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Since foundation, the Society has evolved magnificently to represent a truly National

Organization and at present, it comprises more than 350 life-members from different parts of
India and Overseas. The Executive committee of ISEAC, which manages the activities of
ISEAC, is being elected triennially by all the members of ISEAC.

International Events organized by ISEAC:

ISEAC organizes International Conferences, Discussion Meets and Workshop cum

Symposium on Electrochemistry and allied topics in association with the Departments of
Government of India, International Society of Electrochemistry (ISE) and other Scientific
Organizations and Industries. ISEAC has organized several national and International Events
in India.

1.

International Conference on Electrochemistry in Industry Health and Environments
(EIHE 2023) at DEA Convention Centre, Anushaktinagar, Mumbai during February 7-
11, 2023.

International Conference on Electrochemistry in Industry Health and Environments
(EIHE 2020) at DEA Convention Centre, Anushaktinagar, Mumbai during January 21-
25, 2020.

Discussion meeting on Spectro electrochemistry (DM-ISEAC-2022) at Multipurpose hall,
Training School Hostel, Anushaktinagar, Mumbai 400094 on 16-07-2022

International Conference on Electrochemistry in Advanced Materials, Corrosion and
Radiopharmaceuticals (CEAMCR-2018) at DEA Convention Centre, Anushaktinagar,
Mumbai during February 15-17, 2018.

Twelfth ISEAC Discussion Meet in Electrochemistry (12" ISEAC-DM-2016) held at The
Acres Club, Chembur, Mumbai during December 7-8, 2016.

Eleventh ISEAC International Discussion Meet on Electrochemistry and its Applications
(ISEAC-DM-2014) held at Hotel Radisson Blu, Amritsar during February 20-25, 2014.

Fifth ISEAC Triennial International Conference on Advances and Recent Trends in
Electrochemistry (ELAC-2013) held at Sitara Hotel, Ramoji Film City, Hyderabad
during January 16-20, 2013.

ISEAC International Symposium cum Workshop on Electrochemistry (ISEAC-WS-2011)
at Cidade de Goa, Dona Paula, Goa during December 7-10, 2011.
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16.

Fourth ISEAC International Discussion Meet on Electrochemistry and its Applications
(DM-ISEAC-2011) at Mascot Hotel, Thiruvananthapuram, Kerala during February 7-
10, 2011.

Fourth International Conference on ElectroAnalytical Chemistry and Allied Topics
(ELAC-2013) at Toshali Sands, Puri, Orissa during March 16-18, 2010.

Discussion Meet on ElectroAnalytical Techniques and Their Applications (DM-
ELANTE-2008) held at Tea County, Munnar, Kerala during February 25-28, 2008.

Third International Conference on ElectroAnalytical Chemistry and Allied Topics
(ELAC-2007) at Toshali Royal View Resort, Shilon Bagh, Shimla during March 10-15,
2007.

Discussion Meet on Role of Electrochemistry in Biosensors, Nanomaterials, Fuel Cells
and lonic Liquids (DM-BNFL-2006) held at Bhabha Atomic Research Centre, Mumbai
during September 24-25, 2006.

Discussion Meet on Coulometry (DM-COUL-2005) at Bhabha Atomic Research Centre,
Mumbai on May 5, 2005.

Second International Conference on ElectroAnalytical Chemistry and Allied Topics
(ELAC-2004) held at The International Centre, Dona Paula, Goa during January 18-23,
2004.

Workshop cum Seminar on ElectroAnalytical Chemistry and Allied Topics (ELAC-2000)
held at Bhabha Atomic Research Centre, Mumbai during November 27 — December 1,
2000.

Obijectives of ISEAC:

>

>

Promote the growth of Electrochemistry in India.

Provide a common world-wide platform to the experts, scientists and scholars working
in the area of Electrochemistry and its Allied Sciences.

Disseminate scientific and technological knowledge in the area of Electrochemistry to
advance both national and international collaborations.

Share the information on Electrochemistry with other International Societies viz.
European Society for Electroanalytical Chemistry (ESEAC), Society for
Electroanalytical Chemistry (SEAC) and International Society of Electrochemistry
(ISE), Bioelectrochemical Society (BES).

Work in harmony with other Indian Electrochemical Societies viz. Society for the
Advancement of Electrochemical Science and Technology (SAEST) based at CECRI,
Karaikudi and Electrochemical Society of India (ECSI) based at Indian Institute of
Science, Bengaluru.



> Provide incentive by way of awards to researchers for the best thesis, the best paper
published in the journal and the best paper presented in National and International
Conferences/Symposia.

» Encourage young as well as experienced Indian researchers for participation in
International Electrochemistry Conferences by providing partial funds, if possible.

Procedure to join ISEAC:

ISEAC has the provision for individual to join as Life-members and for company to join as
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Activities of Electrochemistry in Development of Analytical
Methods, Instrumentations and in Energy Harvesting Research

Srikant Sahoo, Sudipa Manna, Mohsin Jafar, Milan Kumar Dey, Prem Kumar Mishra and
Ashis Kumar Satpati*

Analytical Chemistry Division
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Bhabha Atomic Research Centre
Trombay, Mumbai 400094
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Abstract

Present article is focused in providing the perspective of the activities on electrochemistry and
electrochemical science and technology carried out in Analytical Chemistry Division towards
the work program of the Department. The electrochemistry related activities started in 1950’s
under in the Department. In absence of the current days spectroscopic techniques the
electrochemical techniques provided the alternate and cost-effective version available during
early days of the development of analytical chemistry. In addition to provide the quantitative
analytical supports to the Divisional work program the activities have important contribution
in the research and developments of important technical issues of materials science. Present
article has outlined some of the activities of electrochemical research In Analytical Chemistry
Division towards the development of analytical methods for heavy metal ions, methods for

biomolecules, interfacial research in photoelectrochemistry and renewable energy systems.



1. Introduction

The research on electrochemical techniques in has been started in 1950,s along with the
inception of Analytical Chemistry Ection. The technique has been extensively used in the
determination of uranium, thorium, several rare earth elements and transition metal ions and
halides to support the activities of the Department. The activities that are well documented in
terms of publications are cited in the present article. In an historical perspective, the
electrochemical techniques are evolved internationally to determine the composition of gun
powder during the world war after the discovery of polarography by Dr. Jaroslav Heyrovsky
in current days Czeck Republic. The technique has been very well incepted in the
electrochemistry activity of the Analytical Division for the determination of metal ions.
Polarographic techniques were having unique advantage of low-cost instrumentations and their
capability of generating kinetics and mechanistic information of the chemical systems. The
contribution of the technique towards the Chemistry activities in the Centre has been presented
in the present article with subdivision of the progress in different directions in development of
analytical methods, development of electroanalytical instrumentations, investigations of
interactions in biochemical systems and the contribution in solar energy harvesting and

electrical energy storage systems.

2. Electrochemistry Activities during its inception

During its inception in late 1950’s the experiments used to be carried out using
potentiometer, pH meter and conductivity meters. Later, the current measurements were carried
out using the inception of lamp and scale galvanometer with the application of potentials

through analogue potentiometers. The dropping mercury electrode was used the analytical
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measurements. Some of the works which may be included for the early days of developments
are include. The method for selective extraction of Beryllium was developed, in the absence of
sufficient literature, achieving the desired extraction efficiency was challenging. Extensive
work on the measurement and adjustment of pH of the media with varied solution compositions
was carried out and the efficient extraction of Beryllium with extraction efficiency of 70 to 80
% could be attained. In early days the of electrochemical experiments the Cambridge pH meter
was used for such measurements[1]. The polarography of uranyl ion was recorded and
published in way back 1959 using the manual set up and homemade fabricated cell. The

polarographic wave as published is shown in Figure.1[2, 3].
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Figure .1 The Polarographic plot of uranium recorded way back in 1959 (A) along with the

mechanistic Criteria for investigating the mechanism of the process (B) [3]

The two-wave pattern of the reduction of uranyl ion was obtained in ammonium
thiocyanate media along with perchloric acid. The reversible nature of the reduction pattern
was established with first reduction as two electron transfer process and the second reduction
as the single electron transfer process, the mechanism of the electrochemical process was
proposed to be due to the reduction of U(VI) to U(IV) and reduction of the U(IV) to U(III).

Information about the disproportional nature of the reduction wave of U(IV) to U(I1l) was



observed and discussed. The analytical method was established from the reduction peaks of

uranium. Polarography of uranium was also investigated in several other media.

Conductivity meters were available during early days of electrochemical work and contributed
well in the thorium extraction research. The complexation of Th and the mechanism of the
complexation with EDTA was established using conductometric titration[4]. The
conductometric titration along with polarographic measurements was extended for other metal
ions as well for their determination and also investigation of basic kinetic parameters|[5, 6]. In
addition to conductometry, the potentiometry and potentiometric titration was used in
analytical determination and also obtaining basic information of redox systems[7].
Voltammetry was introduced with solid electrode systems as alternate to mercury
electrodes[8]. The cathode ray polarography was available during that time and bimetallic

electrode system was investigated [9].

Zinc has been one of the important transition metal elements very well suited using
polarographic measurements. The element was investigated for its complexation in several
different matrices pertaining to its determination and the investigation of its toxicity[10-12].
Meanwhile, with the advancement of instrumentation facilities the electrokinetic parameters of
several chemical systems were investigated[11, 13-15]. Important contributions were made in
relation with analytical determination and solving the problem of materials science and
technology with strong interaction with the materials science activities of the Centre. During
1908’s the instrumentations have been improved with the availability of potentiostat and
associated automated dropping mercury electrode systems along with the facility to fabricate
several customized electrode systems. Electrochemical systems and power suppliers were
fabricated in house during this period for different customized measurements. Experiments on
low energy nuclear reaction (LENR) or popularly known as the cold fusion, was given immense
priority. Several scientists of Electrochemical Methods Section of Analytical Chemistry
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Division have contributed in the activity with a priority[16]. The cylindrical Pd electrode was
used as cathode and Pt as anode for the electrolysis experiments D2O media with LiOD as the
electrolyte. Presence of the tritium activity was reported by confirmation through several

control experiments.

The analysis of minerals was one of the important activities for their metal ions content,
polarographic techniques were adopted for the analysis of metal ions like, Pb, Cu, Cd, Zn, and
Ni in the minerals like monazite and zircon. In one of the well documented development of
method, the analysis of Pb in zircon sample has been reported through improvised dissolution
and selective voltametric determination procedure[17]. The determination of impurities in
ultrapure gallium has been important activities on electrochemistry where several transition
metal elements as impurities were determined, the development of method and determination

Cr in ultrapure Ga sample was reported[18].

Hydrogen charging and permeation of hydrogen through different nuclear structural
material was one of the important activities where the major contribution has been made.
Hydrogen was charged using the material of interest as cathode. The correlation of hydrogen
charging current, hydrogen concentration in structural material and the solution conditions
were carried out to ascertain the detrimental effect of hydrogen in structural stability of the
materials [19, 20]. Several analytical methods were developed for analytical determination and
also investigation of kinetic parameters in metal ion and also in biological systems during this

activity period.

3. Activities utilizing the recent instrumentations

In the current century, significant uplifting of the activities on electrochemistry has been done

using modern electrochemical facilities and newly introduced activities for the analytical



measurements, investigation of corrosion and their inhibition and investigation of the
interfaces. Determination of Pd, Cr, Nitrites, halides, Pt, Rh, Hg, U, As, peroxides etc. in
complex matrices for the important applications in Departmental and societal requirements are

developed and the methods were utilised for analytical measurements [21-25].

