications in industrial catalysis. The challenge lies
in fine-tuning the central metal and substituents to achieve high
efficiency for specific reactions. Although MPcs have potential as
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therapeutic agents (e.g., photodynamic therapy), issues related to
biocompatibility, toxicity, and efficient delivery mechanisms re-
main unresolved.

In conclusion, the in-depth exploration of phthalocyanine-
based catalysts in electrochemical sensors revealed a promising
prospect with the potential to advance sensors for commercializa-
tion. Through meticulous explanation of material properties and
fundamentals of sensor mechanism, detailed insights into the
feasibility of MPcs in sensing applications have been discussed.
The inherent versatility of MPc-based catalysts because of their
structural tenability and desired characteristics have positioned
them as promising candidates for various photo and electro-
chemical applications. Their robust light absorption properties
across UV-vis and IR regions coupled with redox-active sites
facilitate the charge transfer and in turn enhance catalytic activity
and energy storage. Moreover, their capacity to self-assemble or
form parity with other conjugated materials during integration
enhances their applicability across diverse sensor platforms.
This comprehensive review of MPc-based electrochemical sen-
sors sheds light not only on the remarkable efficacy of these
materials but also on the boundless possibilities they hold for
shaping the future of sensor technology. As researchers continue
their efforts to advance sensor research technology, exploring
phthalocyanine chemistry promises a future of exciting innova-
tions, discovery, and transformative impacts with diverse catalyst
materials.

Looking forward, the prospects for phthalocyanine-based elec-
trochemical sensors are bright and promising. From environ-
mental monitoring to healthcare diagnostics, these sensors
are imperative to unlock transformative solutions to societal
challenges. Advanced materials engineering, the integration of
emerging technologies, and the pursuit of multifunctional sen-
sor platforms stand as pillars upon which future advancements
will be built. The following criteria can be considered for the re-
search in this field:

1) Materials Engineering: Materials science is continuously
evolving and offers new avenues for tailoring the proper-
ties of phthalocyanine-based catalysts. Advanced synthetic
techniques, such as molecular self-assembly, hydrother-
mal/solvothermal, CVD, and bottom-up fabrication methods
enable precise control over the structural morphology and
chemical composition of these materials. By exploring novel
synthetic routes and leveraging cutting-edge characterization
techniques, researchers can engineer phthalocyanine-based
catalysts with tailored functionalities optimized for specific
sensing applications. The combining of nanotechnology and
sensor technology presents a bundle of opportunities for ad-
vancing MPc-based electrochemical sensing capabilities and
practical applications. Nanoscale fabrication methods, such
as nanoimprint lithography and chemical vapor deposition
(CVD) techniques architect the precise patterning of MPc-
based catalysts onto sensor substrates, enhancing the surface
area and electrochemical reactivity. Additionally, it is capable
of real-time data analysis and adaptive sensing protocols, fur-
ther enhancing sensor performance and usability.

2) Multifunctional sensor platforms: The development of multi-
functional sensor platforms represents a shift in sensor de-
sign, enabling simultaneous detection of multiple analytes
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with high sensitivity and selectivity. MPc-based catalysts, with
their versatile chemical properties and tunable electronic
structures, are ideally suited for integration into multifunc-
tional sensor arrays. Researchers can address complex ana-
lytical challenges in diverse fields ranging from environmen-
tal monitoring to biomedical diagnostics by designing sensor
platforms capable of multiplexed sensing.

3) Environmental and healthcare applications: The applica-
tions of MPc-based electrochemical sensors in environmen-
tal monitoring and healthcare diagnostics hold immense
promise for addressing the impetus of societal challenges. In
environmental monitoring, these sensors can be utilized for
the detection of pollutants, heavy metals, and toxic chemicals
in air, water, and soil samples with high sensitivity and speci-
ficity. In healthcare, MPc-based sensors offer potential appli-
cations in disease diagnosis, biomarker detection, and drug
screening, enabling early disease detection and personalized
treatment strategies.

4) Commercialization and industrial adoption: The successful
translation of research findings into practical applications and
commercial products is essential for realizing the full im-
pact of MPc-based electrochemical sensors. Collaboration ef-
forts between academia, industry, and regulatory bodies are
necessary to navigate the complexities of technology trans-
fer, scale-up, and market penetration. Through the partner-
ship between researchers, manufacturers, and end-users, re-
searchers can accelerate the commercialization and industrial
adoption of MPc-based sensor technologies, bringing tangible
benefits to society and the economy.
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