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Chapter 2

This chapter investigates the electrodeposition of graphitic carbon nitride (QCN) and its
further modification with MnO. to enhance the electrocatalytic activity. While the
electrodeposition of gCN yields limited improvements in catalytic efficiency, significant
enhancement is achieved through co-deposition with manganese dioxide (MnO:). This
chapter is organized into two primary sections, detailing two different modification
methods and resulting outcomes.

In the first section, gCN is co-electrodeposited with manganese acetate in an in-situ
process to form a composite of gCN.MnO: directly on the electrode surface. The resulting
gCN.MnO: modified electrode demonstrates superior electrocatalytic activity compared
to that of electrodeposited gCN or manganese acetate alone. To evaluate the catalytic
efficacy of this composite, its surface was tested for dopamine electro-oxidation, which
confirmed an enhanced catalytic response. Despite these promising results, the approach
requires significant optimization due to practical challenges: gCN’s insolubility in
ethanol necessitates prolonged sonication (up to 16 hours), and handling indium tin oxide
(ITO) substrates during electrodeposition introduces additional complexities.

To circumvent these limitations, the second section of this chapter presents an alternative
strategy involving the direct synthesis of two gCN.MnxOy composites. This approach
allows for the straightforward preparation of gCN composites, minimizing the practical
challenges associated with electrodeposition. These synthesized gCN.MnO, composites
are systematically characterized, electrodeposited, and evaluated for electrocatalytic
performance. This alternative synthesis pathway offers a more efficient route for
enhancing the catalytic capabilities of gCN, providing insights into optimized composite

structures for potential electrochemical applications.
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2.1.1. Introduction

Graphitic carbon nitride (gCN), a polymeric metal-free semiconductor with a 2D layered
structure [1], has emerged as a potential material for photo-catalysis, adsorption, energy
storage [2—6] and optical and bio-chemical sensors [7—9]. gCN has been in the limelight
because of its unique traits, specifically its graphene-like planar structure composed of
sp2-linked carbon and nitrogen. In addition to its impressive physicochemical stability,
gCN's other benefits include its simple and inexpensive synthesis, and the ease of
functionalization [10].

Furthermore, the N-rich triazine structural units with pyridinic and graphitic N species
endows gCN with multiple electron donor sites for chemical and biological interactions.
However, the poor conductivity and impeded charge transfer of gCN limits its application
in electrochemical domains [11]. Several strategies have been opted to tune gCN for
electrochemical applications to overcome the associated shortcomings. A significant
improvement can be observed by tailoring the topography of bulk gCN. The improved
photocatalytic and electrochemical properties have been previously achieved by
exfoliating bulk gCN into nanosheets with smaller crystal sizes, increased surface area,
and more defects [12,13]. In another approach, the chemical and physical characteristics
of gCN are tailored by making its composites with metal oxide [14-16], carbon-based
materials [17], and conducting polymer [18]. Engineering hybrid composites of gCN with
localized heterojunction by constructing hierarchical porous and nano/micro-structures
of chemically different components can substantially increase the surface area and
facilitate charge transport characteristics. Transition metal oxides are specifically
beneficial for electrochemical applications owing to the variety of structural diversity and
various chemical oxidation states, which can promote redox reactions. Manganese is one

of the transition metals that has garnered much attention due to its distinctive polymorphs
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and associated properties. MnO2, Mn203, Mn3Os, MnsOg, MnOOH, and amorphous
MnOx are some of the different types of manganese oxide (MnOXx). Past literature reports
MnOx polymorphs as potential material for supercapacitors, electrochemical sensors, and
photocatalytic reactions due to their low cost and abundant natural reserves [19-21].
However, MnO; typically exhibits modest levels of electrochemical activity, likely
because of the material's poor interfacial contact, retarded electrical conductivity, super
capacitive nature & formation of the electric double layer. Also, it often aggregates
severely or even collapses when used alone, leading to inferior electrochemical
performance, which greatly confines its widespread practical applications. Nevertheless,
MnO: is known to be a great electron acceptor and thus is industrially relevant for aiding
the oxidation of many organic molecules.

To deal with the associated problems of MnO2 and gCN, herein, this manuscript
introduces a synergistic combination of gCN.MnO especially tailored for sensitive and
selective voltammetric sensors for investigating biomolecule oxidation. In the synergistic
combination, gCN will act as a 2D host structure providing an interface for MnO;
nucleation. The lone pair of N in gCN layers will have an affinity for interaction with
MnO: and thus is expected to result in stable composite formation[22,23]. On the other
hand, MnO> will electrocatalyze the oxidation of biomolecules preferentially interacting
with m-conjugated electrons of the gCN. Henceforth, in this work, we propose an
unconventional approach to electrodeposit gCN on a conducting substrate and its in-situ
decoration with MnO. nanostructures. To the best of our knowledge, this is the first
systematic report to study and decipher the step-by-step mechanistic of gCN.MnO:
electro-polymerization/deposition and its effect on the electrochemical performance. For
meaningful voltammetric responses in terms of electrocatalytic ability and increased

sensitivity, the formation of uniformly modified surfaces is of utmost importance.
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Conventional drop cast method leads to uncontrolled surface accumulation of bulk
materials, particle agglomeration, coffee rings, cracks during solvent evaporation there
by causing the inhomogeneity in particle distribution[24,25]. In contrast to the previously
used drop-casting method, the proposed electrodeposition strategy utilizes in-situ
electrochemical exfoliation and surface functionalization resulting in uniform deposition
of composites on the electrode surface with precise control over thickness. The
electrodeposited films are expected to showcase better reproducibility since no drop is
being cast on the electrode surface attenuating both the human error incurred during
casting a sessile drop and anisotropy created during solvent evaporation.

For practical applicability of the designed electrode interface, the gCN.MnO:
functionalized electrode has been used for sensing dopamine, one of the essential
catecholamine neurotransmitters, as the test case. DA is a member of the family of
excitatory chemical neurotransmitters [26]. It plays a vital role in communicating
information between neurons relevant to attention, learning, cognition, memory,
motion control, sleep, blood pressure regulation, and emotion [27,28]. It is
significant to note that variations from healthy, normal levels of DA (10-1000 nM)
[29,30] in urine and other body fluids might have symptoms of several disorders. A
low DA level has been closely linked to illnesses including Parkinson's disease,
bronchial asthma, anorexia, schizophrenia, attention deficit hyperactivity disorder
(ADHD), Alzheimer's disease, Huntington’s disease, restless legs syndrome (RLS),
and HIV infection[31-35]. These disorders can be minimized by external medicine
like L-DOPA which also poses a threat of Dopamine overdose and it clinical
implications [36]. However, because DA functions as a neurotransmitter associated
with addiction and performance, use of illegal drugs for eventually increasing DA

levels is also known in drug addiction cases which poses increased risk of depression,
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hypertension, and aggressive crimes. It is well recognized that DA is an
electrochemically active substance that can be electrochemically oxidized to produce
dopamine-o-quinone (DAQ). As electroanalytical methods are ideal for point-of-care
portable diagnostics, eliminating costly instruments setup and cumbersome
processing. Consequently, electroanalytical monitoring of DA is of the utmost
relevance. Therefore, the developed scaffold has been evaluated for qualitative and

quantitative electrochemical analysis of dopamine.

2.1.2. Experimental

2.1.2.1 Materials

Indium tin oxide (ITO) coated glass pieces with a resistance of 18 Q were procured from
DTech Solutions (Kanpur, India). Analytical grade reagents including dopamine
hydrochloride ((HO)2CeH3CH2CH2NH2.HCI), melamine (CsHsNs), manganese (1)
acetate tetrahydrate ((CH3COO).Mn.4H20), ethanol (CHsCH20OH), potassium
ferricyanide (KsFe(CN)g), potassium chloride (KCI), uric acid (CsH4N4O3), melatonin
(C13H16N202), dextrose anhydrous (CsH1206), sodium dihydrogen phosphate (H2NaO4P),
ortho-phosphoric acid (HsPOgs), disodium hydrogen phosphate (Na:HPOs) were
purchased from Alfa Aesar. The chemicals were used as obtained without any further
purification. 0.1 M Phosphate buffer was prepared following the method reported by
Christian and Purdy. Deionized water from a Milli-Q ultrapure water purifier (Millipore,
Billerica, MA) was used for preparing the stock solution and requisite test aliquots
throughout the experimental procedures.

2.1.2.2 Synthesis of gCN

The graphitic carbon nitride (JCN) was synthesized by direct thermal polycondensation
of melamine, with some modification as reported previously in the literature[37]. Briefly,

10 g of melamine powder was taken in an alumina crucible and placed inside a muffle
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furnace. The furnace was progressively heated at a ramp rate of 6 °C/min till 600 °C,
where the temperature was held constant for 6 h. After the furnace cooled down to room
temperature, the crucible was taken out to collect a light-yellow coloured powder referred
to as bulk gCN. The material so formed was grinded in a mortar pestle and used for
further characterization.

To enhance the dispersion characteristics and surface area of the bulk gCN, its particle
size was further reduced by mechanical exfoliation via ball milling. The ball milling was
carried out using a Fritsch pulverisette 7 premium line planetary micro mill. A grinding
bowl of 45 mL was used with 3 mm zirconia balls at 300 rpm for 10 cycles of 30 min
each with 5 min pause time between the cycles. The ball-to-powder ratio of 10:1 by mass
was used.

2.1.2.3 Characterization details

The crystallographic information of synthesized as well as ball-milled gCN was obtained
using the X-ray Diffractometer (Rigaku miniflex 600, Japan) using Cu-ka radiation
source. The surface functionalities of gCN were examined by performing Fourier-
transform infrared (FTIR) spectroscopy in the wavenumber range of 550 — 4000 cm™
with 4 cm™ resolution using the Thermo ScientificTM Nicolet iD7 spectrometer. The
surface and morphological information were extracted by employing ZEISS EVO
scanning electron microscope performed at 20kV. K-Alpha, Thermo Fisher Scientific X-
ray photon spectrophotometer equipped with a monochromatic Al Ka micro-focused X-
ray source (100-4000 eV) was employed for elemental analysis of bare and modified
electrode surfaces. Raman spectra were collected on a Research India Raman
spectrometer equipped with a 785 nm laser excitation source at laser power 130 mW and
an exposure time of 10s. NTEGRA Prima scanning probe microscope (NT-MDT Service

& Logistics Ltd) was used to do the surface analysis.
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2.1.2.4 Electrochemical measurements

A PalmSens3 voltammetric analyzer was used for all the electrochemical measurements.
A three-electrode system consisting of Ag/AgCIl (3M KCI), platinum wire, and ITO
coated glass as the reference, counter, and working electrode, respectively, was used for
all the electrochemical measurements. 1M KCI was used as a supporting electrolyte
during the electrodeposition processes. The pH 7.4, phosphate buffer was used as the
supporting electrolyte for all other studies.

2.1.2.4.1 Electrodeposition of gCN, MnO and gCN.MnO, composite

Prior to electrodeposition, ITO coated glass slides were first ultrasonically cleaned in
deionized water (DI), ethanol, and isopropyl alcohol. Afterward, the surface was rinsed
with DI and dried in a hot-air oven maintained at 75 °C. For the electrodeposition, 5
mg/mL gCN suspension was prepared by dispersing 50 mg of ball-milled gCN in 10 mL
of ethanol via bath sonication for 16 hours. From the prepared suspension, 500 uL was
taken out and poured into an electrochemical cell already containing 1 mL of 1M KCI.
The solution was finally made to 2 mL by adding the requisite volume of ethanol. The
gCN was directly electrodeposited on the pre-cleaned ITO working electrode by scanning
the potential between - 1000 mV and + 1600 mV at a scan rate of 100 mV.s? in the
prepared aliquot. The number of scans used for electrodeposition varied from 5 to 25 to
decide the optimum number of scans required to get the desirable electrochemical
response. After completing the requisite scans, the ITO was rinsed with double-distilled
water and dried at room temperature. The electrodeposition protocols were optimized by
measuring the CV and SWV peak current of 0.5 mM Kj[Fe(CN)s] using the gCN
modified ITO prepared by varying the number of deposition CV cycles in the range of 5-

25. The electrodeposited ITO is called gCN/ITO in the following text.
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Similarly, the electrodeposition of MnO. was carried out by scanning the cyclic
voltammetry potential between - 1000 mV and + 1600 mV at a scan rate of 100 mV.s*
in 1 mM manganese acetate solution prepared in 0.5 M KCI. The number of CV scans
used for electrodeposition was optimized for attaining the best electrochemical response.
For the electrodeposition of gCN.MnO. composite, 2 mL suspension was prepared using
500 pL of gCN, 200 pL of 10 mM manganese acetate solution, 300 pL of ethanol, and 1
mL of KCI. All the electrodeposition and optimization procedure were kept the same as
used for gCN electrodeposition.