The potential of the electrochemical techniques in the investigation of the interfacial
processes have been carried to its outmost capacity. The metallurgical aspects of cold rolled
and heat treated SS304 is important, the corrosion aspects of the treated SS304 were
investigated, the hydrogen uptake and the related corrosion property of zircaloy-2 and zircaloy-
4 were investigated, indicating impervious passive films and their possibility of bleaching
under different solutions and polarization conditioning[26, 27]. The inhibition of corrosion and
the binding mechanism of the inhibitors with active functional groups for binding with metal

and alloy surfaces were investigated with thermodynamics and kinetics parameters.

The electrochemical instrument, potentiostat and galvanostatic with features like, linear
sweep and pulse voltametric techniques was developed and used in the Division in several
important electrochemical analysis. The photograph of the inhouse developed electrochemical

system in shown in Figure 2.



Figure 2. The inhouse developed computer controlled electrochemical system equipped with

linear and pulse voltametric techniques.

Instrumentations and related technologies are developed for the determination of
dissolved oxygen in water required in nuclear and in several chemical industries and
environmental monitoring. It requires continuous monitoring of dissolved oxygen to keep the
corrosion of the structural material under control and thus to improve the life of the plant. In
nuclear industry, the specification of dissolved oxygen in coolant water is as low as 5 ppb.
Determination of the dissolved oxygen is also important in industrial waste, sewage and water
bodies. Determination of dissolved oxygen in potable water is an important water quality
parameter. Present model has been designed for the continuous monitoring of dissolved oxygen
under flow condition. The reduction current of oxygen is the measurable parameter for the
determination of dissolved oxygen. The current flows due to this process is measured using the
electronics device and the measured current is calibrated with respect to the dissolved oxygen
concentration. Sensor displays the reading of dissolved oxygen concentration in ppm/ppb units,

the instrument can be used for continuous monitoring and also batch mode of applications. It



has been developed with completely indigenous materials and technology. The picture of the
dissolved oxygen sensor is shown in Figure 3. The technology has been published over BARC

website, and the technology has been transferred to four companies so far.

Figure 3. Picture of the dissolved oxygen monitor which has been developed and technology
has been transferred to several companies, Technology code: CH32ACD, Website,

http://barc.gov.in/technologies/dom1/index.html.

4. Electroanalytical methods over modified electrodes

In the recent years, electrochemical sensing of toxic metal ions in the complex matrices at wide
concentration range has attracted enormous impetuous in the environment, human health as
well as geochemical point of view. Electrochemical in hyphenation with the spectroscopic and
microscopic techniques are utilised in characterization of biological interfaces, bacteria,

antibiotics, glucose, anticancer drugs etc.[28, 29].



The quantification of the metal ions in trace and ultra-trace level is a challenging task
among the scientist and researcher. Heavy metals leaking to the environment are the most
representative pollutant due to the human activity and threatening the human health by inducing
various diseases. The heavy metals are non-biodegradable, universally distributed and
accumulated in the biosphere through the alimentary chain. These metal ions enter into the
living organisms through water, air or food chain and alter the biochemical life cycle leading
to a greater risk to the human health and the environment. Uranium is one of the important
actinides in view of its use as a fuel in nuclear industry. Besides its utility as nuclear fuel,
geochemical pathways of the element are extremely important due to its long-term toxic
implications. Therefore, determination of uranium has immense importance in relation to the
nuclear industry and environment [30-32]. There have been methods of determination of toxic
metal ions such as, gas chromatography-atomic fluorescence spectrometry and atomic
absorption spectrometry[33-38]. Other commonly used methods for the determination of total
mercury are: cold vapour atomic absorption spectrometry (CVAAS), inductively coupled
plasma mass spectrometry (ICP-MS)[39, 40]. All the methods mentioned require complicated
instrumentations and also involve high operational cost. Voltammetric techniques represent
important method with high sensitivity and low operational cost and have the possibility of
portable instrumentations for onsite determination.

The bare electrodes are easily contaminated by the unwanted species or impurities
present in the solution, which is detrimental to the determination of actual analyte due to the
memory effect, additionally the unmodified electrodes are less selective and sensitive. The
fabrication of the modified electrode is being carried out for a particular analyte of interest,

which is not possible by using bare electrode. The efficacy of conventional solid electrode or
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unmodified electrode-based sensors is often hampered by a gradual fouling of the surface due
to adsorption of large organic surfactants of reaction products. Sometimes, the detection of
particular analyte of interest is not feasible by using bare solid electrodes due to their slow
electron transfer kinetics occurs at the electrode surface. Modified electrodes have been used
over conventional bare electrodes because it has various interesting properties such as, fast
electron transfer Kinetics, enhance catalytic property and provides larger surface area, leads to

the increase in the sensitivity as well as selectivity of the method.

In electrode modifications, thin film and Metal nanoparticles are of great interest due to their
unique optical, magnetic and catalytic property and high electrical conductivity in nature. Gold
nano particles (AuNPs) have shown high sensitivity for mercury by measuring the anodic
stripping peak due to the obvious reason of high affinity of mercury towards gold [41-43].
There are some reports on the gold nanoparticle modified electrode for the determination of
mercury either on the carbon electrode or on screen printed electrode[44-50]. However,
preparation of the stable arrays of gold nanoparticle and easy regeneration of the substrate for
regular determination of mercury is still challenging. Bismuth is a good candidate for
modifying the electrode surface for various analytical application because bismuth is a soft
conducting material, enhances the diffusion kinetics, have high potential window in the
cathodic side and it is not required of removing dissolved oxygen during stripping analysis.
Additionally, bismuth is an environmentally friendly material due to its less toxic in nature and
also inexpensive material[51-57]. Bi film electrode (BFE) on the carbon paste electrodes is
very well suited in the stripping voltammetry experiments, the carbon paste electrode reduces
the possibility of the memory effect due to its easy renewability [58-60]. The major concern in
stripping voltammetry, especially using modified film electrodes are the interference and the

fouling effect of the electrode surface due to surfactants. Nafion film a cation exchanger, an
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ideal permselective membrane has been tested in stripping voltammetry, useful in the reduction
in interference due to surfactants. In recent times, due to the toxicity of mercury, mercury drop
electrodes are being avoided in the stripping as among all the heavy metal ions, toxicity of
mercury is more severe than the others. Mercury exhibits a very complex behaviour in the food
chain and in the human body system [61, 62]. Mercury and copper have been extensively used
in industries and there are enormous concerns of contamination of these metal ions in the
environment through the industrial activities. All the heavy metal ions, beyond certain
concentration levels are highly toxic to the environments; Hg is important toxic elements in the
list. In the body system Cu generally present in the bound form with ceruloplasmin and non-
toxic. The free Cu in the body system causes toxicity as it generates reactive oxygen species
and damages proteins, lipids and DNAs[63]. Stripping voltammetry is one of the most
important methods of determination of Cu in wide concentration ranges using modified
electrodes.

Bi-film was deposited on the glassy carbon electrode and carbon paste electrode (CPE)
by using stripping voltammetry[58-60, 64-66]. However, the easy renewability of CPE is a
better choice for the present purpose compared to glassy carbon electrode. It has been observed
by previous researchers that a strong stripping peak due to Bi was observed before Cu peak,
which is detrimental to the appearance of Cu stripping peak on bare Bi film electrodes [52, 67].
There was one report based on the decrease in the Bi stripping peak for the determination of
Cu using bare Bi film electrodes [52]. We also have reported the determination of Cu from the
decrease in the Bi stripping peak on bare Bi film electrode [67] and a direct determination of
Cu using Bi-Graphene composite electrode has been proposed [41]. There was one report based
on the decrease in the Bi stripping peak for the determination of Cu using bare Bi film
electrodes [52]. We also have reported the determination of Cu from the decrease in the Bi

stripping peak on bare Bi film electrode[67] and a direct determination of Cu using Bi-
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Graphene composite electrode[68]. Gold has been incorporated into the Bi film so that the
stripping peak due to Cu could be observed. Gold has the strong affinity towards mercury thus
the Bi-AuNPs composite material would be the ideal choice for the simultaneous determination
of Cu and Hg.

Additionally, it has been reported that the nanoparticle arrays have increased the
effective mass transport and also increased the signal to noise ratio of the analytical
measurements[69-71] . Merged diffusion layers of nanoparticle modified electrodes also
reduced the requirement of active materials to obtain similar or enhanced response to the whole
electrode. There are a few reports on the gold nanoparticles (AuNPs) modified electrode for
the determination of mercury either on the carbon electrode or on the screen-printed
electrode[41, 44]. In our investigation we have employed the simple electrodeposition method
for the deposition of AuNPs over the carbon paste electrode surface to avoid any excess
chemical processing in the method. Easy regeneration of the carbon paste electrode has the
advantage in the procedure. Interference effects due to some of the commonly occurring metal
ions and surfactants were investigated. One paper reported the modified electrode using EDTA-
like films for the simultaneous determination of Cu and Hg[72] . In a recent publication heavy
metal ion were determined using bismuth nanotube modified glassy carbon electrode[73].
Other than analytical application Au and Bi>Os nanocomposite modified electrode was also
applied for photocatalytic decomposition of dyes[74]. Thus, it is interesting to investigate the
applicability of AuNPs arrays embedded onto the Bi film on CPE for the simultaneous
determination of Cu and Hg.

Further, the analytical method has been developed for the determination of uranium (U)
in ground water and sea water using Hg thin film modified multiwall carbon nanotube
incorporated carbon paste electrode. Parameters for the optimal sensitivity and the minimal

usage of metallic mercury have been optimized. Conditions and the mechanism of the
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adsorption pre-concentration process were investigated. The thin film electrode also provides
better physical stability compared to the mercury drop electrode for onsite application. The
different modified electrodes developed under present investigation was applied for the

determination of metal ions such as Hg, Cu and U in different water samples and soil samples.

4.1. Electrochemical characterization of the modified electrodes

A AuUNPs modified electrodes

The electronic property of the AuNPs modified electrode was investigated in 1mM
potassium ferro-cyanide solution containing 0.1M KCI using cyclic voltammetry
measurements. Reversible response of ferrocyanide oxidation was observed (corresponding
figure is not shown). Electrochemical response of ferrocyanide oxidation on AuNPs modified
CPE substrate was found to be sharper compared to bare CPE surface. Cyclic voltammetry
response remained reversible at scan rate of 500 mVs™ where as in the case of bare CPE the
peaks were comparatively broadened. Anodic peak current on AuNPs modified electrode was
1.7 times higher than the bare carbon paste electrode when compared at the scan rate of 500
mVs™. Thus, the additional current was due to the increase in active surface area on deposition

of gold nanoparticles over the carbon paste electrode surface.

Resistance and capacitance behaviour of the bare CPE and the AuNPs modified CPE
were carried out from the electrochemical impedance measurements. Experiments were carried
out at an applied potential of 0.3 V with AC frequency from 10 kHz to 10 mHz and amplitude
of 10 mV. The Nyquist plot has shown RC behaviour with Warburg component. Charge
transfer resistance on the bare carbon paste electrode surface was around 1.9 times higher

compared to the AuNPs modified electrode surface.

B. Bi-Au film modified electrodes
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The investigation of the interfacial charge transfer property of the CPE/Bi-AuNPs
modified electrode was carried out using electrochemical impedance measurements in 0.1 M
acetate buffer solution of pH 4.5. Impedance measurements were recorded at a single frequency
of 100 Hz with varying potentials. It was observed that the capacitance of the Bi film modified
CPE was lowest. Capacitance of the CPE/Bi-AuNPs composite was also less, which is useful for
the application of the composite electrode in analytical measurements as modified electrode. The
CPE/AuUNPs composite electrode has shown very high capacitance, significantly higher than the
other two electrodes. The lower capacitance of the CPE/Bi-AuNPs composite electrode is

beneficial to have lower background in stripping analysis.

C. Hg- film modified electrode

Electrochemical impedance measurements were carried out to have an explanation about
the adsorption process of uranium-(chloranilic acid) CAA complex on the MTMCPE surface.
From the frequency scan at open circuit potential, Nyquist plot was obtained. Bare CPE was
observed to show very high charge transfer resistance at open circuit potential. On deposition of
mercury thin film on the CPE surface, the charge transfer resistance was observed to reduce by
almost two orders of magnitude. Contribution due to the diffusion was observed at the lower
frequency region. The Nyquist plot, characterized as a suppressed semicircle could be due to the
uneven nature of the surface. Nature of the Nyquist plot was not altered on mercury film

deposition.

5. Voltammetric investigation of the Modified electrodes

A. Voltammetric response Hg using AUNPS modified electrode
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The determination of Hg was carried out using AuNPs array modified carbon paste
electrode in a deaerated 0.1 M NaNOsz and KCI solution by differential pulse anodic stripping
voltammetry. The electrochemical parameters were optimized such as: deposition potential -
0.6 V, deposition time 300 s, pulse amplitude 25 mV, step potential 25 mV and anodic scan
from 0 V to 0.6 V. As reported previously, the mixture of NaNOs; and HCI of 0.1 M
concentration provided better stripping response of mercury[75, 76]. Better stripping response
in such supporting electrolyte media was due to the predominant formation of Hg.Cl, and
HgCl. in presence of chloride ions. The anodic stripping peak due to mercury was observed at
potential around 0.45 V shown in Figure. 4. Corresponding calibration plot due to the
subsequent addition of Hg standard was shown in the inset of Figure 4. The sensitivity of the
measurement was 3.47x10® A/ugL? and the correlation coefficient of linear regression as
0.998. Standard deviation in current measurements of six measurements at 1 pgL*
concentration was obtained as 2.77x10°A. Three sigma detection limit was obtained as 0.24
pgL™L. In the present method AuNPs modified CPE was fabricated using very easy way of
constant potential deposition. It was also easy to regenerate the carbon paste electrode substrate
for repeated application. Detection limit of the present method was comparable to reported

results.
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Figure.4. Voltammetric response of Hg with successive addition of 1 pg L™ (ppb) of Hg?* in
0.1 M NaNOsz and KCI as the supporting electrolyte media. Inset: corresponding linear

calibration plot with the fitted line
Interferences

The Possible interferences of Ag*, Cu?*, As®*and Fe?* were evaluated with the stripping
peak of the mercury. Cu?*, Fe?* and As**, did not interfere with the stripping peak even ~300
times higher concentration to Hg?*. The stripping Voltammogram of mercury was recorded
containing a solution of 20pgL™ of mercury, and then Ag* was added into the solution. The
mercury stripping peak was decreased drastically by the addition of Ag*in the solution. With
the addition of 100 pg L™ of Ag* in the solution, mercury stripping peak was suppressed almost
completely. The stripping peak was reappeared when 0.3 mM Au(l11) in the solution was added
and it is shown in Figure.5(a). Thus, from the interference pattern it is indicated that metallic

Ag interacts with the gold nanoparticles to form solid solution which becomes inactive to
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mercury. This is an important issue on the determination of mercury in water samples. In a
silver containing sample, amount of AuNPs deposition has to be higher to obtain the stripping
peak of Hg. On further addition of Au in the solution, fresh gold nanoparticles are formed; the
substrate regained its activity towards mercury. Likewise, Fe(ll) was added successively in
the test solution, and the peak observed with the addition of Fe(ll) in the solution was not
proportional to the addition of Fe(ll). The presence of Fe (Il) did not interfere with Hg

determination up to a 5000 pg/L concentration level, as shown in Figure.5(b)

Additionally, the interference due to some of the common surfactants, triton X-100
(TX100), sodium dodecyl sulphate (SDS), and cetyltrimethyl ammonium bromide (CTAB)
was investigated. A deposition time of 150 s was used in these cases. With the addition of
neutral surfactant, TX100 in the test solution the stripping peak was reduced initially, with
further addition of TX100 concentration, the peak height was increased, shown in Figure. 5(c).
Maximum peak current was observed with 0.5 mM TX100 concentration, and then it was
reduced with further addition of TX100. The base line was deformed beyond 0.5 mM TX100
concentration. In the case of SDS, the stripping peak was increased marginally at initial
additions of up to 0.1 mM concentration, shown in Figure 5(d). With further addition of SDS
beyond 0.2 mM concentration, the base line of the voltammogram was deformed and the
stripping peak height was reduced. CTAB has strong interference with the measurements; the
stripping peak vanished even with 1 uM concentration of CTAB in the stripping solution (plots
not shown). TX100 being the neutral surfactant might entangle mercury ions through its
surfactant chains and increased the surface concentration of mercury at the electrode surface.
On further addition of TX100, higher electrode coverage by surfactant molecules reduced the
peak current increased the capacitance due to adsorption. SDS, being an anionic surfactant,
does not have coulomb interaction towards the electrode surface during deposition, thus did

not interfere heavily on the mercury stripping peak. Being cationic in nature the surfactant
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molecules in CTAB attracted towards the negatively polarized electrode during
electrodeposition process, the active area of the electrode will be covered by the surfactant
molecules for deposition and stripping of mercury. Complexation property of SDS with Hg(I1)
was used for the solid phase extraction and pre-concentration of mercury for its high sensitive
determination[77, 78]. Beyond a certain concentration, SDS and CTAB were reported to be
interfered with the potentiometry sensing of mercury[79]. Thus, it is important to remove any

cationic bulky molecule from the test solution in voltammetric determination of mercury.

The developed method was used to determine mercury in the soil samples using the
AuUNPs modified carbon paste electrode. The results obtained from the present method was
validated with the total mercury analyzer based on thermal decomposition and atomic
absorption technique. Analysis results were agreed well between the two methods of

determination. The developed method was found suitable for the detection of Hg in water and

soil samples.
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Figure.5. (a) Adsorptive stripping voltammetric response in 0.1 M NaNOsz and KCI as the
supporting electrolyte media (1) 20 pg L of Hg?*, (2) and (3) 50 , 100 pg L of Ag, and (4)
addition of 3x10* M Au , (b) Effect of Fe(ll) on stripping peak of 20 pug L™ Hg(ll), (c)
Stripping voltammetric peak of 10 pg L Hg (11) in the presence of different concentrations of
TX100, (d) Stripping voltammetric peak of 10 pg L™ Hg (1) in the presence of different

concentrations of SDS.
B. Voltammetric response Hg and Cu using Bi-Au film modified electrode

The simultaneous determination of Cu?* and Hg?* were carried out using CPE/Bi-
AUNPs electrode in 0.1M acetate buffer medium at optimized electrochemical conditions such
as accumulation potential -0.5V, accumulation time 200sec and pH of the buffer solution 5.
and it is given in the Figure. 6(a). voltammograms were recorded using CPE/Bi-AuNPs
electrode with successive additions of Cu and Hg standard concentrations. The Peak positions
of Cu and Hg were well separated and useful for their simultaneous determination. Stripping
peak currents were increased with increase in the Cu?* and Hg?* concentration in the stripping
solution. The peak positions of both the elements remained unaltered on successive addition of
the standards. Calibration plot of Cu?* followed the regression equation i,=2.03 x 10® C +
8.61x1071° with the correlation coefficient of 0.998 and standard deviation of 1.06x10° where
C in pg Lt unit. The calibration plot of Hg?* followed the linear regression equation as i, =4.28
x 108 C + 1.52 x 10! with the correlation coefficient 0.996 and standard deviation of 4.02x10-
% where C in pg L™ unit. Three sigma detection limits of Cu and Hg were obtained as 0.16 pg
L1 and 0.28 pug L™ respectively. Linear ranges for Cu and Hg are 5to 25 ug L™t and 2 to 10 pg

Lt respectively under the optimized experimental conditions.

Bi film produces strong stripping signal during anodic scanning process and it is

difficult to separate the Cu stripping peak from that of Bi, due to which determination of Cu is
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difficult on Bi film electrode. Proportional decrease of Bi-stripping peak with the addition of
Cu was successfully attempted as an alternate way to determine Cu [52]. It would always be
good idea to observe the direct electrochemical stripping response of Cu with its proportional
increment with concentration. Interestingly, in the present case on simultaneous deposition of
AuNPs and the Bi-films, the stripping response of Cu was shifted to positive potential and it
was clearly observed. Cu has the stronger affinity to form inter-metallic with Au which has
shifted its stripping peak towards more positive directions. Due to that, its stripping peak was
well separated from the Bi-stripping peak. Stripping response of Cu and Hg was compared
using three different electrodes; CPE/Bi, CPE/AuNPs and CPE/Bi-AuNPs and it is shown
in Figure. 6. (b). It was observed that on CPE/Bi electrode, no stripping response due to Cu and
Hg was observed. Though the stripping peak heights in the case of CPE/Bi-AuNPs modified
electrode was only marginally higher than that of CPE/AuNPs, the base line was improved in
the case of CPE/Bi-AuNPs composite modified electrode. Modified electrodes by AuNPs alone
are applied for the determination of Hg[41, 44-47]. However, as seen in the present case the
stripping response of Hg has improved due to the incorporation of Bi in the composite.
Similarly, the stripping response of Cu could also be observed on AuNPs modified electrode.
However, its stripping response was not proportional, as Cu never stripped back proportionally
from the composite film. In the presence of Bi along with the AuNPs have increased
conductivity of the individual particles and also the inter-particle conductivity. Incorporation
of Bi has also improved the holding capacity of the material, which has produced proportional

stripping response and enhanced the linear range.
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Figure.6. (a) Stripping response of Cu?* and Hg?* on different modified carbon paste electrodes,

(b) Stripping response of Cu?* and Hg?" on different modified carbon paste electrodes.