2.1.2.4.2 Electroanalytical technique and sample preparation

A comparative evaluation of the electrochemical response was used to decide the
appropriate number of electrodeposition cycles. For the comparative evaluation, the
cyclic voltammetric response of the individually modified scaffold was recorded from -
0.2 V to +0.6 V at a scan rate of 100 mV/s in a solution composed of 1:1 volume ratio of
1 mM Ks[Fe(CN)s] and 1 M KCI.

Dopamine (DA) was taken as the test analyte for evaluating the applicability of the
electrodeposited surface for voltammetric sensing applications. 5 mM stock solution of
DA was prepared by dissolving the appropriate weight of solid DA in DI to conduct the
qualitative and quantitative electroanalytical studies. The stock solution was stored in the
dark to avoid any light-induced degradation of DA. DA solutions of different
concentrations were then prepared using the dilution method. 1 mL of PB-7.4 was kept
constant in all the aliguots, and the remaining 1 mL was composed of the required volume
of DA stock solution and DI water. The electrochemical properties of dopamine were
investigated using square wave voltammetry (SWV). The SW voltammograms were
recorded in the 0 - 0.5 V voltage range, with a 6 mV step. The optimal amplitude and

frequency were 25 mV and 10.0 Hz. After each SWV scan, the sensor surface was washed
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with DI and stabilized by recording five SWVs in a buffer solution in the working

potential range.

2.1.3. Results and Discussion

2.1.3.1 Physico-chemical characterization of the synthesised and ball-milled gCN

Several characterization techniques were employed to study the physical, chemical, and
topographical characteristics of the synthesized material. The formation of gCN was first
indicated from the powder X-ray diffraction (PXRD) patterns presented in Figure
2.1.1(a). The X-ray diffractogram of the gCN exhibited a sharp peak at ca.
[38]corresponding to the (002) plane, which is the characteristic signature of the graphite-
like stacked layer arrangements of the conjugated aromatic systems. Another small
diffraction peak at 13.1° represents the in-plane aromatic structural packing. The d-
spacing between the gCN layers was found to be ~ 0.33 nm, calculated using the theta
values of the most intense peak. Furthermore, the XRD patterns of the ball-milled gCN
were recorded and compared with the bulk gCN. It can be witnessed from the figure that
ball-milled gCN exhibited substantially reduced peak intensities compared to bulk gCN.
This manifests the pulverization and exfoliation of bulk gCN into thinner layers and

smaller crystal sizes [39,40].

To further analyze the chemical structure of the bulk gCN and the changes incurred due
to ball milling, Raman spectroscopy with a 785 nm excitation source was exploited. The
Raman spectra of both gCN and ball-milled gCN in Figure 2.1.1(b) showcase peaks at
700, 760, and 1233 cm, along with a broad band around 1412 cm™. In agreement with
the FT-IR spectra, the band at 700 cm™ can be assigned to the breathing mode of triazine
rings, while the Raman mode at 760 cm™ corresponds to the out-of-plane bending of the
graphitic domain. The bands at 1233 and 1412 cm™ can be assigned to C-N stretching

mode [43,44]. After ball milling, all the Raman bands exhibit a slight decrease in intensity
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except the one at 760 cm™. In fact, a considerable difference was observed in the relative
intensity of 700 to 760 cm™. The intensity ratio lzoo/l760 for ball-milled gCN was found
to be 1.1 compared to 1.32 for the bulk gCN, indicating the structural perturbation and
defect formation due to ball milling [44]. The perturbed crystal structure with increased
defects and decreased crystal size of the ball-milled gCN was further supported by the
increased full width at half maxima (FWHM) values corresponding to the peaks at 700
and 760 cm™. Both the peaks exhibited an increment of 12.5 cm™ and 19.82 cm?,
respectively, compared to the bulk gCN. The observations closely agree with the

abovementioned XRD analysis [45].
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Figure 2.1.1: (a) XRD pattern of melamine, ball-milled gCN, bulk gCN. (b)
Comparative Raman spectra of bulk gCN and ball-milled gCN. Deconvoluted Raman
spectra of (c) bulk gCN, and (d) ball-milled gCN.

To further confirm the increased defects in the ball-milled gCN, the broad Raman bands

centered at 1412 cm* were deconvoluted into distorted D and graphitic G bands (Figure
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2.1.1(c-d)). The deconvoluted spectra of bulk gCN showcase three peaks at 1420, 1459,
and 1484 cm™ ascribed to the D, D’, and G bands, respectively. Similar peaks were
observed for the ball-milled gCN. However, the peaks were red-shifted by 8 cm™ at 1412,
14 cm? at 1443, and 7 cm™ at 1477 cm™ compared to bulk gCN. These peculiar features

univocally suggested that ball milling resulted in defect-rich and disordered gCN crystal

structures.
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Figure 2.1.2: FTIR spectra of bulk gCN and ball-milled gCN.

FTIR spectroscopy was next utilized to understand the surface functionalities of the gCN
in its bulk state. The FTIR spectrum of gCN and ball-milled gCN is shown in Figure
2.1.2. The spectra showcase a broad peak in the region of 3100 - 3400 cm™ enumerating
the presence of -NH and -OH groups on the surface of the gCN. The -NH group indicates
the free amino groups at the unpolymerised triazine rings. Whereas the -OH group
correspond to the oxygen-containing surface contaminants like carbonates and water
molecules adsorbed on the gCN surface. Multiple peaks between 1100 and 1600 cm™

correspond to the various vibrations of the C-N bonds constituting the polymeric
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arrangement of triazine rings. The stretching vibrations of C-N (-C)-C or C-NH-C are
associated with the bands at 1317 and 1239 cm™. The aromatic C-N vibrations of
stretching has been attributed to the intense bands at 1640, 1569, and 1401 cm™,
demonstrating the effective formation of gCN. At the same time, the sharp peak at 804
cm* belongs to the characteristic out-of-plane bending/breathing vibration mode of the
triazine units in the gCN framework [37,41,42]. The FTIR spectra of the ball-milled gCN
also exhibited similar peaks with higher absorbance reflecting the increased disorder and

defects.
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Figure 2.1.3: SEM images demonstratlng surface morphology of (a,b) bulk gCN, and
(c,d) ball-milled gCN.

Scanning electron microscopic (SEM) images of the bulk and ball-milled gCN were next

recorded to visualize the structural changes. Figure 2.1.3 represents the SEM images of
gCN before (a, b) and after ball milling (c,d). It can be witnessed from the figure that the
synthesized gCN exists in plate-like morphologies, which were pulverized to much

smaller structures after ball-milling. The SEM images validate the conclusions drawn
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from the XRD and Raman spectroscopy and confirm the smaller crystal structure of the
ball-milled gCN with more edges and defects. The structural perturbation and increased
surface area caused by ball milling are expected to be conducive to the electrochemical
applications and therefore were investigated in detail.

2.1.3.2 gCN Electrodeposition and In-Situ Decoration with MnO2 Nanostructure:
After the detailed material characterization, the possible benefits of bulk and ball-milled
gCN for enhancing the electrochemical characteristics of a conducting scaffold were
investigated. To date, several reports have documented the use of gCN modified surfaces
and their application for developing electrochemical sensors. However, in all the
previously reported publications, it has been simply drop-casted on the electrode surface.
Nevertheless, drop-casting is associated with problems like non-uniform particle
distribution, spreading issues complicated by human errors, and uncontrolled loading.
The chemical instability of the immobilized material under experimental conditions is
another issue that severely affects the reproducibility and reliability of the measurements.
Therefore, in this work, a one-step electrochemical fabrication of MnO> decorated gCN
has been attempted with the objective of developing a scaffold for sensitive and selective
voltammetric detection of catecholamines. To the best of our knowledge, this is the first
report describing the unconventional approach of controlled surface engineering of a
substrate via the electrodeposition of MnO: decorated gCN and its sensing application.
Therefore, the following sections will focus on understanding electrodeposition
mechanisms and deciphering how experimental parameters affect electrochemical
performance.

2.1.3.2.1 Mechanistic Understanding

The gCN electrodeposition/electropolymerization has been carried out using cyclic

voltammetry in the gCN containing aliquots as per the details mentioned in the
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experimental section. The first cyclic voltammograms showcase that the
electropolymerization proceeded via the oxidation of free amino groups at ~ 0.6 V,
followed by radical cation formation at ~1.3 V. The radical peak was observed only in
the first cycle as it gets consumed while catalyzing further steps. Nevertheless, another
peak at 0.75 V was observed after the first cycle, corresponding to triazine ring
electropolymerization. With the increasing number of scans, the peak at 0.6 V
corresponding to the oxidation of free amino groups of unpolymerized triazine rings
decreases, and ultimately merges with the peak at 0.75 V, leading to a broad peak, shifting
towards higher potentials (Inset of Figure 2.1.4(a)). The increased peak current and peak
width at ~ 0.75 V indicate the successful electropolymerization of gCN using the
unpolymerized triazine rings as monomers. With the increasing extent of polymerization,
the free monomers should decrease, which supports the decreased contribution from the
oxidation peak at 0.6 V. Thus, the successful surface functionalization with
electropolymerized gCN was concluded from the CV curves[46]. XRD and HR-SEM
also confirmed the effective surface functionalization via gCN and are discussed in the
following sections.

Next, the mechanistic of in-situ formation and electrodeposition of MnOz nanostructures
from the Mn?* solution was deciphered through the peaks observed in the cyclic
voltammograms (Figure 2.1.4(b)). Under the conditions used in the experiment, the
electro-oxidation of Mn?* to MnOy is reported to proceed via electrochemically induced
chemical reactions (ECE mechanism; two electrochemical steps separated by a chemical

step).
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Figure 2.1.4: (a-c) Cyclic voltammograms observed for electrodeposition of (a) gCN (b)
MnOz and (c) gCN.MnO2 composite. (d) Square wave voltammograms (e) bar diagram
of current response observed using gCN.MnO2/ITO for 0.5 mM KsFe(CN)e in KCl as a
function of different number of electrodeposition scans. (f) Comparative square wave
voltammograms recorded for 0.5 mM KzFe(CN)e in KCI at Bare ITO (black), gCN/ITO
(cyan), MnO2/ITO (olive) and MnO2.gCN/ITO (green).

Validating the previously reported data, the observed cyclic voltammogram manifested
similar peaks corresponding to Mn(Il) oxidation to Mn(lll) at 0.3 V. The Mn(lll) so
formed being metastable chemically hydrolyses to MnOOH. On further application of
potential, MnOOH oxidizes to MnO: on the ITO substrate exhibiting a peak centered at
0.9 V. In the reverse sweep, the reduction of MnO2 to MnOOH and Mn?* takes place
corresponding to the peak at 0.9 V, 0.4 V, and 0 V, respectively[47-51]. The observed
currents for the respective peaks increased with the increasing number of deposition
cycles indicating the successful electrodeposition of conducting MnO. on the ITO

surface. The mechanism is represented in the equation as follows:

ECE mechanism

Mn?* — Mn* +¢ (Electrochemical Oxidation at 0.3 V)
Mn®* +2H,0 — MnOOH + 3H* (Hydrolysis in a chemical process)
MnOOH —» MnO2+H" + ¢ (Electrochemical Oxidation at 0.9 V)
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Finally, the one-step electrodeposition of MnO> decorated gCN on the ITO surface was
attempted. To do so, cyclic voltammetry was carried out in a solution containing both the
gCN, and Mn?* and the resulting voltammograms are presented in Figure 2.1.4(c). As
visible from the figure, the current responses were substantially higher than the individual
responses of gCN and MnOg, respectively. Furthermore, with the co-existence of gCN
and MnO;, the electropolymerization peak of gCN was found to merge with the oxidation
peak of MnOOH, resulting in a broad peak centered at ~ 0.7 V. It is worth mentioning
that in the presence of gCN, the peak of MnOOH was slightly shifted to higher potentials
which could be because of the stabilization of Mn** (or MnOOH) species by gCN.
Ascribed to this stabilization, it is expected that the Mn3* (or MnOOH) specie can stably
exist for a longer period of time, and thus a little more work needs to be done for its
further oxidation to Mn** (MnO). The increased stability of Mn®" (or MnOOH) was also
inferred from the reverse cycle showcasing increased contribution from the MnO> to
MnOOH and MnOOH to Mn(ll) peaks compared to the side peaks observed in the
absence of gCN. We propose that the increased current is because of the synergistic
interactions between the Mn®* (or MnOOH) and the lone pair of nitrogen and surface
oxygen groups of gCN, which provided additional stability to the otherwise unstable
Mn®/MnOOH ions. The peak current corresponding to all the peaks increased with every
scan indicating the formation of MnO> decorated gCN with substantially improved
electrochemical characteristics.

2.1.3.2.2 Protocol Optimization

The extent of surface functionalization via electrodeposition is a function of the number
of CV scans, which in turn dictates the electrochemical response. Therefore, the
electrochemical response of the gCN and MnO..gCN/ITO was monitored by varying the

number of CV cycles. For comparative evaluation, the CV and SWV peak current of 0.5
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mM Ks[Fe(CN)g] was recorded using the gCN/ITO and MnO2.gCN/ITO prepared by
employing a different number of CV scans in the range of 5-25. Figure 2.1.4(d & e)
demonstrates that the peak current increased with increasing deposition cycles till 15
scans. After the 15" scan, a slight decrease in the peak current was observed because the
thicker surface layer created a mechanical barrier between the electrode surface and the
analyte, leading to capacitive current and impeded electron transfer. Therefore, 15 scans
were finalized for the optimized surface modification protocol and used for all the further
measurements.

Furthermore, the electrochemical response of bare ITO, gCN/ITO, MnO2/ITO,
gCN.MnO2/ITO were compared. As visible from the Figure 2.1.4(f), gCN.MnO:
exhibited the highest peak current compared to all the other surface modified scaffolds
prepared following the optimized protocol. An increment of ~ 2.75 fold was witnessed
compared to the bare ITO. These findings demonstrate that there are more
electrochemically active spots on the gCN.MnO2/ITO facade that facilitates the electron
transfer and results in the substantial improvement in current.  Henceforth,
gCN.MnO2/ITO scaffold has been extensively characterised and investigated for
electrochemical applications.

2.1.3.2.3 Surface Characterization

Motivated by the electrochemical affirmations, the step-by-step changes in the surface
topography were further visualized using HR-SEM. The microscopic images of the bare
ITO, gCN/ITO, MnO2/ITO, gCN.MnO/ITO and EDX of gCN.MnO2/ITO are presented
in Figure 2.1.5 (a-i). As the figure shows, the smooth plate-like growth was observed on
the gCN/ITO surface. On the other hand, MnO>/ITO showcased microscopically open
3D worm-like structures of dimensions in the range of 10-20 nm (width). Interestingly,

gCN.MnO; exhibited gCN plate-like structures decorated with nanoworms of MnO.. The
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visible surface decoration of gCN with MnO2 nanostructures was further supported by
the elemental mapping, univocally demonstrating the uniform surface distribution of Mn

and O over carbon and nitrogen.

"o 10 20

Figure 2.1.5: HR-SEM images of (a) Bare ITO, (b) gCN/ITO, (c) MnO2/ITO, (d)
gCN.MnO2/ITO. (e-h) represents the gCN.MnO2/ITO region used for elemental mapping
of Mn, C, N and O, respectively. (j) Comparative AFM surface profile at 5 um resolution
for ITO and gCN.MnO2/ITO. 3D AFM surface profile of (k) ITO, and (I)
gCN.MnO2/ITO.

3.0 4.0 5.0

The atomic force micrographs (AFM) shown in Figure 2.1.5 (j-I) demonstrate the
pronounced coarse and prickly surface profile of the gCN.MnO/ITO compared to bare
ITO. From the AFM analyses of the peak profile, an average height of 9.551 nm was
observed for gCN.MnO2/ITO compared to 1.472 nm exhibited by ITO. The increased

peak height accounts for 7-8 nm thick electrodeposited gCN.MnO- layer on the ITO
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scaffold. The consequential increase in the nanoscale roughness was also witnessed after
electrodeposition. As a result of electrodeposition, the average roughness increased from

0.858 nm to 1.897 nm.

After visual confirmation, the surface/chemical functionalities corresponding to MnO>
and gCN were further investigated using X-ray diffraction (XRD). Figure 2.1.6(a-b)
illustrates the X-ray diffraction (XRD) peaks observed for four different samples: indium
tin oxide (ITO), gCN-coated ITO (gCN/ITO), MnOz-coated ITO (MnO2/ITO), and
gCN.MnO2-coated ITO (QCN.MnO/ITO). The ITO displays distinct X-ray diffraction
(XRD) peaks at 21.6°,30.0°,35.0°,50.4° and 59.9° corresponding to (211), (222), (400),
(440), and (622) planes, respectively[52]. These peaks are marked with an asterisk (*) for
identification purposes. An additional peak at 28.1°, denoted by the symbol #,
corresponding to the (002) plane of the gCN confirms the electrodeposition of gCN on
the ITO substrate[53]. Electrodeposition of MnO2 on the ITO surface results in three
additional XRD peaks at 28.1°,40.2° and 58.2° represented by ¥, corresponding to the
planes of MnO; (310), (002), and (312), respectively[38]. Interestingly, gCN.MnO/ITO
exhibited characteristic XRD peaks of both gCN and MnO: consistently at the same 26
values. X-ray powder diffraction (XRD) analysis supports the conclusion that the
gCN/MnO: layer on the ITO surface has been electro functionalized. XPS was ultimately
employed to confirm the structural characteristics of the electrodeposited gCN.MnO;
composite (Figure 2.1.6(c-j)). Figure 2.1.6(c and d) depicts the full survey XPS spectra
corresponding to bare ITO and gCN.MnO2/ITO. The In and Sn peak intensity in coated
ITO was significantly lower than uncoated 1TO, confirming the presence of an additional
top layer on the scaffold. Furthermore, the gCN.MnO2/ITO had an additional peak
corresponding to Mn, suggesting the manganese containing top layer. Detailed analysis

was done using the high-resolution deconvoluted XPS spectra.
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Figure 2.1.6: (a,b) X-ray diffractogram of coated and uncoated ITO. X-ray photoelectron
spectra of (c) ITO (full survey), (d) gCN.MnO2/ITO (full survey). (e) Mn 2p for
gCN.MnO2/ITO, (f) deconvoluted N1s spectra for gCN.MnO2/ITO. Deconvoluted O1s
spectra for (g) ITO, (h) gCN.MnO2/ITO. Deconvoluted C1s spectra for (i) ITO, and (j)
gCN.MnO2/ITO. The light grey line in the XPS plots represents the raw data whereas the
black dotted line represents the fitted data.
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The Mn 2p spectra showcase two significant signals at 641.7 eV and 653.3 eV
corresponding to Mn 2p3/2 and Mn 2p1/2 (Figure 2.1.6(e)). The difference of 11.6 eV
in the spin energy between Mn 2p3/2 and Mn 2p1/2 was attributed to the presence of
Mn*, confirming the electrodeposition of MnO, containing surface layer. The peak at
528.6 eV in coated ITO for Ols XPS spectra further indicates the Mn-O bond of MnO-
(Figure 2.1.6(g-h)) [54-58]. The other two peaks at 529.6 and 530.8 eV were also
observed for the bare ITO and can be assigned to In-O and Sn-O. Furthermore, the N 1s
spectrum displayed four signals originating from the different nitrogen environments in
the triazine structural unit of gCN at the binding energies of 398.7 eV, 399.6 eV, 400.2

eV, and 400.7 eV, respectively (Figure 2.1.6(f)).

The peak at 398.7 eV is attributed to N atoms, sp?-bonded to two carbon atoms (C=N-C).
The peak at 399.6 eV corresponds to N atoms trigonally bonded to three sp? carbon atoms
in the C—N network (N-(C)s). The peak at 400.2 can be assigned to N-H groups of open
ends in the graphitic carbon nitride network [22,59-61]. The presence of gCN was
indicated by the additional two peaks in the C1s spectra corresponding to graphitic sp?
(C=C) and s-triazine unit (N-C=N) at 291.5 eV and 294.4 eV, respectively (Figure
2.1.6(i-j)). The XPS data supports the conclusions drawn from XRD and HR-SEM and
manifests the electrodeposition of gCN and MnO: containing surface layer on the ITO
scaffold.

Next the changes in the surface was characterised electrochemically. The electroactive
surface area of the bare ITO and MnO..gCN/ITO was experimentally determined. To do
so, the cyclic voltammograms of the bare and MnO2.gCN/ITO were recorded in an
equimolar mixture of 1 mM Kz[Fe(CN)s] solution and 1 M KCI at various scan rates
between 10 to 100 mVs™. Both the voltammograms (Figure 2.1.7) showcase a reversible

redox couple corresponding to the diffusion-controlled oxidation and reduction of the

Department of Chemistry, IIT (BHU) Varanasi 70



Electrodeposition of gCN.MnO;

Fe2*/Fe® couple. With the increase in scan rate, no observable potential shift was noticed,
manifesting the involvement of a diffusion-controlled reversible redox process. The
electrochemically active area of the unmodified and modified electrode was calculated
using the Randles-Sevcik equation[62]:

lp = 2.69 x10° n¥2 ADY2C v!/2

Where I, is the peak current (LA), n is the number of electrons transferred, A is the
electro-active area (cm?), D is the diffusion coefficient of [Fe(CN)g]*> in KCI solution

(cm? s1), C is the probe molecule concentration (uM), and v is the scan rate (V s2).

From the slope of 1, vs. v*? linear plots, the active area of the bare electrode was
calculated to be 0.180 cm?, whereas the area of the modified electrode was determined to
be 0.246 cm?. In agreement with the AFM analysis, this relative measurement suggests
the electrodeposition of gCN.MnOz results in an increment of ~ 36% in the electroactive

surface area, which very well explains the improvement in the electrochemical responses.
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Figure 2.1.7: Cyclic voltammograms observed for 0.5 mM solution of Kz[Fe(CNs)] with
varying scan rate from 10-150mV/s* recorded using (a) ITO and (b) gCN.MnO/ITO.
Insets represents the corresponding Ip vs. v'/2 linear plots.

2.1.3.3 Voltammetric Sensing of Dopamine as the Test Case

From the in-depth comparative surface and electrochemical characterizations, it’s clear
that the active interaction of Mn** with the nitrogen lone pair present in gCN facilitates

the electron transfer process and credits substantially improved electrochemical activity
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to the gCN.MnO>/ITO. This gCN.MnO. modified scaffold is well suited for sensitive and
selective electrochemical sensor applications. The suitability can be explained on the
basis of enhanced surface area, functional groups, and availability of - electrons required
for the favorable interaction with electroactive analytes like biomarkers, catechols,
creatinine, hydrocortisone, toxic organic dyes, and many more. Therefore, here in this
section, the pragmatic applicability of the uniquely engineered gCN.MnQO2/ITO has been
tested for the voltammetric sensing of dopamine (DA), a primary catecholamine

neurotransmitter.
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Figure 2.1.8: A comparative Square Wave Voltammograms of 150 uM of DA observed
in PB 7.4 buffer at bare ITO (Saffron) and gCN.MnO: coated ITO (Green).

Square wave voltammetry was used to assess the electrochemical characteristic of
dopamine. Figure 2.1.8 illustrates the electro-oxidation of 150 pM DA exhibiting a peak
at 0.28 V on both the bare and gCN.MnO2/ITO. However, a significant difference in the
peak current was observed. The gCN.MnO2/ITO resulted in a peak current of ~13 pA
compared to 7 pA recorded for the bare ITO. The ~2-fold increase in the peak current for

the same concentration of DA hinted toward possibly high sensitivity of the

gCN.MnO2/ITO. It was accounted on the basis of the synergistic contribution from the
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7-T interactions between the aromatic structures of the gCN and DA molecules, enhanced
surface area, and facilitated electron transfer at the gCN.MnO_ composite.

The peak current corresponding to 0.27 V was found to increase linearly with the
increasing DA concentration in the range of 5 uM - 500 uM as shown in Figure 2.1.9 By
plotting I, vs. concentration, the following regression equations were found to represent
the effect of DA concentration on the peak current.

These expressions are the basis of the quantitative estimation of DA.

lp (14) = 0.0681C [0-300 UM]; R2 = 0.9984........................ gCN.MnO2/ITO
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Figure 2.1.9: Concentration-dependent study: Square wave voltammogram recorded for
5uM, 10puM, 15uM, 25uM, 50 uM, 75uM, 100 uM, 150 uM, 200 pM,
300 puM, 500 puM DA concentration using (a) bare ITO and (b) gCN.MnO2/ITO. Insets
include the corresponding calibration plots for DA concentration from 5 uM to 300 uM.
The slope of the linear regression equation indicates the sensitivity of the developed
sensor. As can be seen, gCN.MnO> demonstrated ~22 % more sensitivity compared to
bare. Furthermore, LOD was calculated using 3o/b where ‘c’ corresponds to the standard
deviation of five blank readings and ‘b’ denotes the slope of the regression equation. It
was observed that a LOD of 20 nM was obtained for gCN.MnO, compared to 110 nM

for bare ITO. The improved sensitivity manifests the gCN.MnQO>/ITO is an efficient

scaffold for voltammetric sensing applications. Interestingly, the proposed gCN.MnO>
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scaffold exhibits superior performance compared to previously reported DA
electrochemical sensors developed using gCN and related surface modifiers (Table
2.1.1). Additionally, all the reported methodologies include individual synthesis of
constituting materials followed by mixing and drop-casting the prepared material. In
contrast, the proposed protocol reports in-situ synthesis in a single step, making it more
practical and scalable.