In real water samples Cu remains at much higher concentration compared to Hg. To
evaluate if the modified electrode could work in presence of Cu, voltammetric experiments
were carried out using dummy sample containing 200 pg L Cu?*, and Hg?* was added
successively in the solution. Corresponding plot is shown in Figure. 7(a). It was observed that
the Hg stripping peak was increased proportionately and unaffected due to the presence of
Cu?*. Cu stripping peak was also unaffected with the addition of Hg?*. This observation
concluded that both Cu and Hg stripping responses remained unaffected due to the presence of
other at high concentration. Reproducibility of the stripping responses was evaluated by
recording voltammetric scans. Percentage of standard deviation for Cu®* and Hg?* were

obtained as 3.6 % and 4.5% respectively for 6 repetitive measurements

Interference effects due to some of the commonly occurring metal ions Fe(lll), Cr(V1),
As(111), Ag(l), Pb(I1), Cd(I1), Zn(1l), U(V1) were investigated on the stripping peak of 20 pg L-
1 Cu and 8 pg L Hg. Except due to Ag(l) and As(l11) no interference was observed from all
the other metal ions up to 500 time higher concentration than Cu(ll) and Hg (1I). Ag(l)
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interfered with both the Cu and Hg peaks. Effect of interference due to Ag(l) on the Hg
stripping peak was shown in Figure.7(b). It was observed that Hg stripping peak was reduced
with the addition of Ag(l) in the test solution from 50 pug L™ Ag(l) concentration. Observable
Hg stripping peak was observed with the addition of Ag(l) up to 1000 pg L. Hg stripping peak
was recoverable with the increase in the gold content in the modified electrode. During
preparation of the modified electrode a gold concentration of 100 times higher compared to the
Ag(l) concentration is recommended to minimize the interference due to Ag(l) on the Hg
stripping peak. Tolerance of Ag(l) on the stripping peak has increased due to the incorporation
of Bi along with the AuNPs. As only AuNPs modified electrodes were heavily interfered by
Ag(l) for Hg?* determination. As(l11) has interference with the Cu stripping peak beyond 200

times higher concentration than Cu by broadening the Cu stripping peak.

The developed method was used to determine mercury in water and soil samples using
the Bi-AuNPs nanocomposite modified carbon paste electrode. The results obtained from the
present method was validated with the total mercury analyzer based on thermal decomposition
and atomic absorption technique. Analysis results were agreed well between the two methods
of determination. We have tested the stability of the sensor; it remains stable up to 7 days when
stored inside water. Analytical performance of the presently developed electrode was compared
with the methods reported previously in the literature for Cu and Hg, present method stands

well in terms of sensitivity and easy of application compared to the reported literature.
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Figure.7. (a)Voltammetric plots of Hg?* with its successive addition as shown inside the figure
and at a constant concentration of Cu?* of 200 pg L™.(b) Interference effect of Ag(l) on the Hg

stripping peak.
6. Applications in bioanalytical method developments

Analytical methods are developed for the determination of several biomolecules and drugs like,
para-nitrophenol, dopamine, ascorbic acid, uric acid, cysteine, ciprofloxacin, darunavir, 6-
mercaptopurine, and investigated their interactions with dsDNA, and serum albumin. Results

on a few of these biomolecules are shown as below.[21, 29, 80-82].

6.1  Functionalized carbon nano particle modified electrode for the determination of

Curcumin

A. Morphological and structural characteristics

The surface morphology of the FCNTs was investigated by scanning electron
microscope (SEM) as shown in Figure 8. FCNTs are shown to have similar size, shape and
uniformly distributed on the substrate. It was observed from SEM images that average diameter
of the carbon nanotube is in the range of 10 to 40 nmol/L. The inset shows the EDS image of
the FCNTs. The EDS microanalysis confirms the presence of the individual components of

the FCNTSs such as carbon, sulphur and oxygen and nitrogen as impurity in the FCNTs moiety.
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Figure8 SEM images of FCNTSs (a) Low resolution (b) High resolution (Inset: EDX images of

FCNTS)[83].

B. Effect of pH on the electrochemical measurements
The effect of pH on oxidation of curcumin was investigated using square wave voltammetry
in 0.1 mol/L acetate buffer solution containing 0.018 mmol/L curcumin and the results are
shown in Figure 9a. The oxidation peak of curcumin was found to be shifted towards anodic
direction with decrease in pH of the solution. The oxidation peak current was found to be
increased with increase in the pH of the supporting electrolyte and reaches maximum at pH
4 and then reduces as the pH of the solution increases. The oxidation peak of curcumin was
completely disappeared at pH above 12. The expulsion of a proton became easy with increase
in alkalinity of the supporting electrolyte and the peak current has been increased [84]. The
redox property of the curcumin at the surface of the modified electrode depends upon the
transfer of proton along with the transfer of electrons during the oxidation and reduction
process. The Nernstian slope of 0.059 V/pH indicates that the number of proton and electron
proportion involved in the reaction is 1:1. Figure 9b shows the plot of pH vs peak potential of
curcumin in the pH range of 1 to 12 and it was found to be linear with a correlation coefficient
of 0.984, E, (between pH 1 to 12) = 48.8 pH + 553. The slop of Epa vs pH was obtained as
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0.049V/pH, which may be considered as closer to the Nernstian slope [85]. Therefore, the
oxidation of curcumin is summarized as the involvements of 2e” and 2H" proton transfer

process.
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Figure 9 (a) Effects of variation of pH on 0.018 mmol/L curcumin using FCNTs modified

electrode in 0.1 mol/L acetate buffer of pH 4.5 using square wave voltammetry. (b) Plot of

peak potential vs pH.

C. Square wave voltammetric determination of curcumin

The anodic stripping voltammetry experiment was carried out with different concentrations
from 2 to 14 pumol/L using FCNTs modified electrode for the determination of the curcumin in
0.1 mol/L acetate buffer at pH 4.5 and the corresponding plot is shown in the Figure 10a. Good
linear relationship between anodic peak current (Ipc) and the concentration of curcumin (Figure
10b) has been observed, the linear correlation followed the equation of Ipc (LA) = 1.2803¢
(umol/L) + 3.0514 (R? = 0.997). The reproducibility of current was verified by carrying out
the repetitive measurement for 5 times over the period of 25 days, the variation of the
performance of the electrode remained within 5%. The limit of detection was calculated from
the linear calibration plot and found to be 0.069 pmol/L using the IUPAC definition of LOD

=3 S/M. where S is the standard deviation and M is the plot of the calibration curve.
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Figure 10 (a) Square wave voltammetry with varying concentrations of curcumin using the
FCNTs/GCE modified electrode in 0.1 mol/L acetate buffer at pH 4. (b) Corresponding linear

calibration plot.

The higher electrochemical response over the GCE modified with FCNTs has been
resulted due to the presence of the functional groups introduced over the CNTs and the inherent
fast electron transfer properties of CNTs. The incorporation of the C=0 and O-H groups as
revealed from the FTIR measurements supports strong bonding with GCE base and also helps
curcumin to come close to the modified electrode surface. The schematic representation of the
interaction of the modified substrate with the curcumin molecule is represented in scheme 1. It
may be noted the interactions are shown for the representative purposes with one molecule of
curcumin, practically several molecules of curcumin will be interacted through different modes

of interactions.
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Scheme 1. Modes of interaction between the modified electrode substrate with the curcumin

molecule.

6.2  Determination of Ciprofloxacin and Probing its Interaction with Bovine Serum

Albumin

Ciprofloxacin (Cf) is an antibacterial drug that belongs to the fluoroquinolone family,
and the IUPAC name of Cf is 1-cyclopropyl-6-fluoro-4-oxo-7-piperazin-1-yl-quinoline-3-
carboxylic acid. Cf is a faintly yellowish to light-yellow crystalline substance with a molecular
weight of 331.34 g/mol. The empirical formula of Cf is C17H18FN3O3 [1, 2]. The chemical

structure of Cf is given in Scheme 2 [86, 87].
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Scheme 2. Chemical structure of the antibiotic Cf

To investigate the drug interactions at the initial stage of the drug discovery, many
in vitro methods are used. Of these methods, electrochemical, spectroscopic and spectro-
electrochemical approaches are the most accurate, cost effective, easy to perform and time
saving compared to in vivo studies, such as microbial experiments, animal studies and clinical
trials. In the present investigation, in addition to the investigation of the electrochemical
properties of Cf, we also probed the interaction of the Cf with serum albumin BSA using

electrochemical, spectroscopic and spectro-electrochemical experiments.

A. Probing using CV

Cyclic voltammetry (CV) of 1.0 x 10* M Cf in a 0.04 M BR buffer with a pH of 7 was
carried out at varying scan rates from 0.01 V/s to 0.5 V/s using GCE as the working electrode.
After every CV scan, the GCE was cleaned by polishing it with 0.05 um alumina powder on a
polishing cloth to avoid adsorption of the drug to the surface of the electrode. The CV plots at
different scan rates are overlaid and shown in Figure 10A. The plots had one oxidation peak of
Cf at around 1.0 V, and the peak current rose along with an increase in the scan rate of the
measurements. The peak current of Cf was plotted with respect to the scan rate of the
measurements and also with regard to the square root of the scan rate of the measurements. The

plots are shown in Figures 10B and C, respectively, and the data points were generated using
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linear fitting. The peak current values fit reasonably well with the scan rate of the measurements
and also with the square root of the scan rate of the measurements, although none of the
correlations generated a perfect fitting of the results. The correlation of the peak current with
the scan rate and the square root of the scan rate of the measurements thus indicated that the
electrochemical process was influenced by both adsorption and diffusion. To further ascertain
the overall mass transfer process, the peak current data were further analysed and the peak
current per square root of scan rate was plotted with respect to the square root of the scan rate
of the measurements; this plot is shown in Figure 10D. The data points are fitted well with the
linear fit, which further supports the electrochemical oxidation process of Cf is characteristics
of mixed adsorption and diffusion controlled process [88].

The electrochemical properties of Cf under different prototrophic conditions are
traditionally investigated by recording the differential pulse voltammetry (DPV) [89].
Experiments were carried out at different pH values from 2-10, and their corresponding DPV
plots are shown in Figure 10E. The peak potential shifted towards less positive potentials,
which indicates that the oxidation of Cf becomes easy with an increase in the pH of the solution.
The observed peak potentials have been plotted with respect to the pH of the solution, and the
corresponding plot is shown in Figure 10F. The correlation between the potential and
experimental pH fit well with the linear correlation, and the slope of linear fitting was 52 mV.
The measured slope was close to the expected slope of 59 mV, and the mechanism of
electrochemical oxidation process can be assigned to have an equal number of protons and

electrons [90, 91].

The peak position of the voltammetric peak of Cf was shifted towards more positive
potentials with each increase in the scan rate of the measurements. This shifting in the peak
potential is indicative of the observed difficulty in the oxidation process of Cf at higher scan

rates. The observed peak of Cf was plotted with the logarithm of the scan rate of the
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measurements, and a straight-line correlation was generated (Figure 11B). The equation (1)

used for the fitting is shown below [92].

E, = E’+ (RT/anF)[In(RTks/anF) — Inv] (1)

Where, Ej is the peak potential, E® is the formal potential, R is the universal gas constant (8.314
J/imol K), T is the absolute temperature, « is the electron transfer coefficient, n is the electron
transfer number, F is Faraday’s constant (96,485 C mol™), ks is the standard rate constant of
the reaction and v is the scan rate (\V/s) of the measurements. The (an) value is obtained using
the linear fitting. E° of Cf is obtained from the intercept of the plot of the peak potential with
respect to the scan rate of the measurements (Figure 11A). The value of E® obtained in this way
was 0.99 V. Based upon the slope and intercept of the plot in Figure 11B, the (ar) and the ks
values were 0.85 and 275 s, respectively. A similar method was used to determine the ks
values using electrochemical measurements [39]; the electrochemical kinetic parameters of Cf
(an) and the ks were found to be 0.71 and 177.9 s, respectively [93]. The electrochemical
kinetics of Cf thus obtained over the GCE were reasonably fast, which can be utilised for the
investigation of kinetics of the interaction of the Cf with carrier proteins as intended in the

present study.
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Figure 10. (A) CV of 1.0 x 10* M Cf at a pH of 7 with various scan rates, corresponding
variation of peak current (I,) with respect to (B) the scan rate and (C) the square root of the
scan rate. (D) Ip per square root of the scan rate with respect to the square root of the scan rate.
(E) DPV plots of 1.7 x 10 M Cf with varying pH values and their (F) corresponding variation

of peak potentials (Ep) with respect to different pH values.
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Fig. 11. (A) Plot of the peak potential vs the scan rate of the measurements; (B) Plot of the

peak potential vs the log of the scan rate of the measurements [28].
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6.3  Electrochemical Investigations on Melamine and Cysteine

Considering the toxic effects of melamine it is very important to determine melamine
in milk products along with other food materials. There are some reports of determination of
melamine based on chromatography [94-96] colorimetry [97, 98] and electrochemistry [99-
101]. Determination of melamine using electrochemical techniques is becoming popular [102,
103]. With an aim to develop methods for the determination of melamine, electrochemical
behavior of melamine have been explored in static mercury drop electrode (SMDE), AuNPs
modified CPE and and RGO-AuNPs modified CPE. While, carrying out the CV with SMDE a
peak due to reduction of melamine was observed at -0.93V at pH 2 of BR buffer solution, the
peak position being shifted linearly (slope: -0.116 V/pH) in the cathodic direction with the pH
of the buffer from pH 2 to pH 9, when pH was increased above 5 the electrochemical response
merged with current produced due to the hydrogen evolution (Figure 12). The result reflected
involvement of double number of proton to that of an electron in the reduction process, if the
shift in peak potential is approximated only due to the proton concentration. Heterogeneous
reduction was found to be diffusion controlled. The reduction peak intensity followed linear
relationship with concentration of the compound (Figure 13), producing detection limit of
0.2uM in BR Buffer (pH 2). Although the method provides simplicity in determination of
melamine at UM concentration level, it suffered from the interference of commonly occurring
Zn even in sub pM concentration and Ca in the mM concentration level. Melamine has strong
interaction with Cu?*, which generates electrochemical signals. These electrochemical signals
could be a measure of melamine concentration [104]. However, a clear electrochemical signal
for quantitative detection of melamine was not attempted previously. We have explored for the
quantitative determination of melamine by monitoring the stripping signal of copper in linear
sweep stripping voltammetry using SMDE. Anodic stripping voltammetry of copper was

carried out with deposition of Cu?* at a potential of —=1.0 V for 10 s and then the potential was

33



scanned from —1.0 V to 0.2 V. The stripping peak due to the oxidation of Cu was observed at
around 0 V as shown in figure 14. The original Cu stripping peak current was gradually
decreased with the addition of melamine and a new pre-peak at more negative potential to that
of the Cu stripping peak was appeared. Linear calibration plots were found from the decrease
in the stripping peak of copper (peak 1) and increase in new peak, appeared at —0.09 V (peak
2). The three sigma LODs from the linear calibration plot was obtained as 0.778 uM (peak 1)
and 0.773 uM (peak 2). For indirect determination of melamine this measurement was most
workable procedure to determine melamine as it is very easy to obtain reproducible mercury
drop for regular analysis. This indicated that the type of interaction responsible for the decrease
in the stripping current of Cu and generation of a new pre-peak was the same. However, this
method was affected by the interference due to the presence of Ag*, Pb?* and Bi®* at 10 times
higher concentrations. The spike recovery test could not provide us with satisfactory result
showing ~ 35% deviations from the added concentration of melamine. This might be due to
the interaction of the organic molecules, present in the milk sample even after pretreatment,
with Cu?*; possible interference due to deposition of other major metal ions such as Ca?* and
Zn?* during preconcentration step on Hg surface cannot be withdrawn. Therefore, effort was
extended to another indirect way to determine melamine by monitoring oxidation signal of
Ks[Fe(CN)s] on RGO-AuNPs Composite modified CPE (Figure 15). Square wave
voltammetry was performed using 10° M ferrocyanide and the current due to the oxidation of
ferrocyanide was used as the probe (Figure 16). The current was decreased by 40% due to the
addition of 160 uM of melamine. The current was found to decrease proportionately (slope:
0.0025 AM1) with the addition of the melamine. The LOD was calculated to be 2.23 pM. The

method was found to be free from Interferences from common metal ions including Hg?*, Ag*,

Cu?*, Bi®*, Pb?*, K*, Na*, and Cl-. Milk proteins interfere with the analysis, requiring

additional sample preparation. The present modified electrode is easy to fabricate and operates
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at higher concentration ranges compared to the literature reports. Thus, the RGO-AuNPs
modified CPE was successfully used for the determination of melamine in milk sample. The
work was further extended to measure the oxidation signal directly generated from the
oxidation in the melamine centre. As the electroxidation behavior of melamine is quite poor it
is difficult to obtain the direct electrochemical oxidation peak due to melamine. In order to
improve the electro-oxidation property of melamine, CPE was modified with MWCNT and
nafion composite. Interestingly the electrochemical injection from the melamine molecules
was improved on the MWCNT modified surface (Figure 17). This interaction of melamine
with MWCNT was explored for the direct determination of melamine in contaminated samples.
Use of nafion films has the advantage of suppression of interference besides holding the CNTs
on the electrode surface. However, due to strong interaction of MWCNT with melamine, the
electrode regeneration was an issue to use the sensor for actual application. To solve this
problem another approach of modifying the electrode with AuNPs was proposed as AuNPs has
strong interaction with melamine [105-108], although, the oxidation peak due to melamine was
not experimentally observed on bulk gold electrode. Carbon paste electrode was modified with
AuUNPs by electrodeposition method. An oxidation signal at ~0.15V was obtained when CV
was carried out at a scan rate of 20mV sec™ in PBS of pH 7. The redox process was found to
be irreversible and adsorption controlled. The voltammetric signal was increased with the
increase in concentration of melamine. Two calibration regions were observed one at low and
the other at high concentrations (Figure 18). Present method was free from interferences form
the metal ions like, Cu?®* Ag*, Pb?*, Bi** and Hg?* at 100 fold higher concentration than

melamine since the method does not include any preconcentration step.

Among the amino acids L-cysteine (CySH) is considered to be the most important one.
This amino acid has important role in biological functioning and has been used widely in the

medicine and food industries [109]. In addition to the basic electrochemical aspects it is
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important to have analytical method for the sensitive determination of CySH [110, 111]. In this
work a voltammetric method is developed for the determination of this molecule based on gold
nano particles (AuNPs) modified glassy carbon electrode (GCE). A clear oxidation peak of
CySH was observed at 0.69 V at pH 7.5. The oxidation peak potential of CySH was shifted
towards more negative direction with increase in pH of the solution (Figure 19) which indicated
important role of the proton concentration in the supporting electrolyte solution during the
oxidation process of CySH. The oxidation process was proposed to be 2 electrons and 2 proton
transfer process for the formation of CyS-SCy dimeric species. It was experimentally found
that adsorption of monomeric and dimeric species plays a significant role in the heterogeneous
redox process. Based on the electrochemical properties a voltammetric method was developed
to quantify the species (Figure 20). LOD of 74nM was obtained. The chronoamperometric
measurements revealed that the determination of CySH using the modified electrode is
reasonably free from the interference due to tryptophan, tyrosine, histidine and methionine.

The method has been applied for the real sample analysis.
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Figure 12: Cyclic voltammograms of melamine on SMDE in BR buffer of
different pHs, Inset: plot of reduction peak potential of melamine with respect to
pH of the solution.
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Figure 14: Linear sweep anodic stripping voltammetry of 3.3 uM of Cu?* with different
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linear calibration plots of peak 1 and peak 2.
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Figure 15: Scanning electron micrograph of the reduced graphene oxide—
gold nanoparticles composite.
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Figure 16: Square wave voltammograms of 0.01 mMKa[Fe(CN)s] with the
addition of melamine (top to bottom).
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7. Interfacial research on energy harvesting and storage

Electrochemical science and technology have important thrust area in utilization of
alternate energy through developing supercapacitor electrodes and efficient catalysts for

electrochemical and photoelectrochemical generation hydrogen and oxygen from water. The
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metal oxides and sulphides were synthesised, along with the graphene oxides (GO), reduced
graphene oxides (rGO), 3D-graphene oxide and carbon quantum dots for making composites
with the active redox components. The electron transport from the active redox system of the
metal chalcogenides are enhanced and transported to the current collectors through the different
forms of carbon synthesised for the application of the material as supercapacitor electrodes
[112, 113].

Materials and composites of MoS», 3D graphene/noble metals, cobalt oxide, Ni oxide,
bismuth vanadate, hematite etc. were synthesised through hydrothermal, electrochemical,
metal organic frame work route for the electrochemical and photoelectrochemical splitting of
water to generate hydrogen. The Kkinetics of the interfaces were probes through several

conventional electrochemical technique and scanning electrochemical microscope [114-118].

The strategy of experimentation and some representative results are shown used in the
characterization of the interfaces used in energy harvesting, storage and sensing substrates are

shown in Figure 21.
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Figure 21. The Schematics of the experimental arrangements and information about the

interfacial processes using hyphenated electrochemical measurements.

Bismuth vanadate (BiVOs4) has been one of the most promising photoanode for
photoelectrochemical (PEC) water oxidation process. Efforts are still on to overcome the
drawbacks of this photoanode to enhance the catalytic efficiency and improving the stability.
In the present work, 3D graphene (3D-G) has been incorporated inside the BiVO4 matrix,
primarily to improve the conductivity of the material. The photoanodes are fabricated with the
incorporation of SnO> heterojunction and application of cobalt borate (Co-Bi) as co-catalyst.
The incorporation of 3D-G has enhanced the photocurrent from 0.72 mAcm™ to 1.21 mAcm
in ITO/SnO2/BiVO4and ITO/SnO2/3D-G-BiVO4 material, the photocurrent has been improved
from 0.89 mAcm™? to 1.52 mAcm? in ITO/Sn02/BiVO4/Co-Bi and ITO/Sn02/3D-G-BiVOsa.
Semiconductor properties are evaluated from the Mott-Schottky measurements and the charge
transfer and transport Kinetics of the PEC process are measured from several
photoelectrochemical investigations. Both the charge transport and the charge transfer
efficiencies are enhanced upon inclusion of 3D-G into the catalyst system. The life time of the
charge carrier is observed to be increased. The decrease in the decay kinetics of the holes,
enhancement in the open circuit photovoltage (OCPV) and the resulted modulation of the
surface states is responsible for the enhancement in the surface charge transfer process due to
the inclusion of 3D-G into the catalytic system. Therefore, the additional role of 3D-G in the
modulation of the surface states and release of the Fermi level pinning has made the band
alignment between the semiconductor and the analyte better, which resulted in enhanced
catalytic performance in the photoelectrochemical oxidation of water. Some of the related

results are shown in Figure 22.
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Figure 22. (A) Linear Sweep Voltammetry (BBS Buffer pH 8), (B) Chopped light
Voltammetry for SnO2/BiVO;4 (black), SnO2/BiVO4/Co-B; (red), SnO2/3D-G-BiVO4 (green),
Sn0O2/3D-G-BiV0O4/Co-Bi (blue) (C) Transient Study for SnO2/BiVOs (black), SnO2/BiVO4
/Co-Bi (red), SnO2/3D-G-BiVOs (green), SnO2/3D-G-BiVO4/Co-B; (blue), (D) In D vs Time

graph for SnO2/BiVO4 (black), SnO2/BiVO4/Co-Bi (red), SnO2/3D-G-BiVO4 (blue).
8. Research and developments on Electrochemical supercapacitor

Electrochemical supercapacitors have been attracted many researchers in the recent
years because of their high-power density than batteries, long cyclic life and high energy
density than conventional dielectric capacitors as the energy storage devices. In addition to that
supercapacitor score high in terms of environmental friendliness among the energy storage
devices. In recent years, various metal sulphides, oxides and their nano composites have been

reported for their highly reversible electrochemical redox process, long cyclic stability, high
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charge storage capacity through pseudo-capacitance and unique physical and chemical
properties. Several metal oxides and sulphones are attempted in our laboratory for
supercapacitor applications, out of which the results of a few of them are indicated in this

subsection [112, 119-122].