Table 2.1.1: Comparison of the proposed gCN.MnO2/ITO scaffold with the reported DA
electrochemical sensors developed using gCN, metal oxides and related surface modifiers

Electrode Material Technique | Linear | LOD Modification Ref.
range | (uUM) method
(UM)
g-C3N4/Co/GCE DPV 2-400 0.4 Multistep [63]
Synthesis
+ Drop cast
CSO-gCN/GCE DPV 100-400 29 Multistep [64]
Synthesis
+ Drop cast
CNNS-GO/GCE DPV 1-20 0.096 Multistep [65]
Synthesis
+ Drop cast
C3N4-GO/GCE DPV 0.25- 0.07 Multistep [66]
320 Synthesis
+ Drop cast
MnO2NFs/NG/GCE SDLSV 0.1-10 | 0.039 Multistep [67]
10-100 Synthesis
+ Drop cast
Mn3z0s-graphite DPV 10-70 0.1 Multistep [68]
electrode Synthesis
+ Drop cast
Pt/rGO/MnO2NFs/GCE DPV 1.5- 0.1 Multistep [69]
215.56 Synthesis
+ Drop cast
gCN.MnO2/ITO SWvV 5-500 0.02 Single step in- | This
situ work
electrodeposition

Though increased surface area and surface functionalities are beneficial for electron
transfer, nevertheless, it can also promote surface adsorption leading to undesirable

capacitive current and surface fouling. Therefore, the impact of surface modification on

Department of Chemistry, IIT (BHU) Varanasi 74



Electrodeposition of gCN.MnO;

the nature of the mass-transfer process involved in the oxidation of DA was investigated
by carrying out the frequency study. The square wave voltammograms were recorded for
150 uM DA in pH-7.4 buffer with varying frequencies from 5 to 50 Hz. The observed
variation of peak current in response to the frequency was found to be related by the
following regression equations (Figure 2.1.10):

Ip (4) = 0.1010f [2-50 Hz] + 4.695 R2 = 0.9656 ...........vvvveeeeeel ITO

Ip (ud) = 0.8807f % [2-50 Hz] + 3.102 R?=0.9828........................ ITO

lp (u4) = 0.1092f [2-50 Hz] + 8.119 R? = 0.8817

lp (1A) = 0.9873F % [2-50 Hz] + 6.239 R2 = 0.9763........................ GCN.MnO2/ITO
12 91, = 01017+ 4.6955 127 I, = 0.8807F "* + 3.1022
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Figure 2.1.10: The linear relation between I, Vs (f) and I, Vs (f) * recorded in 150 uM
DA in pH-7.4 buffer with increasing frequencies from 5-50 Hz using bare ITO (a,b) and
gCN.MnO2/ITO (c,d).

Both the modified and unmodified scaffolds demonstrate a more linear variation of I, vs.

()2 compared to I vs. f. Obeying the Randles Sevcik equation, the linearity of I, vs.

()2 indicates the involvement of diffusion-controlled mass transfer without any added
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adsorption complications[70]. Therefore, this study rules out any unfavourable
consequence associated with the enhanced electroactive area and added surface
functionalities of the gCN.MnO2/ITO.

After evaluating the sensitivity, the selectivity of the developed scaffold was next
investigated. It is known that uric acid (UA), dextrose, and melatonin are frequently
found in body fluids, making it challenging to estimate DA in the real complex matrix.
Higher levels of these metabolites can interfere with the desired electrochemical process,
altering the position of the oxidation peak potential, and peak current and impairing
sensor selectivity. Therefore, interference studies have been conducted to ensure the
selectivity of the proposed approach. To do so, the peak current corresponding to the
oxidation of 150 uM DA at ~0.27 V was measured in presence and absence of three
potential interfering molecules, dextrose, UA, and melatonin. The observed peak current
corresponding to DA, DA + 5-fold Mel, DA+ 5-fold UA, and DA+ 5-fold dextrose has
been represented in the bar diagram. From Figure 2.1.11(a), it can be clearly seen that
no substantial deviation was observed in the current response of DA in the presence of 5-
fold higher concentration of other metabolites. However, when the concentration of
interferant was increased to 10-folds, a maximum deviation of 3.5 % was observed in the
presence of UA. Thus, based on the above measurements, it can be firmly concluded that
the gCN.MnO2/ITO can be efficiently used for the sensitive and selective quantification

of DA even in a complex matrix.

Therefore, the developed sensor was confidently employed to assay the DA content in
the commercially available injection (Domin, Neon Laboratories Limited, India) (Figure
2.1.11(c)). The observed and expected DA concentration values are listed in Table 2.1.2

and found to be in close agreement showcasing a maximum deviation of 3.4 %.
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Figure 2.1.11: (a) Bar diagram representing the peak currents observed from square wave
voltammograms recorded for fixed concentration of DA (150uM) in presence of 5-fold
and 10-fold higher concentration of Uric acid, Melatonin and Dextrose using
gCN.MnO>/ITO. Observed square wave voltammograms representing presence of DA in
(b) pharmaceutical sample and (c) banana peel.

Table 2.1.2: Determination of DA content in commercially available IV injection.

Sample Used Conc. Observed Conc. Error %
Domin, Neon Laboratories Ltd 25 uM 25.9 uM 3.6
Domin, Neon Laboratories Ltd 80 uM 82.4 uM 3.0

The suitability of the developed sensor for determining DA content in the Banana Peel
was also assessed. To prepare the test sample, the banana peel was crushed into a thin
paste and then diluted with 2 mL of pH-7 buffer. After filtration, the supernatant was
used right away for electrochemical analysis. The presence of DA was confirmed by an
oxidation peak of DA at ~ 2.9 V as shown in Figure 2.1.11(c). Using the calibration plot,
the concentration of DA was found to be 175 uM which was validated by a parallel
quantitative estimation using UV- spectrometer showing it to be 173.27 uM.

2.1.3.4 Stability and Reproducibility Studies

The stability of the MnO,.gCN scaffold was evaluated by examining the changes in its
electrochemical behavior upon excessive cycling in the pH-7.4 buffer. Figure 2.1.12(a)
indicates the considerable resilience of the MnO..gCN scaffolds over 200 cycles. The
absence of a substantial change in the blank voltammograms confirms the stability of the
engineered surface for repeated applications. By taking periodic square wave

voltammograms in Kz[Fe(CN)e] solution, the time-dependent stability and repeatability
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of the sensing surface have also been studied (Figure 2.1.12(b)). The sensor surface
exhibits a negligible current reduction when exposed to air in a laboratory for one month.
The data indicate that the engineered scaffold is exceptionally stable for an extended
period of time and does not necessitate additional storage measures. However, storing the

electrodes in a dry environment or a box packed with nitrogen will extend their lifespan.
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Figure 2.1.12: (a) Continuous 200 cycle voltammograms recorded in PB-7 using
gCN.MnO2/ITO (b) SWV recorded in 0.5 mM solution of Ka[Fe(CNg)] using
gCN.MnO2/ITO scaffolds at different time intervals.

0

2.1.4. Conclusions

Voltammetric sensors rely primarily on interfacial electrochemistry. A rationally tailored
interface can manoeuvre selectivity and sensitivity to the voltammetric sensor. Therefore,
surface-modified conducting scaffolds are one of the crucial components of any
electrochemical sensor. Henceforth, the presented investigation proposed a robust and
eccentric approach to tailor MnO- nanostructure decorated gCN modified scaffold for the
voltammetric applications. The proposed scaffold is prepared via facile one-step
electrodeposition with precise control over film thickness in contrast to the conventional
drop-casting methodology. The successful deposition and resulting topography and
surface changes have been concluded through detailed microscopic and spectroscopic
tools. It was concluded that electrodeposition is an effective strategy for fabricating gCN

functionalised surfaces. The fabricated gCN.MnO>/ITO exhibits intimate interfacial
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contacts, promoting charge transfer and mass transport as inferred from the comparative
electrochemical responses. Consequently, the gCN.MnO2/ITO electrode demonstrates a
remarkable capability to analyze dopamine as the test case through its electrochemical
oxidation at ~0.27 V using square wave voltammetry. A 22 % enhancement in the
sensitivity and a detection limit of 20 nM was observed for gCN.MnO. deposited ITO.
In addition to high sensitivity, the gCN.MnO. showcases appreciable selectivity,
repeatability, and stability. Impressively, the obtained electrode endows a remarkable
performance in assaying dopamine in pharmaceutical and food samples with an error of
< 3%. From the in-depth surface, chemical, and electrochemical characterization, it has
been manifested that the introduced, unconventional surface functionalization protocol
holds the potential to revolutionize the use of gCN for electrochemical systems and the
fabrication of localized heterojunctions. We believe this comprehensive study can further
enrich the characteristics and applications of selective and sensitive surface-modified
voltammetric sensors. However, to harness the wide-spread ability of the proposed
strategy, it should further be studied using commercial electrodes like screen-printed

electrodes, microelectrodes.
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2.2. Introduction

The commercialization of SPEs into the market greatly transformed the use of
electrochemical sensors in portable sensing devices. Since their inception in the 1990s[1],
screen-printed electrodes (SPEsS) have been widely used in several sectors, such as
microbiology[2], environmental[3,4], clinical[5], food measurement[6] and industrial
analyses[7]. In contrast to the conventional electrode substrates, SPE offers several
advantages. A few are, their cost-effectiveness, portability, and trace volume
requirements[8,9]. However, SPEs are often associated with low sensitivity, surface
instability, and fouling issues. Therefore, it is crucial to improve the SPE's stability,
reliability, and discrimination ability, especially for point-of-care (PoC) applications.
One of the primary approach to enhance the electrochemical efficacy in terms of
sensitivity and selectivity is the surface modification of the electrode[10].

2D materials have emerged as a potential recognition element for various sensing
techniques[11,12]. Graphitic carbon nitride (gCN), a well-established 2D polymeric
material has recently surged interest owing to its exceptional and distinctive
characteristics. It’s m-conjugated structure allows it to engage with a diverse array of
organic molecules via n-n interaction [13]. The presence of N atoms and strong C-N
covalent nature of bonds, in lieu of the C-C bonds, further adds to its superior chemical
and mechanical characteristics. The ability of nitrogen atoms to function as effective
electron-donating site makes them specifically appealing for catalytic processes[14].
Nevertheless, the practical application of gCN is constrained by its low electrical
conductivity, obstructed charge transfer, and inadequate solubility in solvents which
restricts its applicability in electrochemical systems[15,16]. To effectively address these
constraints, it was ascertained that the optimal approach would involve tailoring gCN

with heteroatoms through doping or surface impregnation[17].
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Manganese oxide (MnxOy) nanoparticles are particularly advantageous for
electrochemical applications. Their diverse structural configurations and mixed
manganese valencies (+4, +3, +2) facilitate multiple redox processes. Over the years, a
range of MnyxOy nanostructures has been effectively synthesized and employed as
electrode material in super capacitors and electrochemical sensor [18-24]. Nevertheless,
the limited electrochemical faradaic capabilities of MnxOy can be ascribed to its
insufficient electronic conductivity, inadequate interfacial contact, and chemical and
structural instabilities. On careful analysis, it was realized that its hybridization with gCN
can mitigate the chemical and structural instabilities of the MnxOy. Abundant N-sites
within gCN are expected to offer increased metal coordination sites[25,26]. However,
MnxOy will preferentially engage with the m-conjugated electrons of the gCN to
electrocatalyze the oxidation of biomolecules. It is anticipated that unbound loan pair
electron density of Nitrogen in gCN coating will engender a proclivity for connection
with MnxOy, ultimately results to the production of a robust composite synergistically
inheriting the beneficial traits of both materials.

Our group has recently published a study on a single-step process for electrodeposition
of gCN and its simultaneous decorating with MnO> on indium tin oxide coated glass.[27]
The reported electrodeposition was effective for the creation of gCN modified coating.
The method, however, relied on two components: gCN suspension and manganese (11)
acetate. As a result, optimizing both components made the process tedious. The
inadequate dispersibility of gCN was another problem that hindered the material's
effective mass transfer. Instead of merely implementing surface decoration, MnxOy could
have been incorporated within the gCN to increase the observed improvement. Therefore,
as a continuation of our previous work, we present the synthesis, characterization, and

electrodeposition of MnxOy incorporated gCN. Due to the synergistic interaction of
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MnxOy and gCN during the synthesis, significantly improved dispersibility and exfoliated
structures were observed, eliminating the need for single-component optimization. To
capitalize on the broad applicability of the suggested strategy, its effectiveness in
enhancing the sensing properties of commercial screen-printed electrodes has been

further examined.

Dopamine (DA) has been selected as the test analyte to assess the practical feasibility of
the modified electrode. DA is a well-established neurotransmitter within the central
nervous system, and it holds significant influence over various physiological processes
[28,29]. An optimal level of DA contributes to the regularity of movements, while
abnormally high DA levels are a warning sign of cardiotoxicity, erratic cardiac rhythms,
elevated blood pressure, cardiac failure, and drug addiction.[30,31]. Conversely, a
diminished level of DA is implicated in the development of Parkinson's disease[32],
Alzheimer’s disease[33], HIV infection[34], restless legs syndrome (RLS)[35], attention
deficit hyperactivity disorder (ADHD)[36], schizophrenia[37], anorexia[38],
Huntington’s disease[39], and various other neurological disorders. Many dopamine
stimulants/dopamine-receptor antagonists are also prohibited, as per the world anti-
doping agency.