The facile hydrothermal method is adopted for the synthesis of hierarchical flower like
nickel sulphide nanostructure materials and its composite with carbon quantum dots (NiS/C-
dots) composite. The composite material exhibited good performance for electrochemical
energy storage devices as supercapacitor with specific capacity of 880 Fg? at the current
density of 2 Ag*. The material remained stable up to the tested 2000 charge discharge cycles.
Carbon quantum dots of 1.3 nm size were synthesised from natural sources and the favourable
electronic and surface property of C-dots were utilised for improvement of the supercapacitor
performance of NiS. The results from Tafel analysis, double layer capacitance and the
impedance measurements reveals that the incorporation of C-dots inside the NiS matrix has
improved the charge transfer process, which is mainly responsible for the enhancement of the
super-capacitive property of the composite materials [114-116, 118, 123-126].

The discharge capacity of the materials was measured at different current density and
the measured specific capacity was plotted with respect to the current density of the
measurements (cf. Figure 23). The specific capacity of the composite material is higher
compared to the pristine material, with increase in the current density, the specific capacity is
increased initially then decreased very fast in the case of pristine material and slowly in the
case of composite material. The specific capacity measured at multiple charge-discharge cycles
and plotted up to 2000 cycles. Specific capacity is increased with multiple cycling up to the
charge discharge cycle of around 50, after which the measured specific capacity is stabilised.
It remained stable up to the charge-discharge cycles of 2000 recorded in the present

measurements. Electrochemical impedance measurement provides the information about the
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electrochemical interface by separating the transport of charge by overcoming the solution
resistance, resistance in the double layer region, resistance due to the charge transfer and
diffusion resistance. For a porous surface, additional pore resistance and pore capacitance also
requires to be included for explaining the complete electrochemical behaviour. Supercapacitors
have all such electrochemical processes require separate analysis to zero down the complete
characterization of the electrochemical process involved during charging and discharging
process. In the present case impedance measurements were carried out at different applied
potentials of 0.16V, 0.46 V, 0.56V and 0.70V and the Nyquist plot are shown in Figure 23E

for NiS/C-dots composite materials.
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Figure 23. Galvanostatic charge discharge plot at different current density (A) NiS/C-dots
composite (B) Pristine NiS and Specific capacity vs Current density (C) NiS/C-dots composite
(D) Pristine NiS, (E) Nyquist plot of NiS/C-dots composite at different applied potentials (F)

Nyquist plot of Pristine NiS at different applied potentials.
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Currently the research is being carried out in the interfacial processes in materials, biological
systems with focusing towards investigations in cellular level electrochemical investigations
and detection of single molecular species through molecular collision. Solving several
technological issues of the department utlising the electrochemical science and technology.
Focus is also given in alternate energy harvesting and storage an important research aspect of

the Department and of recent interest of the society.
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Abstract

Single molecule force spectroscopy (SMFS) is an emerging tool to investigate
mechanical properties of biomolecules and their responses to mechanical forces, and one of the
most-used techniques for mechanical manipulation is the atomic force microscope (AFM).
AFM was invented as an imaging tool which can be used to image biomolecules in sub-
molecular resolution in physiological conditions. It can also be used as a molecular force probe
for applying mechanical forces on biomolecules. In this brief review we will provide exciting
examples from recent literature which show how the advances in AFM have enabled us to gain
deep insights into mechanical properties and mechanobiology of biomolecules. AFM has been
applied to study mechanical properties of cells, tissues, microorganisms, viruses as well as
biological macromolecules such as proteins. it has found applications in biomedical fields like
cancer biology, where it has been used both in the diagnostic phases as well as drug discovery.
AFM has been able to answer questions pertaining to mechanosensing by neurons, and
mechanical changes in viruses during infection by the viral particles as well as the fundamental
processes such as cell division. Fundamental questions related to protein folding that have been
answered by SMFS are, for example, determination of energy landscape properties of variety
of proteins to correlate with their biological functions. A multipronged approach is needed to

diversify the research, as a combination with optical spectroscopy and computer based steered
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molecular dynamic simulations along with SMFS can help us gain further insights into the field

of biophysics and modern biology.

1. Introduction

Force has an immense role to play in biology. Starting from DNA replication to cellular
motility, biological processes are driven by mechanical forces. Single molecule force
spectroscopy (SMFS) has been highly useful for the quantification of such mechanical forces
as well as in determining mechanical properties of biomolecules (1-4). In mechanobiology,
physical forces are applied on different biomolecules starting from live organisms to tissues
and live cells to protein molecules and their responses to such forces are elucidated. Some of
the most well-known techniques used for this purpose are AFM, optical tweezers, magnetic
tweezers and biomembrane force probe (BFP). In this particular review we will be discussing

the recent developments in the field of AFM and its application in modern biology.

AFM helps us to achieve spatial resolutions of nanometer scale and force resolution of
piconewtons. Routinely for biological applications, a micrometre-sized cantilever attached
with a sharp nanometre-sized tip is used in an AFM setup for the application of force by
indentation or stretching and pulling (Fig. 1). AFM is basically an imaging tool which consists
of four basic components: the cantilever, the piezoelectric positioner which is either attached
to the cantilever or to the sample stage, the laser and the position sensitive detector or the
photodiode (5,6). When the cantilever scans over a surface, the interactions between the
cantilever-tip and the surface cause the cantilever to bend and the laser beam to deflect. This
finally leads to a change in the laser beam position on the position sensitive detector. (1,5,7).
Finally, a topographic image of the surface is obtained. AFM imaging can be done both in
contact mode and in non-contact mode, and both in air and in liquid conditions, which are
explained elsewhere in detail (1,5,6). In addition, AFM can also be used as a single molecule

manipulation tool where it can be used as a molecular force probe for dynamic force
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spectroscopic (DFS) purpose. In DFS, a single molecule is held between the cantilever-tip and
the sample stage, which are moved away from each other using a piezoelectric positioner and
as a result force is thus applied on the tethered molecule (8,9). When polyproteins (proteins
covalently attached in tandem) are used in DFS, experimental force vs extension curves with
sawtooth like patterns are obtained. In these curves, every sawtooth force peak implies the
unfolding of a particular domain of the polyprotein. These experiments can give also us
stiffness and other mechanical parameters of the molecule. Other experimental details and their

varieties and details of the instrumentation of AFM can be found elsewhere (1,3,6,8,10).

Indentation experiments can also be performed yielding force vs extension plots. From
these plots by analysing them with suitable models, a wealth of information can be obtained
on mechanical properties of the molecules and other physical properties based on their response
to forces (2,3,11-13). These experiments can also be used to find out Young’s modulus and
stress applied using cantilevers of different shapes and sizes (14,15). Smaller the value of the
Young’s modulus more is the sample susceptible to deformation. Other parameters like
adhesion and stiffness can also be calculated. During performing these experiments, the
cantilever and the stage can be moved at different velocities and the force depends nonlinearly
with the velocity. Therefore, the loading rate must be reported. In other experiments, the force
might be kept constant to investigate the changes in the sample’s mechanical properties with
time (2). Temperature controller and buffers of appropriate pH can be used to replicate

physiological conditions.

Further to understand the biological problems more intricately, AFM can be combined
with other optical microscopy and fluorescence spectroscopy components (2). As AFM can
provide only topography and surface properties, fluorescence sensors for determining
mechanical properties inside cells have also been developed (16). Here in this review we would
be looking at the recent advances in the field of AFM in determining the mechanical properties
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of proteins, cells, tissues, microorganisms and other biomolecules. We shall be discussing
exciting examples from literature which showcase these advancements in our understanding of

the role of force in biology.

2. AFM studies on cells and tissues

AFM has been extensively used in determining mechanical properties and
understanding fundamental role of forces in biology since its inception. Here in this section we
shall review few of the most pioneering works where AFM has been used in different kinds of
cells and tissues. During cell division, mitotic cell rounding is an important step for fulfilling
the geometrical requirements (17). Stewart et al through their work using AFM as well as
transmitted light microscopy have shown that the cell rounding forces are dependent on the
actomyosin cytoskeleton and the cell’s ability to regulate osmolarity (17). The cell rounding
forces increase during mitosis. The force is created by the osmotic pressure but maintained by
actomyosin cortex. Therefore, finally it was concluded that cells can modulate their volume,
shape and mechanical properties by regulating actomyosin cortex dependent surface tension

and osmotic pressure (17).

AFM in the force mapping mode has been used to study the dynamic changes in the
stiffness of the cortex of adherent cells during the transition from metaphase to cytokinesis
(18). This work could answer a very fundamental question in biology that whether the cell
division is driven by cortical relaxation outside the equatorial region or cortical contractility in
the furrow region (18). With the help of video microscopy and AFM it was concluded that
cortical stiffening takes place (increase in Young’s modulus) over the equatorial region prior

to the appearance of the furrow and the stiffness further increases as the furrowing starts (18).

Neurons extend axons along well-defined pathways during nervous system

development. Axon pathfinding is not only mediated by chemical signalling but also
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mechanosensing of the surrounding environment (19). Koser et al through their works showed
that axon pathfinding is modulated by mechanical signals. In vivo experiments with AFM
showed that neuronal growth can sense and respond to stiffness of the surrounding tissues.

AFM results also showed stiffness gradients in the embryonic brain (19).

We will discuss an example of AFM used to understand why mammalian neurons do
not regenerate after injury? Injuries to the central nervous system (CNS) cause something
called glial scarring which inhibits the growth and regeneration of neurons (20). Moeendarbary
et al determined mechanical signatures of glial scars using AFM indentation experiments. The
spatiotemporal changes in elastic stiffness was characterised for an injured rat neocortex and
spinal cord. Compared to other mammalian tissues, neuronal tissues become exceptionally
softer after injury. As neuronal growth depends on tissue stiffness therefore this might be a

reason for mammalian neurons not regenerating after injury (20).

2.1 AFM in cancer biology

Carcinogenic cells in response to external stimuli, can undergo changes in their
morphology, elasticity and other mechanical properties (10). AFM can be extensively used for
imaging live cells and obtain information about their mechanical properties and hence can be
used for studying cancerous cells and tumour cells. Hence it can be said that AFM has direct
application in the field of biomedical diagnosis. There is a detailed review on how AFM has
been used in the field of cancer by Deng et al (10). Here we shall discuss some of the most

exciting and insightful works on this field.

AFM imaging showed huge number of needle like structures spread across leukemic
cells of patients suffering from myeloid leukaemia (Fig. 2) (21). The cell surface roughness
was found to increase a lot more than normal white blood cells (21). Studies have indicated

that though tumour cells and cancerous cells look similar visually, their mechanical properties
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can be widely different (10). Stiffness values were obtained for metastatic cancerous cells of
patients and it was observed that the cells are 70% more softer and the standard deviation is

almost 5 times narrower than benign cells (22).