Therefore, testing DA is vital for medical diagnosis and unethical practices in sports,
clubs, etc. Consequently, the developed gCN.MnO2 modified SPE was employed for both
the qualitative and quantitative estimation of DA. The pragmatic applicability was also
tested by checking the efficacy of the designed sensor for quantifying DA in clinical and

food samples.
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2.2.2. Experimental

2.2.2.1 Materials

Indium Tin Oxide (ITO) coated glass slides having a resistance of 18 Q were obtained
from DTech Solutions (Kanpur, India). Carbon based SPEs with working electrode of 3
mm diameter disk were procured from Zensor R&D Co., Ltd. Analytical grade dopamine
hydrochloride, melamine, manganese acetate, ethanol, potassium ferricyanide, potassium
chloride, uric acid, tryptophan, melatonin, lysine, cysteine, creatinine, p-nitrophenol,
sodium chloride, Urea, dextrose anhydrous, sodium dihydrogen phosphate, ortho-
phosphoric acid, and disodium hydrogen phosphate were purchased from Alfa Aesar. The
chemicals were utilized as-received without undergoing additional purification
procedures. A 0.1 M phosphate buffer solution was prepared using the procedure
described by Christian and Purdy.[40] Deionized water obtained from Milli-Q ultrapure
water purifier was used for preparing all the stock solution and test aliquots.

2.2.2.2 Synthesis of gCN.MnyOy composites

The gCN and MnxOy composites were prepared through direct thermal treatment of
melamine and manganese acetate, with certain modifications as previously documented
in existing literature[27]. In summary, a mixture comprising 7 grams of melamine powder
and 3 grams of manganese acetate was loaded into an alumina crucible and introduced
into a muffle furnace. The furnace was subjected to a gradual increase in temperature at
a ramp rate of 6 °C/min until it reached 600 °C, where it was maintained constant for a
period of 6 hours. After cooling the furnace to ambient temperature, the crucible was
taken out and a dark-hued powder was extracted and labelled as 7:3 gCN.MnxOy. The
obtained material was pulverized using a mortar and pestle and subsequently utilised for
characterization. The same procedure was repeated for a mixture comprising 9 grams of
melamine powder and 1 grams of manganese acetate and the obtained powder is titled as

9:1 gCN.MnyOy.
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2.2.2.3 Characterization details

The X-ray Diffractometer (Rigaku miniflex 600, Japan) was utilized to obtain the
crystallographic data of the synthesized material, employing a Cu-Ka radiation source.
The surface functionalities of gCN. MnxOy were analyzed through Fourier-transform
infrared (FT-IR) spectroscopy, which was conducted within the wavenumber range of
550 — 4000 cm™ with a resolution of 4 cm™, utilizing the Thermo ScientificTM Nicolet
iD7 spectrometer. The ZEISS EVO scanning electron microscope was utilized at 20 kV
to extract surface and morphological information. The elemental analysis of the material,
and modified electrode surfaces was conducted using a K-Alpha X-ray photon
spectrophotometer manufactured by Thermo Fisher Scientific. The device was equipped
with a micro-focused X-ray source that utilised monochromatic Al Ko radiation with an
energy range of 100-4000 eV. The atomic force microscopy was opted for surface
analysis using the NTEGRA Prima scanning probe microscope, manufactured by NT-
MDT Service & Logistics Ltd.

2.2.2.4 Electrochemical measurements

The electrochemical measurements were conducted using a PalmSens3 voltammetric
analyzer. The optimisation study employed a three-electrode system comprising of a
reference electrode of Ag/AgCl (3M KCI), a counter electrode of platinum wire, and a
working electrode of ITO-coated glass. After careful optimization and characterization
of the electrodeposition protocol, it is then tested for improving commercial carbon ink
based SPE’s with a 3 mm diameter disk as working electrode manufactured by Zensor
R&D Co. Ltd. Qualitative and quantitative voltammetric analysis of DA was carried out
using the unmodified and modified SPE. The electrodeposition processes were facilitated
by the use of 1M KCI as a supporting electrolyte. Phosphate buffer with a pH of 7.4 was

used as the supporting electrolyte for all other investigations.
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2.2.2.4.1 Electrodeposition of gCN.MnO composite

The ITO coated glass slides were cleaned with deionized water (DI), ethanol, and
isopropy! alcohol prior to electrodeposition. 10 mg/mL gCN.MnxOy suspension was
prepared by ultrasonically suspending 100 mg of gCN.MnxOy composite in 10 mL of DI
using a bath sonicator for 4 hours. The aliquot for electrodeposition was prepared by
adding 1 mL of the prepared gCN.MnxOy suspension in an electrochemical cell
containing 1 mL of 1M KCI. The electrodeposition was carried out employing cyclic
voltammetry (CV). The potential was scanned between -1.0 V and +1.6 V at a scan rate
of 100 mV.s? in the prepared aliquot using pre-cleaned ITO/SPE as the working
electrode. The requisite number of scans (n) utilised for electrodeposition was optimized
by varying ‘n’ in the range of n = 5 to 25. The SPE has been electro-functionalized by
running the optimized number of CV cycles (n=20) at a scan rate of 100 mV/s using 60
pL of 1 mg/mL 7:3 gCN.MnxOy suspension.

Following the completion of the necessary scans, the ITO/SPE was rinsed using DI water
and was subsequently dried at ambient temperature. The electrodeposited electrode is
referred as gCN.MnO2|ITO or gCN.MnO3|SPE in the subsequent text.

2.2.2.4.2 Electroanalytical technique and sample preparation

The optimum number of electrodeposition cycles was chosen using a comparative
assessment of the electrochemical response of the modified electrodes. In order to
conduct a comparative evaluation, the SWV response of the individually modified
scaffold was recorded in 1:1 solution of 1 mM Ks[Fe(CN)e] and 1 M KClI, at a scan rate
of 100 mV/s. The measurements were taken within a potential range of -0.2 VV to +0.6 V.
50 pL of the prepared solutions were drop-casted on to SPE for all the electrochemical

measurements.
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The suitability of the electrodeposited surface for voltammetric sensing applications was
assessed by utilising DA as the test analyte. A 5 mM stock solution of DA was prepared
by dissolving the appropriate amount of dopamine hydrochloride in DI for the purpose
of conducting qualitative and quantitative electroanalytical investigations. To prevent
light induced degradation of DA, the stock solution was stored in a dark environment.
The dilution method was employed to prepare DA solutions of varying concentrations.
A consistent volume of PB-7.4, specifically 1 mL, was maintained across all aliquots.
The remaining 1 mL comprised the necessary amount of DA stock solution and deionized
water. The electrochemical characteristics of DA were examined using square wave
voltammetry (SWV). The SWV were recorded within the voltage range of 0.0 to 0.5 V,
with a step size of 6 mV. The most favourable values for amplitude and frequency were
determined to be 25 mV and 10.0 Hz. Following each SWYV scan, the sensor surface was
rinsed with deionized water and was subsequently stabilised by recording five SWVs in
a buffer solution, all within the working potential range.

2.2.2.4.3 Real sample preparation and validation:

Dopamine hydrochloride injection (Domin, Neon Laboratories Limited, India) was
purchased from the local medical store and used for preparing the test solution.

25 g of banana peel was first chopped into small pieces, crushed using a mortar-pestle,
then diluted with 10 mL of DI water. The solution was then filtered to extract the DA.
Then, 100 pL of the filtered extract solution was poured in a glass cell already having 1
mL of PB 7.4. The solution was made to 2 mL by adding the remaining volume of DI
water.

Urine sample of a healthy volunteer was collected, filtered and diluted 5-fold with DI.

The sample was used as such without any pre-treatment process.
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UV absorbance spectra of dopamine hydrochloride was recorded. The absorbance
spectrum showed a Amax = 280 nm.[41] The band was found to increase with increasing
DA concentration. The observed absorbance versus concentration was plotted and the

resulting calibration curve was used to calculate the concentration of unknown sample.

2.2.3. Results and Discussion

2.2.3.1 Material Characterization: Examining the two gCN.MnxOy composites

The physical, chemical, and topographical properties of the synthesized gCN.MnyxOy
composites were investigated using various characterization methods. X-ray diffraction
analysis (XRD) was first carried out to ascertain the crystallinity and composition of the
two composites. Figure 2.2.1(a) shows the characteristic diffraction patterns of the
synthesized gCN.MnxOy composites. The X-ray diffractogram of 7:3 gCN.MnxOy
showcases characteristic peaks of gCN, MnOz, and, Mn0s. The most intense peak at
32.9° along with other peaks at 23.1°, 45.1°, and 55.1° corresponds to the (222), (211),
(332), (440), planes of Mn203 (denoted by ¥)[42,43], respectively. Whereas, peaks at 20
values at 17.9°, 28.8°, 36.0°, 38.1°, 49.4°, and 65.6° correspond to (200), (310), (400),
(211), (411), (002) planes of MnO2 (denoted by x)[44], respectively. A small peak at ca.
27.6° signifies the (002) plane of gCN (denoted by #) arising due to the stacked layered
arrangement of a typical conjugated aromatic ring[45]. The low intensity of the gCN peak
is attributed to its significantly low crystallinity compared to Mn2Oz and MnO..
Compared to 7:3 gCN.MnxOy, 9:1 samples exhibited more prominent peaks
corresponding to graphitic carbon nitride with a visible in-plane packing of aromatic
triazine ring peak at 13.1°. Additionally, the XRD peaks for Mn,Oz were less intense in
the case of 9:1 gCN.MnxOy. It was observed that the increased Mn concentration in the
7:3 gCN.MnyOy facilitated the formation of Mn20O3 in addition to MnO2 and reduced the

content of graphitic-like stacked layer structures of the conjugated aromatic systems at
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ca. 27.6°. The absence of gCN peaks indicates its existence in amorphous state. The
increased amorphous character of gCN can be explained on the basis of increased defects
and creation of N vacancies with increasing Mn content.[46]

Subsequently, Fourier-transform infrared (FT-IR) spectroscopy was employed to get
valuable insights on the chemical bonds and functional groups present in the material
under investigation. The FT-IR spectra of the two gCN.MnxOy composites are depicted
in Figure 2.2.1(b). Both the spectra showcased a broad peak in the frequency range of
3000 and 3500 cm™ arising because of the O-H bonds and the NH2 group in close
proximity to the sp? hybridized carbon atom. Several peaks within the spectral range of
1100-1600 cm™ can be attributed to the different vibration modes of the C-N bonds
present in the polymeric triazine rings of gCN and are discussed below. The spectral
bands located at 1245 cm™ and 1322 cm™ are attributed to the stretching vibrations of C-
NH-C or (N-(C)s), respectively. The intense bands at 1419 cm™and 1629 cm™ have been
attributed to the aromatic C=N vibrations of stretching mode. The signal observed at a
wavenumber of 810 cm™ corresponds to the distinctive tris-triazine breathing mode
confirming the presence of gCN in the composites[47,48]. The weak absorption bands
observed at 1033 cm™ and 1617 cm™ have been speculated to be due to O-H bending
vibrations bound to Mn atoms. Furthermore, the intense absorption band at 520 cm™ is a
signature of Mn-O vibrations which manifests the presence of MnxOy in the synthesised
composite[49]. Interestingly, the FT-IR spectra of 9:1 gCN.MnxOy exhibited two main
differences. Firstly, the multiple peaks arising from the gCN moieties are much more
intense, suggesting that the 9:1 sample contains more gCN like structures than the 7:3
sample. Secondly, the peak at 520 cm™ is much weaker compared to 7:3 sample, which
can be ascribed to the low manganese content. Thus, the FT-IR analysis supports the

inferences made from XRD, confirming the formation of composite having
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characteristics of both gCN and MnxOy. As expected, the 7:3 gCN.MnxOy manifests more
MnxOy content compared to the 9:1 sample.

The X-ray photoelectron spectroscopy was next employed to get more insights about the
chemical composition and chemical state of the elements present in the synthesised
materials. A detailed comparison was made using the high-resolution XPS spectra of the
Mn, C, N, and O as presented in Figure 2.2.1(c-f). Figure 2.2.1(c) illustrates the
comparative analysis of Mn 2p XPS spectra corresponding to 9:1 and 7:3 gCN.MnyOy.
The spectra showcase two peaks corresponding to Mn 2ps2 and 2pi1s indicating the
presence of MnxOy. The more intense peaks

in 7:3 sample suggests a higher concentration of MnxOy. The Mn 2pz. for the 7:3 sample
was found to be shifted to 641.4 eV compared to 641.2 eV for 9:1 sample. Similarly, the
Mn2p12 in the 9:1 sample exhibit peaks at a binding energy of 652.7 eV, whereas the 7:3
sample displays peaks at a binding energy of 653.1 eV[50]. The shift in binding energies
to higher values hints towards the partial change in the oxidation state of Mn and can be
explained on the basis of increase in the number of electronegative oxygen atoms which
was also interpreted from the O1s spectra shown in Figure 2.2.1(d)[51]. As witnessed
from the O1s, Both the samples showed two signals, one at the binding energy of 529.3
eV, associated with the Mn-O-Mn link, and another at the binding energy of 531.5 eV,
associated with the Mn-O-H bond[52]. Both of these peaks are more prominent in the 7:3
sample compared to 9:1, indicating a higher concentration of MnyOy.