Within tumour microenvironment, transition from healthy to malignant condition
causes the mechanical properties of the cells to alter (10,23). Using indentation type AFM,
stiffness map was obtained for obtained for normal tissues, benign tissues and malignant tissues
from human breast cancer biopsies (23). For the normal and the benign tissues, the stiffness
map showed a single distinct peak. For malignant tissues a broad distribution was observed
with a clear low stiffness peak representative of cancer cells (23). Therefore, indentation type

AFM provides scope for the quantification in case of clinical diagnostics of breast cancer.

Furthermore, the potential of anticancer drugs can be evaluated by observing their
effects on the morphological features and mechanical properties of cancer cells (10).Cancer
cells becoming softer can be attributed to the reorganisation of complex cytoskeleton structure
and hence it serves as a target for therapeutic purposes (24). AFM has been used to detect
topographical and biophysical changes of nasopharyngeal carcinoma cells and normal
nasopharyngeal epithelial cells (24). When treated with Disulfiram chelated with Cu?* (DSF-
Cu), morphological changes were observed in the cancerous cells. Also, the adhesion force for
cancer cells increased. The roughness decreased and the stiffness increased. However, for the
normal cells, these effects were absent (24). There are lot of other drug candidates that have
been tested on cancer cells and their efficacies judged on the basis of their effects on the surface

stiffness, roughness and other morphological properties (10,25,26).

Modified carbon nanoparticles with biomolecules find application in chemical biology
as drug delivery agents (27). Muthukumar et al modified carbon nanoparticles by coating them

with bovine serum albumin and loading with methotrexate (CBMSs). These modified CBMs
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were examined with the help of scanning electron microscopy and AFM and significant
changes in their morphology and roughness were reported (27). The CBM could achieve
sustained drug release. Lung cancer cell line displayed 83% cell death at a particular
concentration of the CBMs. This shows that CBMs or other carbon nanostructures can be
quickly analysed using AFM and their potential can thus be predicted (10,27). Therefore, AFM

can be used for cancer research both in the diagnostic phase as well as the therapeutic phase.

2.2 AFM in microorganisms and viruses

AFM has been used to quantify the mechanical properties of the rigid cell walls lining
the microbial cells (28). AFM indentation experiments have been used to investigate the
nanomechanical properties of a gram negative bacteria Shewanella putrefaciens at two
different pH values 4 and 10 (28). The thickness of the cell wall was found to increase with
increase in pH which was attributed to the water mobility within the polymeric fringes or from
the cytoplasm to periplasm (28). Direct measurement of the cell surface softness was carried
out for a fibrillated oral streptococcal strain and a non-fibrillated strain using AFM (29). The
fibrillated strain was found to be softer and less stiff than the non-fibrillated strain which was

validated by other experimental techniques (29).

The enzyme lysosthaphin is a potential antibiotic agent that can be used to lyse the
bacteria Staphylococcus aureus (30). AFM has been used to scan the structural and physical
dynamics of Staphylococcus aureus in real time on being treated with lysosthapin (30). The
structure and morphological features of the cell surface got hugely changed on addition of
lysostaphin. The cell wall stiffness and the bacterial spring constant decreased. These
modifications were attributed to the digestion of peptidoglycan by lysostaphin and thus making
the bacteria fragile (30). Therefore, AFM helped to analyse the potential of an antibiotic in

lysing a specific bacterium (30).
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During cell division, in yeast, chitin is known to accumulate in the cell wall in a region
involved in budding (31). AFM has been used to generate force maps of the cell surface
spatially at different regions. The bud scar region was found to be 10 times stiffer than the
surrounding regions (31). This was the first report on spatially resolved force maps of a single

microbial cell (31).

During host to host transfer, the shell of the bacteriophage protects the viral DNA (32).
The mechanical properties like strength and Young’s modulus were calculated for
bacteriophage $29 shell using scanning force microscopy (32). The Young’s modulus was
found to be ~1.8 GPa, which is similar to hard plastic and the shell could withstand
nanonewtons of force (32). These results suggest that the mechanical protection ability of the
bacteriophage shell is high (32). Hepatitis B is a well-known human pathogen. Nanoindentation
experiments using AFM were carried out and the Young’s modulus was found to be ~0.4 GPa

(33).

During maturation, HIV undergoes huge morphological changes (34). Nanoindentation
experiments using AFM were conducted on HIV particles. Immature particles are 14-fold
stiffer than mature particles that are important for causing infection (Fig. 3) (34). Interestingly,
there is a correlation between the softening of the HIV particles and their ability to enter cells.
This result was one of the first in which the virus mechanical properties are directly related to

infection (34).

AFM studies on proteins and their correlation with the protein function

AFM in the DFS mode has been used to study folding unfolding processes of different
proteins to investigate their mechanical stabilities (3,8). The results obtained could be related
to the protein’s functions. Uropathogenic Escherichia coli uses its pili to attach to different

tissues (35). The pili are composed of thousands of coiled FimA which forms the pilus rod
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region and it is followed by FimF-FimG-FimH proteins which form the tip fibrillum. The
domains are locked to each other by B—strand complementation which can withstand high
mechanical forces (35). SMFS experiments revealed exceptional mechanical stability of the
pilus with a hierarchy of stability (35). The variants close to the pilus rod were found to be
more stable (FimA) than the tip region. This sort of mechanical hierarchy might be necessary
as the rupturing or unfolding of FimA might dislodge the whole pilus from the bacteria. And

overall, the mechanical stability of the pilus is also important for its attachment to tissues (35).

High mechanical stability is required for pathogens to adhere to their targets and cause
infection (36). SMFS using AFM was conducted to determine the mechanical stability of
staphylococcul adhesin SdrG which targets a small peptide from human fibrinogen b (36).
Using steered molecular dynamics simulation (SMD) and SMFS it was confirmed that this
SdrG and fibrinogen peptide complex can withstand exceptionally high forces up to 2 nN (36).
From the above two examples it can be said that pathogens target their hosts with exceptional

mechanostability (35,36).

Cellulosomes are polyprotein machineries which are required for degradation of
cellulosic material (37). For this function they have scaffolds which consist of highly
structurally homologous cohesin domains. These cohesins are important for the microbe’s
attachment with the substrate (37). There are two types of cohesins, hanging and bridging (37).
The bridging cohesins are believed to be more mechanically important and hence should be
able to bear more forces than the hanging cohesins (37). Using one of the main scaffolds ScA,
experiments were carried out in an in vitro transcription-translation protein pull down assay
and it was proved by SMFS that the bridging cohesins are indeed mechanically more stable

than the hanging cohesins (37).
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Ubiquitin and small ubiquitin related modifiers (SUMO) are proteins from the same
family having highly homologous structure with large differences in their amino acid sequence
and functions (38). Ubiquitin is primarily noted for its function in proteasome mediated protein
degradation whereas SUMOs are not known to associate with this function (39-43). Hence it
is expected that ubiquitin should be able to withstand higher amount of -force as compared to
SUMOs so that the proteasome can effectively degrade the substrate protein and ubiquitin
remaining intact (44). SMFS was carried out on these proteins using AFM and indeed ubiquitin
in spite of having similar structural motif could withstand the higher forces compared to the
SUMOs (38). Further it was proved using ensemble measurements that ubiquitin indeed is
thermodynamically and kinetically the most stable protein compared to the SUMOs (45). Apart
from these there are number of proteins for which their mechanical unfolding pathways have

been studied, starting from periplasmic proteins to metalloproteins (46-48).

Aggregation of amyloidogenic proteins to amyloid fibrils have implications in various
neurodegenerative diseases (49,50). There may be structural differences in the aggregates and
different stages can be responsible for the diseases. High speed AFM has been used to
characterise fibril formation and elongation of amyloid B proteins (49,50). Cell adhesion
proteins functions by binding cells together and resist mechanical forces (51). The mechanical
properties of proteins like cadherins, selectins, integrins and FimH have been studied using
different single molecule force spectroscopy techniques. There exists a detailed review article
on the mechanical properties of cell adhesion proteins (51).Another interesting field where
AFM has been used extensively is tip links. Tip links act as force sensors and are responsible
for the function of hearing (52). The structure of tip link is highly regulated by the Ca2* ions
which is bound to the tip link. Mutations at the binding site can give rise to hearing defects.

Single molecule FRET and atomic force microscopy have been used to understand the force
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sensing properties (52). It was shown that Ca®* rich environment can restore the force-response

of the mutant tip-links (52).

The most effective candidate for vaccine of malaria is Plasmodium falciparum
circumsporozoite protein CSP which is important for structure and motility of the infective
sporozoites (53). SMFS using AFM was carried out on different constructs of CSP (Fig. 4)
(53). The CSP construct with the central repeat region of amino acids NANP was found to be
mechanically heterogeneous with 40% molecules requiring negligible force for unfolding and
hence having apparently no mechanical stability, and 60% displaying low mechanical stability
(=70 pN) (53). This overall low mechanical resistance offered by the repeat region exposed on
the surface of sporozoites give them lubricating capacity required to navigate through the host

tissues (53).
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. Ca.ncer ceIIs. . {\\e\le‘
* Microorganisms and viruses (,3“

* Polyproteins and protein
ligand complexes

Cantilever-tip

Piezoelectric positioner

Fig 1. A schematic of a typical AFM experimental set up. The figure shows the most important

components of an AFM which have been labelled in the diagram.
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Fig 2. AFM image of leukemic cells. AFM imaging of normal and leukemic leucocytes shows
numerous spicule like features on the surface of leukemic cells of patients suffering from
chronic myeloid leukaemia. Figure reprinted with permission. This research was originally
published in Current Health Sciences Journal. Gaman A et al. Surface morphology of leukemic
cells from chronic myeloid leukemia under atomic force microscopy. Curr Heal Sci J. 2013;

39(1):45-47.

71



Fig 3.
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Fig 3. Average stiffness values of HIV particles at different stages. The immature particle is
stiffer than the matured ones. The number of virions analysed have been mentioned within the
histograms. Figure reprinted with permission. This research was originally published in
Biophysical Journal. Kol et al. A stiffness switch in human immunodeficiency virus. Biophys

J. 2007; 92(5):1777-83. License Number- 4927601272255.
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Fig 4.
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Fig 4. SMFS using AFM on different constructs of Plasmodium falciparum CSP. Mechanical
heterogeneity can be seen among the CSP and also its overall low mechanical stability depicted
by the typical sawtooth profiles. Cartoon representations of different possible conformations
of CSP. Figure reprinted with permission. This research was originally published in the Journal
of Biological Chemistry. Patra et al. Force Spectroscopy of the Plasmodium falciparum vaccine
candidate circumsporozoite protein suggests a mechanically pliable repeat region. J Biol Chem.