The N 1s spectra (Figure 2.2.1(e)) of the 9:1 sample showcased three signals at binding
energies of 398.2 eV, 400.8 eV, and 403.6 eV that arises from various nitrogen
environments in the triazine structural unit of gCN. The N atoms that are sp?-bonded to

two carbon atoms (C=N-C) are responsible for the peak at 398.2 eV. The N-H groups of
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open ends in the graphitic carbon nitride network are responsible for the peak at 400.8

eV.
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Figure 2.2.1: (a) X-ray diffractogram of gCN, and gCN.MnxOy composites. (b) FT-IR
spectra of synthesized 9:1 and 7:3 gCN.MnxOy composites. Comparative XPS plots of
(c) Mn 2p, (d) O1ls, (e) N1s and (f) Cls corresponding to 9:1 and 7:3 gCN.MnyxOy
composites.

The oxidised nitrogen species, such as pyridine-N-oxides, emerge in the N 1s spectra at
the binding energy 403.6 eV, suggesting the interaction of N with the oxygen-containing

species (MnxOy). In contrast, in the 7:3 sample, the intensity of the first two peaks
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decreases, and the peak at 403.6 eV disappeared. The decreased intensity of the N1s
suggests the decreased amount of gCN in 7:3 sample which was also concluded from the
XRD and FT-IR analysis. This was further confirmed from the comparative analysis of
C1s as shown in Figure 2.2.1(f). Both the spectra show two common peaks at 284.6 eV
and 288.2 eV. The binding energies at 284.6 eV can be attributed to the C-C coordination
of the surface adventitious carbon, and the signal at 288.2 eV can be assigned to sp?-
bonded carbon (N-C=N) in the aromatic rings. The lower intensity of these two peaks in
the 7:3 sample further indicates a composition containing less graphitic carbon nitride. In
addition to this peak, the 9:1 sample also shows an additional peak at binding energy of
293.3 eV that could be caused by = electron delocalization in heptazine units sp?

carbon[53]. This peak does not appear in the 7:3 sample because of the low levels of

Figure 2 2.2: Scanning electron mlcroscopy images of (a b) 9: 1gCN MnxOy and (c,d)
7:3 gCN.Mn,Oy composite.

The structural morphology of the as-synthesized composite was then investigated using
scanning electron microscopy (SEM). Figure 2.2.2 shows scanning electron micrographs

of both the gCN.MnxOy composite. The 9:1 gCN.MnxOy composite was found to exist in
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micron sized thick rock like structures. Whereas, thin 1-4 um sized sheets of gCN were
found to be uniformly decorated with MnxOy nanoparticles in case of 7:3 gCN.MnyOy.
The elemental mapping shown in Figure 2.2.3 confirms the uniform distribution of
carbon, nitrogen, oxygen, and manganese over the scanned area, demonstrating the
synthesis of gCN.MnxOy composite. The energy dispersive X-ray spectroscopy (EDX)
also confirmed nearly three times higher atomic percentage of Mn in 7:3 sample
compared to 9:1 gCN.MnyxOy validating the conclusions obtained from XRD, FT-IR and
XPS analysis. In addition, the 7:3 gCN.MnxOy exhibited substantially improved

dispersibility in water compared to bulk gCN as well as 9:1

Figure 2.2.3: EDX of (a) 9:1 gCN.MnxOy (b) 7:3 gCN.MnxOy material. (c-d) Elemental
mapping of 7:3 gCN.MnxOy showing uniform distribution of C, O, Mn and N over the
scanned area.

gCN.MnyxOy. The increased Mn content, thin sheet like morphology and improved
dispersibility of 7:3 gCN.MnxOy materials are expected to be favourable for

electrochemical surface decoration. Therefore, following a comprehensive analysis of the
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material properties, the potential advantages of gCN.MnO, composite in augmenting the
electrochemical traits of a conducting framework was explored.

2.2.3.2 gCN.MnO:; electrodeposition and unveiling the underlying mechanism:

The protocols opted for the electrodeposition of gCN.MnO- using both the gCN.MnyOy
composites have been described in the experimental section.

Figure 2.2.4(a-d) presents the cyclic voltammograms observed during the
electrodeposition of gCN.MnxOy for both the compositions. The electrochemical traits of
both gCN and MnxOy were observed during the electrodeposition. The first cyclic
voltammograms of both the compositions hints towards four major electrochemical
processes as shown in Figure. 2.2.4(a). The first peak observed at 0.30 V corresponds to
the oxidation of Mn (I1) to Mn (IlI). A weak bump centred at ~0.5 V represents the
oxidation of unbound amino groups of gCN monomer units. The Mn (I11) so formed being
metastable in the mildly acidic conditions chemically hydrolyses to MNnOOH and oxidises
to MnOz on scanning the potential leading to the next peak at ~0.8 V. An additional small
peak indicating formation of radical cations at around 1.12 V was observed explicitly
during the first cycle which is responsible for initiating the electropolymerization of gCN
moieties[54]. In the reverse sweep, the reduction of MnO2 to MnOOH and Mn?* takes
place corresponding to the peak at 0.8 V, 0.4 V, and 0 V, respectively[55-58]. The
comparative analysis of the first and second electrodeposition cycle (Figure 2.2.4(a,b))
showcase the more pronounced peak at 0.8 V in case of 7:3 gCN.MnxOy, which
univocally confirms the increased Mn content especially in +3 state (as Mn2O3) compared
to 9:1 gCN.MnxOy. Figure 2.2.4(c,d) presents the complete electrodeposition cycles for
both the materials. In both the cases, the observed currents for the peak at 0.8 V increased
with the increasing number of deposition cycles indicating the successful

electrodeposition of conducting gCN.MnO.. Conversely, the peak current of Mn (l1) to
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Mn (111) was found to decrease with the increasing number of cycles indicating the
decreasing availability or consumption of free Mn (Il) with the progress of
electrodeposition. As the electrodeposition progresses, the oxidation peak of MnOOH
was found to shift to higher potentials. This can be attributed to the stabilization of Mn*?
by gCN that can potentially be explained by the interaction between the lone pairs of
nitrogen and the manganese atom. It was evident from the cyclic voltammograms that
both the composites proceed through similar electrodeposition mechanistic. However, the
currents observed for 7:3 was significantly larger than that of 9:1 gCN.MnyOy.

Next, the effect of surface modification on the electrochemical performance of the
electrode was monitored. Figure 2.2.4(e) presents the comparative electrochemical
response of 0.5 mM Ks[Fe(CN)s] in KCI observed using Bare ITO, gCN modified ITO,
9:1 and 7:3 gCN.MnxOy modified ITO as the working electrode. As evident form the
figure, all the three surface modifications resulted in improved peak current. However,
7:3 gCN.MnxOy exhibited the highest improvement with approximately 2 fold higher
peak current compared to the bare. As a result, the electrodeposition of gCN.MnO2 using
7:3 gCN.MnxOy was further optimised to achieve the best possible electrochemical
response. During the electrodeposition, all possible Mn** state is being converted to
MnOg, the modified electrode is thus referred to gCN.MnO2|ITO in the following text.
2.2.3.2.1 Protocol Optimization

The electrocatalytic behaviour of a modified electrode is influenced by the thickness of
the electrodeposited layer. Therefore, in order to get the desirable electrochemical
performance, it is necessary to optimise the thickness of the electrodeposited layers by
varying the electrodeposition parameters namely, scan rate and number of scans. Where
the number of scans is directly related to the repeated cycles of electro-functionalization,

scan rate offers a control over the extent of redox process during one such scan. Thus, the
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electro-functionalization protocol was optimized by carrying out a series of electro-
functionalization experiments, first by varying the number of deposition cycles (n) from
15 to 25 and then by varying the scan rate from 25-200 mV/s. A comparative assessment
was made by measuring the SWV peak current of 0.5 mM Ks[Fe(CN)e] solution using
the electro-functionalized ITO as the working electrode. Figure 2.2.4(f) illustrates the
increase in peak current with increasing number of deposition cycles up to n = 20.
However, a slight decrease in current response was observed for n > 20 owing to the
electrodeposition of a thicker gCN.MnO- layer. This thicker layer act as a mechanical
barrier hindering electron transfer from the working electrode to the analyte. As a result,
a compromised electrochemical performance was observed. Based on the obtained
results, it can be concluded that the optimised surface modification process necessitated

a total of 20 scans.
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Figure 2.2.4: (a,b) Comparative first (a) and second (b) cyclic voltammograms observed
during electrodeposition of 9:1 and 7:3 gCN.MnxOy composite. Full electrodeposition
cyclic voltammograms observed for (¢) 9:1 gCN.MnxOy (d) 7:3 gCN.MnxOy. (e) Square
wave voltamograms observed for Bare ITO, gCNJ|ITO, 9:1 gCN.MnxO,|ITO and 7:3
gCN.MnxOy|ITO for 0.5 mM Ks[Fe(CN)e] in KCI. (f) Square wave voltammograms
observed for 0.5 mM Kjs[Fe(CN)s] in KCI as a function of different number of
electrodeposition scans using 7:3 gCN.MnQO2|ITO.
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Next the scan rate was optimised by fixing the electrodeposition cycles to 20. As depicted
in Figure 2.2.5, gCN.MnO; exhibited the highest peak current when the scan rate was
set at 100 mV/s, outperforming all other scan rates. A two-fold increase was observed in
comparison to the unmodified electrode. The findings suggest gCN.MnO; modified ITO
fabricated using 20 electrodeposition cycles at a scan rate of 100 mV/s exhibits the best
electrochemical performance owing to the increased number of electrochemically

accessible sites and facilitated electron transfer.
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Figure 2.2.5: Square wave voltammograms observed for 0.5 mM Kz[Fe(CN)s] in KClI as
a function of scan rate employed for the electrodeposition of gCN.MnO: using 7:3
gCN.MnxOy.

2.2.3.2.2 Surface Characterization

Next, the surface morphology, composition and topography of the electrodeposited layer
was analysed employing several techniques like Scanning Electron Microscopy (SEM),
X-ray Photoelectron Spectroscopy (XPS), and Atomic Force Microscopy (AFM). The
changes brought by electro-functionalization were visually attested by HR-SEM images

of the uncoated ITO and the gCN.MnO|ITO shown in Figure 2.2.6(a,b). Compared to
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blank 1TO, a clear topographical changes were observed in the HR-SEM images of
gCN.MnO2. The gCN.MnO: electro-functionalised ITO demonstrated the plate like
characteristic structures similar to gCN which were found to be decorated with the nano-
petals of MnO>. The energy dispersive spectroscopy revealed ~20 atomic % of Mn to
39.2 atomic % of oxygen manifesting the formation of MnO; on the electrode surface.
The elemental mapping demonstrated uniform distribution of Mn, O, C and N over the

scanned area confirming the efficient electro-functionalization of ITO with gCN.MnO..

Figure 2.2.6: HR-SEM images of (a) Bare ITO at 1um, (b) gCN.MnO- coated ITO at 1
pm, (c,d) The scanned area and corresponding elemental mapping of gCN.MnO|ITO.

After conducting a visualisation of the surface morphology using scanning electron
microscopy (SEM), the modified ITO surface was characterised using XRD. Figure
2.2.7(a) illustrates the XRD spectra of both the blank and modified 1TO samples. The
ITO exhibited peaks at 21.6°, 30.0°, 35.0°, 50.4°, and 59.9°, corresponding to the
crystallographic planes (211), (222), (400), (440), and (622) of indium and tin oxide

coating[59]. In addition to ITO peaks, the XRD of gCN.MnO2|ITO showcased five
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additional peaks at angles of 26.6°, 38.2°, 44.5°, 64.7°, and 77.8°, labelled with *. These
peaks are associated with (220), (211), (202), (002) and (402), crystallographic planes of
MnO., respectively in agreement with JCPDS 44-0141 and JCPDS 44-0142[60-63]. The
absence of gCN peak can be explained on the basis of its poor crystallinity. Thus, the
XRD analysis offers supporting evidence to validate the claim that the proposed protocol
resulted in the electrodeposition of a MnO. containing surface layer on the top of ITO.
X-ray photoelectron spectroscopy was next employed for carrying out a detailed
compositional analysis of the electrodeposited layer. The full survey of the blank and
coated ITO is depicted in Figure 2.2.7(b). The presence of a surface layer on the top of
ITO was evidenced by the observed reduction in the intensity of both indium (In) and tin
(Sn) peaks in comparison to the blank ITO sample. The high-resolution deconvoluted
XPS spectra of individual elements were further analysed for the comprehensive analysis
of the surface layer. Figure 2.2.7(c) presents the Mn 2p spectrum showecasing two
prominent peaks at 640.8 eV and 652.5 eV. These peaks correspond to the Mn 2p3/; and
Mn 2p12 of MnxOy, respectively. The difference of 11.7 eV between the Mn 2pszand Mn
2p12 indicates the presence of Mn** confirming the electrodeposition of MnO2 containing
surface layer[64]. The presence of MnO: was also hinted from the peak at 529.4 eV in
Ols spectra (Fig 2.2.7(d))[65]. The other two peaks at 530.94 and 532.2 eV corresponds
to SnO and In2O3 of the ITO, respectively.

The deconvoluted N 1s spectra (Figure 2.2.7(e)) displayed three different signals at
binding energies of 397.6 eV, 398.8 eV and 400.2 eV, respectively. All the three signals
were found to be associated with different chemical environment of N in the polymeric
triazine structure of gCN. The N atoms that form sp? bonds with two carbon atoms (C=N-
C) are responsible for the peak at 398.8 eV. The peak at 399.6 eV corresponds to N atoms

trigonally bonded to three sp? carbon atoms in the C—N network (N-(C)s). The presence
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of N-H groups located at the open ends within the gCN network is accountable for the
observed peak at 400.0 eV. Next, C 1s spectra (Figure 2.2.7(f)) was studied to validate
the C-N bonding observed in N 1s as well as to confirm the presence of gCN in the surface
layer. The peak at 285.7 eV indicates the presence of sp>-bonded carbon (N-C=N) in the
triazine units. Whereas, the peak at 287.9 eV was reported to arise from (N-(C)3)
indicating the presence of gCN[25,66,67]. The XPS data serves as further substantiation

for the conclusions drawn from XRD and HR-SEM and manifests the successful

electrodeposition of gCN.MnO: on the ITO surface layer.
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Figure 2.2.7: (a) X-ray diffraction patterns observed for ITO and gCN.MnQO2|ITO. XPS
(b) Full survey, (c) Mn 2p, (d) O 1s, (e) N 1s and (f) C 1s spectra of gCN.MnO2|ITO
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Next, atomic force microscopy (AFM) was employed to investigate the changes in the

surface roughness and thickness of the surface layer.
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Figure 2.2.8: AFM 3D profiles observed for the (a, ¢) ITO and (b, d) gCN.MnO|ITO.
Cyclic Voltammograms recorded at different scan rates ranging from 10 mV/s to 200
mV/s using (e) Bare, and (f) gCN.MnO2|SPE in 0.5 mM K3[Fe(CN)e] solution.

From the AFM peak profile analyses (Figure 2.2.8(a-d)), it is observed that the
gCN.MnO2|ITO composite exhibits a significantly greater average peak height of 35.11

nm, in contrast to the uncoated ITO peak height which measures only 5.44 nm. The root

mean square roughness of the electrochemically tailored sample was also found to be >2
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times higher compared to the uncoated sample. The observed increase in peak height and
surface roughness confirms the electrodeposition on the ITO surface, with a layer
thickness of approximately 30 nm. The increased roughness as manifested from AFM
analysis hints towards increased surface area of the electro-functionalized substrate
which is expected to be conducive for the electrochemical performance. After the
comprehensive understanding of the electrodeposition protocol and its efficiency in
improving the electrochemical performance and surface roughness of a conducting
surface, it was applied to a practical sensing platform, i.e. the flexible screen-printed
electrode (SPE). After electrochemical surface functionalisation of SPE, cyclic
voltammetry (CV) technique was employed to assess the electrochemically active surface
area of both the modified and unmodified electrode. To do so, Ks[Fe(CN)s] was used as
an ideal redox couple having a known diffusion coefficient of 7.4 x 10® cm?s*.[40] By
monitoring the variation of peak current with the scan rate, the electrochemical surface
area was calculated employing Randles Sevcik equation. Figure 2.2.8(e,f) illustrates the
electrochemical redox processes of Ks[Fe(CN)e] recorded using both modified and

unmodified screen-printed electrodes.
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Figure 2.2.9: Linear regression plot of current vs (scan rate(v))Y? for (a) bare SPE (b)
gCN.MnO2|SPE recorded for various scan rate in Kz[Fe(CN)s] solution.

Department of Chemistry, IIT (BHU) Varanasi 114



Chapter 2: Second Part

Figure 2.2.9 presents the variation of peak current with the square root of the scan rate
as observed for the bare and gCN.MnO,|SPE, respectively. The Randles-Sevéik equation

for the reversible process may be expressed as:

|p =40.466nFAC \/'n:?u .............................................................................................. [68]

At 25° C, the Randles-Sevéik equation may be rewritten as:

lp = 4 2,69 X105 32 ADYZC 12 +vorsvvessevtssesss s [69]
As per the : Randles-Sev¢ik equation[69], the slope of I (A) vs v*2 can be represented
as

Slope = 2.69 x10° n32 ADY2C

Where, the variables Ip, n, A, D, C, and v represent the peak current (A), number of
electrons transferred, electro-active area (cm?), diffusion coefficient of [Fe(CN)e]* in
KCI solution (cm? s), probe molecule concentration (M), and scan rate (V s),
respectively. The active area of the bare electrode and the modified electrode were
determined by calculating the slope of the 1, vs. v*/2 linear plots. The active area of the
bare electrode was found to be 0.0243 cm?, while the modified electrode had an area of
0.0494 cm? which is ~ 2 times higher than bare SPE. As anticipated, due to its distinctive
stoichiometry, and nanostructured morphology, the surface modification of SPE with
gCN.MnO2 composite results in a significantly increased number of potential sites for
facilitated interfacial electron transfer.

The effect of gCN.MnO:- electrodeposition on the electrochemical performance was then
monitored by recording the comparative cyclic and square wave voltammograms using
bare and gCN.MnO2|SPE in 0.5 mM Kz[Fe(CN)e] solution. The CV shown in Figure
2.2.10(a) clearly shows a two-fold higher peak current for gCN.MnO2|SPE compared to
bare SPE. The substantially enhanced peak current attests the improved electrochemical

performance of the gCN.MnO,|SPE. Furthermore, a decreased peak to peak separation
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and improved peak shape observed for gCN.MnO|SPE manifests the facilitated redox
processes at the modified surface.

A clearer difference was observed from the square wave voltammetry (SWV) plots of the
bare and modified SPE as presented in Figure 2.2.10(b). The figure univocally illustrates
the substantially improved electrochemical performance of the modified SPE showcasing
a five times higher peak current compared to bare SPE. The five-fold enhancement in the
current can partially be ascribed to the increased surface area as Ip is directly dependent
on the electroactive surface area in accordance to the Randles-Sev¢ik equation. However,
the synergistic interaction between MnO; and gCN are also expected to improve the
charge transfer.

The comparative analysis of the electrochemical performance of bare, drop-casted and
electrofunctionalized gCN.MnQO2|SPE is shown in Figure 2.2.10(c). Substantially higher
peak currents were observed for the electro-functionalization compared to the drop-
casting methodology. This enhanced performance can be ascribed to conformal surface
modification with a precise control on the thickness of the surface layer in case of electro-
functionalization. On the other hand, drop casting is plagued by agglomeration, non-
uniform material loading, human error, and poor interfacial contact[70,71]. Furthermore,
the significant improvement after electrodeposition manifests that the
electrochemical/chemical redox processes occurred during the course of
electrodeposition of the composite material are crucial for witnessing the improved
electrochemical performance.

2.2.3.3 Analytical performance of modified electrode: Sensing of Dopamine

The findings from the extensive chemical, structural and electrochemical investigation
manifested the successful electro-functionalization of SPE with gCN.MnO. composite

that leads to substantially improved electrochemical performance. The observed
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enhancement can be ascribed to the increased electroactive surface area due to the
nanostructured electrodeposited layer as well as the synergistic interaction between
MnOyx and gCN. Both the structural and chemical alteration at the electrode interface
results in aided electron transfer as well as electrocatalytic ability. Therefore, the superior
traits of gCN.MnO2|SPE were next employed for the selective and sensitive detection of
DA, serving as a case study within a real-world context.

The voltammograms obtained for 100 uM DA using both unmodified and modified SPE
are depicted in Figure 2.2.10(d). The comparative analysis demonstrates that the
gCN.MnO: electro-functionalization resulted in approximately 15 times higher current
response compared to bare SPE. Furthermore, the bare SPE exhibited a peak at 0.16 V
corresponding to the DA oxidation. Whereas, at modified electrode, the DA oxidation
peak was found at 0.01 V. A negative potential shift of ~ 0.15 V attested the electro-
catalytic ability of the modified scaffold towards DA oxidation. The significantly
enhanced current and potential shift are synergistically dependent on the contribution of
various factors like m-m interactions between the aromatic structures of the gCN and DA
molecules, H-bonding, electrostatic interaction, enhanced surface area, and facilitated
electron transfer at the MnO2.gCN composite. All these interactions serve to bring the
DA molecule in close proximity to the interface, thereby facilitating the charge transfer
leading to the facilitated oxidation of dopamine to dopamine quinone (DQ)[41] at lower
potentials.

In order to establish the reliability of the quantitative analysis, a calibration curve was
constructed by investigating the influence of DA concentrations on the corresponding
current responses. For both the bare and modified SPE electrodes, a linear increase in the
peak current with the increasing DA concentration was observed. Interestingly,

electrochemical response of DA concentration as low as 50 nM was observed using the
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modified SPE. In contrast, the bare SPE was able to sense DA concentrations of 30 uM

or higher.
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Figure 2.2.10: A comparative (a) Cyclic Voltammograms (b and c) Square Wave
Voltammograms of 0.5 mM of Ks[Fe(CN)s] recorded using bare SPE, gCN.MnQO2|SPE
and SPE modified by drop-casting 10 pL of 7:3 gCN.MnxOy suspension. (d) Square
Wave Voltammograms of 100 uM of DA observed in PB 7.4 buffer at bare SPE and
gCN.MnO: coated SPE. SWV observed using (e) bare SPE at different concentrations
ranging from 30 uM to 500 uM and (f) using modified SPE at different concentrations
ranging from 50 nM to 50 uM.
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The increase in the peak current with increaing DA concentration is illustrated in Figure
2.2.10(ef).

The following regression equations were formulated by analysing the relationship
between the peak current (Ip) and DA concentration (C):

Ip (14) = 0.3284 C [0.05-50 UM] ; R2=0.984........................ gCN.MnO2|SPE

Ip (4) = 0.0074 C [30-300 pM] ; RZ=0.988...........ce.........: SPE

The slope of the regression equation represents the sensitivity of the developed sensor
towards the particular analyte. Comparing the observed values, the gCN.MnO; modified
electrode was found to be 44 times more sensitive than the unmodified SPE electrode. In
addition, limit of detection (LOD) was calculated using the formula 3c/b, where 'c'
denotes the standard deviation of five blank measurements and 'b' represents the slope of
the regression equation[72]. The experimental findings suggest that the gCN.MnO
composite exhibited a significantly lower limit of detection (LOD) of 10 nM, indicating
its superior sensitivity in detecting DA. In contrast, the bare SPE had a LOD of 5.36 yuM.
To have a better idea about the superiority of the developed sensor, its performance was
compared with some of the previously documented DA electrochemical sensors that
utilised gCN and similar surface modifiers. As seen from Table 2.2.1, the developed
sensor exhibited better traits in terms of ease of fabrication and sensitivity. Furthermore,
all of the methodologies reported in the literature involve the individual synthesis of
constituent materials, followed by the subsequent process of mixing and drop-casting the
prepared material. On the other hand, the proposed protocol presents the ability to carry
out electrodeposition in a single step with a precise control on the layer thickness, thereby

enhancing its reproducibility, practicality and scalability.
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Table 2.2.1: Comparison of the reported electrochemical sensors developed for DA
estimation using gCN, metal oxides, and similar surface modifications with the proposed

gCN.MnO-|SPE scaffold.

Electrode Material

Technique

Linear
range
(LM)

LOD
(LM)

Modification
method

Ref.

GGQDs/IL-SPCE

DPV

0.2-15

0.06

Multistep
Synthesis
+ Drop cast

[73]

PCN/GO/GCE

DPV

0.25-40

0.07

Multistep
Synthesis
+ Drop cast

[74]

FesC@NGCSs/GCE

DPV

3-104

0.075

Multistep
Synthesis
+ Drop cast

[75]

GNP/CNT-SPE

DPV

0.4-40

0.4

Multistep
Synthesis
+ Drop cast

[76]

Pd@o-MnO2/G

DPV

0.2-425

0.086

Multistep
Synthesis
+ Drop cast

[77]

ZnO-rGO-AuNPs@SPE

DPV

0.5-100

0.294

Multistep
Synthesis
+ Drop cast

[78]

NanoDiaSens

SWV

0-100

0.068

Complex step
procedure

[79]

N-GDY/GCE

1-550

0.46

Multistep
Synthesis
+ Drop cast

[80]

D-PdMo/GCE

DPV

0.05-
100

0.029

Multistep
Synthesis
+ Drop cast

[81]

AgBiS,/PEDOT:PSS/GCE

Amperometry

0.08-
937.5

0.0026

Multistep
Synthesis
+ Drop cast

[82]

gCN.MnO2/ITO
(Our Recent Work)

SWv

5-500

0.02

Two component
electrodeposition

[27]

gCN.MnO;|SPE

SWv

0.05-50

0.01

Single step
electrodeposition

This
work

Although increased surface area and functionality are helpful for electron transfer, they

can also make surfaces more porous and encourage surface adsorption, which can lead to

undesirable capacitive current and surface fouling. A frequency study was used to

investigate the impact of surface modification on the mass-transfer mechanism involved

in the oxidation of DA. When the frequency was changed from 5 to 100 Hz, square wave
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voltammograms of 100 uM DA in a pH 7.4 buffer solution were recorded. The frequency
and the observed change in peak current were shown to be correlated using following

linear regression equations (Figure 2.2.11):
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Figure 2.2.11: Linear regression plot of current vs f and current vs f“2 for (a) bare SPE
(b) gCN.MnO2|SPE recorded using 100 uM DA in a pH 7.4 buffer solution.

lp (u4) = 0.007 f [5-100 Hz] + 1.048 R?=0.867 .....ccovvvnennnin
Ip (u4) = 0.090 % [5-100 Hz] + 0.792 R?=0.946 .........cccoveennn
Ip (ud) = 0.185 f [20-75 Hz] + 24.609 R? = 0.965
Ip (uA) = 2.463 f % [20-75 Hz] + 16.744 R2=0.986 ........................ gCN.MnO2|SPE
Both the scaffolds that were modified and unmodified exhibit a linear variation of Ip vs.
(f ) that is more pronounced when compared to I, vs. f. The linear relationship between

the current (I,) and the square root of the frequency (f %), in accordance with the Randles
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Sevcik equation, suggests the occurrence of diffusion controlled mass transfer[83],
without any additional complexities arising from adsorption. Thus, the present research
eliminates any adverse effects linked to the increased electroactive region and
supplementary surface functionalities of the gCN.MnO|SPE. The aforementioned
findings demonstrate the distinctive capability of the modified SPE surface to
qualitatively and quantitatively evaluate the low concentration of DA.

In addition to sensitivity, a discerning analysis is necessary to fully grasp the practical
implications of the proposed sensor to quantitatively assay, DA in presence of other
influencing species. Therefore, the efficacy of the developed sensor to assay DA in
presence of other potential interfering compounds commonly present in blood plasma,
and urine was investigated. Four interferants, namely uric acid (UA), ascorbic acid (AA),
melatonin (MEL), and tryptophan (TRP), were first used, and their influence on the peak
current of 20 uM DA was monitored. Figure 2.2.12(a) depicts the SWV plot recorded
for 20 uM DA in the presence of increasing concentrations of all four interferants. The
SWV demonstrates that the current response of DA did not exhibit any significant
deviation in the presence of 3 fold higher concentrations of interferants. Nevertheless,
only a slight decline in the DA peak current was observed in the presence of 80 UM each
of AA, UA, MEL, and TRP. No significant deviation in the peak current further confirms
the interference-free estimation of DA. Therefore, building on the results, it can be
univocally inferred that the gCN.MnO,|SPE exhibits high efficacy in accurately
quantifying DA, even in the complex matrix.

2.2.3.4 Real Sample Study

To ensure the real world application, the developed sensor was tested for estimation of

DA in pharmaceutical samples, food product, and human biological fluids.
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Figure 2.2.12: (a) Interference Study: Square wave voltammogram representing the
variation in the DA (20 uM) peak currents recorded in presence of different concentration
of Ascorbic Acid (AA), Uric Acid (UA), Tryptophan (TRP) and Melatonin (MEL) using
gCN.MnO2|SPE. (b-e) Real sample analysis: square wave voltammograms representing
the presence of DA in (b) commercial DA hydrochloride injection, (c) human blood
serum, (d) urine, and (e) human saliva.

DA hydrochloride injections is a commonly used pharmaceutical formulations for

overcoming hemodynamic imbalances resulting from shock during/after surgeries. The
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dosage of the injection is critical for the patients’ health. Therefore, the developed sensor
was used to validate DA content in the commercial sample. To do so a stock solution was
prepared using the reported content of the DA on the injection specifications. Using the
prepared solution, test solutions were prepared corresponding to 10 uM, 15 uM, and 25
1M DA concentrations. Figure 2.2.12(b) illustrates the SWV showcasing a peak at ~ 0.1
V arising because of DA. With the increasing DA concentration, the peak current was
found to increase confirming its association with DA. The observed and used current
were compared to calculate the deviations. The results are tabulated in Table 2.2.2.
Also, the first peak was found to increase with the increasing volume of banana peel
further attesting its origin from the oxidation of DA. The observed peak currents were
than used to find out the amount of DA in the banana peel and the results are tabulated in
Table 2.2.2.

Next, the clinical application of the developed sensor was tested by carrying out DA
estimation in complex human fluids like serum, urine, and saliva. The serum sample of
healthy volunteer was collected and used for further analysis. The voltammetric analysis
was performed by using PB 7 as the supporting electrolyte. As presented in Figure
2.2.12(c), DA was not detected in the serum sample. Therefore, standard addition method
was employed and three sample was made with by spiking different volumes of DA stock
solution. A clear peak at 0.114 V was observed after mixing the serum with 10 uM DA

solution. The peak was found to increase with increasing

DA concentration that was spiked externally. The observed current was then used to back
calculate the DA levels using the calibration plot and the results are tabulated in Table
2.2.2. The results are found in good agreement with the spiked values confirming the

applicability of developed sensor in monitoring DA levels in the serum sample.
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Table 2.2.2: Quantification of DA in real samples using gCN.MnQO2|SPE.

Sample Current (WA) | Detected (UM) | Actual (UM) Error (%)
DA hydrochloride injection
10 uM 4.15 10.81 10 8.10
15 uM 5.85 15.98 15 6.53
25 uM 8.19 23.11 25 7.56
Sample Current (1A) Spiked (uM) | Detected (uM) | Error (%)
Human Serum
1 ND 0 0 -
2 3.59 10 9.12 8.80
3 7.33 20 20.47 2.35
4 11.26 30 32.46 8.20
Human Urine
1 ND 0 0 -
2 5.46 15 14.81 1.26
3 8.37 25 23.66 5.36
4 9.78 30 27.94 6.87
Human Saliva
1 1.14 0 1.66 -
2 1.83 0.5 2.10 2.77
3 2.57 2.5 4.35 4.56
4 2.91 4 5.38 4.94

The actual DA content in human serum, urine and saliva sample were validated from UV-
Vis spectroscopy.

The elevated level of urinary dopamine levels is found to be associated with drug
effects/overdoze or clinical reasons like tumours, phaeochromocytoma or pregnancy.
Thus, the estimation of DA in urine samples is of great significance for medical reasons.
Therefore, the DA analysis was next carried out in the urine sample of a healthy
volunteer. Initially, the sample was filtered and diluted 5-fold with DI. Subsequently, a
specific volume of the urine sample was promptly injected into the PB 7 electrolyte. The
obtained solutions were subsequently examined utilising SWV. Figure 2.2.12(d)
demonstrated the presence of uric acid and other metabolites but no peak corresponding

to DA was observed. Thus, 15, 25 and 30 uM of DA was used and the SWV was recorded,
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respectively. The peak at 0.11 V corresponding to DA oxidation was observed in sample
which was found to increase with the increasing DA levels. The concentration of DA was
then back calculated using the observed current and the results are shown in Table 2.2.2.
The different concentration levels are in well agreement with the calculated DA
concentrations manifesting the efficacy of developed sensor to monitor changes in DA
level in complex matrix and in presence of several other electrochemically active
biological metabolites.

Dopamine levels in saliva is considered as a potential biomarker for the early detection
of neurodegenerative diseases in humans. So, here, the developed sensor was also tested
for estimating the DA concentration in saliva of a healthy human volunteer. We directly
injected 100 pL of saliva sample into 100 puL of PB 7 electrolyte, and 50 pL of it was
dropped on the SPE for further SWV analysis. Interestingly, the presence of DA was
manifested by the peak at 0.11 V in the saliva sample. To confirm that peak corresponds
to DA and not any other salivary catecholamine, the three saliva sample was made with
different DA stock solution. As seen from the Figure 2.2.12(e) the same peak was found
to increase with increasing DA levels confirming its origin from the salivary DA
oxidation. To quantify the salivary DA levels, the observed current was put in the linear
regression equation obtained from the calibration plot. The obtained results are tabulated
in Table 2.2.2 demonstrating an error percentage of < 1-9 % indicating the wide
applicability of the developed sensor in clinical analysis.

2.2.3.5 Reliability Studies

The long term durability of the gCN.MnO2|SPE was tested by recording repeated cyclic
voltammograms in a buffer solution having a pH of 7.4. The observed voltammograms
shown in Figure 2.2.13(a) reveals that the gCN.MnO> scaffolds retained a significant

amount of their initial durability even after being subjected to a total of 100 CV cycles.
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The constant blank voltammograms provide evidence that the changed surface will
maintain its long-term stability even after being subjected to repeated use. Figure
2.2.13(b,c) presents the first fifty SWV and the corresponding peak currents of
Ks[Fe(CN)s] recorded using the single gCN.MnO> modified SPE. As illustrated from the
bar diagram, even being a single use disposable electrode, the modified SPE

demonstrated appreciable stability showcasing a drop of only 6 % of initial peak current.

4

100 Blank CV scans 14 - ——— 1st Reading
5th Reading
12+ 10th Reading

15th Reading
= 20th Reading
——25th Reading
= 30th Reading
- 35th Reading
= 40th Reading
= 45th Reading
—50th Reading

Current, LA
(=]
Current, pA
[=:]

04 02 00 0.2 0.4 00 01 02 03 04 05
Potential, V (vs Ag/AgCl) Potential, V {vs Ag/AgClI)

100 — SPE 1

——SPE2
——SPE 3
——SPE 4
——SPE5

80

60

Current, A
(-]

40

Percentage, %

20

0

0 5 10 15 20 25 30 35 40 45 50 0.0 0?2 0.4
No. of Runs Potential, V (vs Ag/AgCl)
Figure 2.2.13: (a) 100 consecutive cyclic voltammograms recorded in Phosphate Buffer
(PB 7.4) using gCN.MnO3|SPE. (b) First fifty square wave voltammograms and (c)
respective variation in current percentages as observed for 0.5 mM K3[Fe(CN)e] using
single gCN.MnO,|SPE. (d) Square wave voltammograms recorded for 0.5 mM
Ks[Fe(CN)s] using 5 different gCN.MnO.|SPE.

The reproducibility of the proposed protocol was also tested by modifying five different
SPE’s. The SWV in K3[Fe(CN)s] was recorded and compared using multiple SPE
electrodes modified using the same protocol. As witnessed from Figure 2.2.13(d), all the

SPE’s showcased concurrent peak currents featuring excellent reproducibility of the
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proposed protocol for surface modification of large number of SPEs. Both the studies
confirmed the extensive stability and reproducibility of the modified electrode signifying

the applicability of the proposed protocol for commercial applications.

2.2.4. Conclusions

The current study looks into the synthesis, characterization, and use of gCN.MnxOy
composites for improving the sensing performance of commercial SPE. The proposed
methodology investigates and compares the electro-functionalization mechanisms of 9:1
and 7:3 gCN.MnyOy, as well as their impact on the electrochemical performance of the
conducting substrate. The structural, compositional, and electrochemical characterization
evinced the surface changes and electrodeposition of gCN.MnQO2 on the conducting
substrate. Out of all the tested surface modifiers, the gCN.MnO2|SPE fabricated using 7:3
gCN.MnxOy composite exhibits the best electrochemical performance. With a 15 fold
higher current and a 0.15 V negative potential shift, the gCN.MnO2|SPE demonstrated 44
times more sensitivity than bare SPE and facilitated dopamine oxidation at the tailored
interface. As a result of this, the gCN.MnO: modified electrode manifests a LOD of 10
nM, compared to 5.36 UM of the unmodified SPE. The substantial improvement can be
attributed to the synergistic combination of m-conjugated network of gCN and the
facilitated redox processes offered by the MnO> resulting in, augmented catalytically
active sites, ~2-times higher electroactive surface area and m-n interaction between DA
and the tailored interface. The developed sensor's accuracy was demonstrated by
measuring the DA content of pharmaceutical DA hydrochloride injection, and, three
spiked clinical samples namely, urine, saliva and blood serum. The electrodeposition
protocol's practicability was also aided by the gCN.MnO2|SPE's stability, repeatability,

and reproducibility.
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