2017; 292:2110-2119. © the American Society for Biochemistry and Molecular Biology.
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3. Conclusion

Therefore, we have understood the potential of AFM in resolving a lot of fundamental
biological questions. We have seen how AFM can be used in live cells and tissues and to
understand their mechanosensing properties. We have discussed about its role in cancer
research both in diagnosis as well as drug discovery. We have discussed how AFM has been
used to investigate the mechanical properties of microorganisms and viruses and how force can
play important roles in processes like cell division, antibiotic activity. The mechanical
properties of viral shells have also been determined as well as the relationship between
mechanical properties and viral infection abilities. Here we have discussed its role in
mechanobiology and biomedical fields, but AFM has been used extensively in
mechanochemistry also (9).Various mathematical models for the analysis are there and many
are yet to be developed which can be useful in answering more valuable questions. Force
spectroscopy is a growing field and there are continuous advances both from technological
perspectives as well as its field of application. In future, AFM combined with other techniques

such as optical microscopy should address more pressing questions related to force in biology.
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Abstract

The development and creation of cost-effective, chemically robust electrocatalysts to
aid in the oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) represent
significant challenges within the realm of electrocatalytic water electrolysis. In this study, we
synthesized a highly competent electroactive catalyst comprising nickel-iron layered double
hydroxide (LDH) using a simple hydrothermal approach. The resultant structure, characterized
by well-interconnected metal ions arranged in nano-spherical architectures, facilitated the
formation of an enhanced electrochemical surface area rich in catalytically active sites,
exhibiting harmonious effects. Maintaining the appropriate stoichiometric balance,
exemplified by NiFe@LDH, proved essential in augmenting catalytic behavior for both OER
and HER. The catalysts NiFe@LDH demonstrated overpotentials of 260 mV (76 mV dec™®) for
OER and 138 mV (83 mV dec™) for HER, achieving a current density of 10 mA cm in 1M
KOH. Furthermore, NiFe@LDH showcased remarkable durability, enduring up to 100 hours
with a marginal reduction in current density of 4.2% and 3.2% for OER and HER,
correspondingly. Significantly, in the bifunctional two-electrode configuration featuring
NiFe@LDH/NF//NiFe@LDH/NF, efficient electrolysis was achieved, maintaining a stable 10

mA cm at a bias of 1.57 V for over 150 hours, with a negligible of 4.6% current loss.
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1. Introduction

The high energy density, low environmental impact, and light weight of hydrogen make it
a preferable substitute to fossil fuels for energy provision in the future.! High-purity hydrogen
can be produced through electrocatalytic water disintegration, which stands as one of the most
efficient and promising methodologies.? 3 Investigating active catalysts for the anodic OER
and cathodic HER is crucial for accelerating the slow kinetics of water electrolysis. Noble metal
electrocatalysts, like those based on Pt for HER and (Ir) or Ru for OER, have attracted
significant interest due to their outstanding electrocatalytic effectiveness in boosting reaction
rates and minimizing overpotentials.* However, their limited abundance, insufficient
durability, and high expense hinder their wider practical application.> ® Consequently,
substantial efforts have been devoted to designing effective non-precious materials proficient
of catalyzing both the HER and OER.’ Despite notable progress, most catalysts demonstrate
superior performance in either the HER or OER, requiring separate catalyst materials for the
anode and cathode. This discrepancy in catalysts could result in increased production and
operational expenses due to electrode mismatch and instability in water-splitting applications.
Therefore, it is a crucial requirement to synthesize efficient bifunctional catalysts for the entire
process of water electrolysis. Bifunctional catalysts proficient of facilitating both the HER and
the OER have garnered significant attention, with LDHs emerging as particularly promising
candidates. This interest stems from their unique two-dimensional (2D) structure, adaptable
compositions, and abundant availability of raw materials. LDHs can be synthesized using
various transition elements abundant in the earth's crust, such as nickel (Ni), copper (Cu), iron
(Fe), and cobalt (Co), imparting them with electrocatalytic properties.®, In particular, note
are nickel-based LDHs (Ni-LDHSs), including NiV-LDH, NiCo-LDH, and NiFe-LDH, which
have gained increased attention because of their environmentally benign attributes, cost-

effectiveness, and high catalytic efficiency.'2 In the field of OER, previously studied nickel-
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based LDHs (Ni-LDHSs) catalysts have shown improved OER performance, which can be
further enhanced by incorporating vanadium (V), manganese (Mn), and chromium (Cr) ions
through doping techniques.!*® The generation of the OH* intermediate during OER is
significantly facilitated by the tailored intercalation of nickel (Ni) and iron (Fe) into Ni-LDHSs.
Conversely, in the context of HER, the electrocatalytic efficacy of Ni-based LDHSs needs to be
further intensified to address their inherent high overpotential and limited durability during
HER.Y"1® To enhance the HER behavior of nickel-based LDHs (Ni-LDHs) and advance the
development of bifunctional catalysts, various methodologies have been developed. These
approaches include designing hierarchical heterostructures and incorporating dopant atoms.
Previously reported methods for synthesizing NiFe@LDH include Co-precipitation, where
precise control over composition and morphology is challenging, Solvothermal synthesis,
which is complex and potentially costly due to organic solvents, Electrodeposition, limited to
thin films and requires precise deposition parameter control, and the Sol-gel method, which is
time-consuming and involves multiple steps. Hydrothermal synthesis yields highly crystalline
LDHs through a controlled high-temperature environment, promoting well-defined crystal
growth. The autoclave’s closed system minimizes contamination, ensuring high-purity
products. This method allows precise control over particle size and morphology, enabling the
production of uniform LDH particles. Adjusting parameters like temperature and pressure
tailors the LDH structure for specific applications. Hydrothermally synthesized LDHs exhibit
enhanced thermal stability and superior mechanical properties. This method is suitable for
scaling up, ensuring consistent quality, generating fewer by-products, and improving
efficiency. It accommodates a range of metal cations and functional groups, enhancing material
applicability and reducing synthesis time.?%-?> As previously indicated, integrating hierarchical
structures into LDH catalysts can enhance surface area and active sites, thereby improving

performance in the HER. At the same time, enhancing the OER activity via element doping is
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also worth considering. A promising approach for developing efficient catalysts capable of
complete water splitting in nickel-based LDHSs involves integrating hierarchical assembly with
element incorporation.

In light of this, a straightforward and environmentally benign hydrothermal method has
been developed to generate an extremely durable, active, and effective bifunctional LDH,
catalyst for electrolysis. The synthesized catalyst, NiFe@LDH, was applied onto nickel foam
substrates to fabricate electrodes for assessing electrocatalytic performance. This
electrocatalyst demonstrated excellent behavior for both the OER and HER, achieving fewer
overpotentials of 260 mV and 138 mV, correspondingly, to attain a current density of 10 mA
cm. Moreover, excellent operational stability was observed over a period of 100 hours. To
assess its bifunctional properties, two-electrode configurations employing NiFe@LDH-coated
NF electrodes (NiFe@LDH/NF//NiFe@LDH/NF) were utilized, achieving a potential of 1.57
V vs RHE (Reversible Hydrogen Electrode) to achieve a current density of 10 mA cm, with
excellent stability maintained for 150 hours. In comparison to commercial catalysts like Pt/C
and IrO», the bifunctional NiFe@LDH/NF revealed significant electrocatalytic behavior. In-
situ surface oxidation studies conducted during the OER and HER processes revealed a
synergistic effect influencing the evolution of oxygen and hydrogen.

2. Chemicals and methods

The (Ni(NOs)2-6H20), Nickel nitrate hexahydrate Hydrochloric acid (HCI), Sodium
hydroxide (NaOH), (Fe(NOs).-9H20) Ferrous nitrate nonahydrate, Sodium carbonate Na>COs,
were obtained from SDF Chemicals. The Commercial IrO2 (> 99.9%) Pt/C (10 wt%), Nafion
(5 wt%) KOH flakes (potassium hydroxide, > 85%), HCI (hydrochloric acid, > 38%) C.HsOH

(ethanol, > 99.9%), Nickel foam (NF), Acetone (> 99%) were supplied by Sigma Aldrich.

2.1 Hydrothermal designing of NiFe@LDH
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The electroactive catalyst NiFe@LDH was synthesized via a modest single-step
hydrothermal approach, approximately 2mmole of Nickel nitrate hexahydrate Ni(NO3z)26-H-0O,
1mmole of Ferrous nitrate nonahydrate Fe(NO3)2-9H20, is dissolved in 80 ml of NaOH
(12mmoles) later 1.04mmole of sodium carbonate and 1mmole of CTAB was added gradually
under constant vigorous stirring for 30 min at 950 rpm, later the contents were  decanted
into the Teflon lined autoclave and allow for undergoing hydrothermal reaction for 24 hrs at
180°C, later it was cool down to 28°C and the contents are cleaned with acetone and ethanol
(Scheme 1). Ni(OH)2 and Fe(OH). were also created by applying a similar procedure for

electroactive comparison, (SI-1).

Ni(NO,),.6H,0 © ! ©
®

Na,CO, +
9 CTAB ; ;
-2 00 N Fe(NO3),.9H,0

? i

24 hrs @ 160°C

Vigorous stirring for 20 min
Scheme 1. Synthesis of electroactive catalyst NiFe@LDH.

2.2 Fabrication of NiFe@LDH
Before deposition, the nickel foam (0.5 cm x 0.5 cm, deposition area) underwent a
cleaning process, which involved immersion in 0.1 M HCI for about 15 minutes, followed by
sonication in acetone for 15 minutes, and concluding with rinsing in ethanol and water for 15
minutes. The active catalyst, specifically nickel-iron LDH (NiFe@LDH), weighing 10 mg, was
subjected to sonication for 20 minutes in a mixture consisting of 20 pl solution of Nafion (5
wit%), ethanol (C2HsOH) of 60 pl, and 60 pl of distilled water to achieve uniform dispersion.
Subsequently, a 50 ul dispersion was drop-casted on the NF and then dry out at 70°C in the

83



oven for 10 minutes. Approximately 4 mg cm of material was drop-cast onto the nickel foam.
Following the drop-casting of NiFe@LDH onto the nickel foam, the electrodes were dried at
70°C before measurement. Similarly, for comparison, commercial IrO., Pt/C, Fe(OH)2, and
Ni(OH). catalyst ink were, and bare nickel foam was used without further alteration.
2.3 Physicochemical characterization

Powdered electrocatalysts were utilized to investigate surface morphologies and
perform various physicochemical analyses. Structural characterization was evaluated using X-
ray diffraction (XRD) and Fourier transform infrared (FT-IR) spectroscopy. XRD calibrations
were carried out with a Rigaku Smart Lab diffractometer using Cu Ka radiation (A = 1.5406
A) at 40 mA and 40 kV. FT-IR spectra were obtained with a Shimadzu IR Tracer-100
instrument. The oxidation states and elemental conformation of the synthesized materials were
assessed using X-ray photoelectron spectroscopy (XPS) with a JEOL Japan-9030 instrument
equipped with a monochromated Al Ka (150 W) source. Morphological characteristics were
inspected using a Hitachi S-4700 scanning electron microscope (SEM) operating at 20 kV,
coupled with an energy-dispersive X-ray spectrometer (EDS). Transmission electron
microscopy (TEM) investigation was accomplished with a JEOL JEM-2100 instrument at 120
kV.
2.4 Electrochemical characterization

All electrochemical investigations were evaluated utilizing the traditional 3-electrode
system. This system comprised 1 M KOH as the electrolyte, a Pt wire as the counter electrode,
an Ag/AgCl electrode (saturated with KCI) as the reference electrode, and the active catalyst
coated on nickel foam (NF) as the working electrode. The experimental setup employed a CHI
D630 electrochemical analyzer manufactured in the USA. Linear sweep voltammetry (LSV)
studies were conducted at a very low scan rate of 10 mV s to analyze the OER and HER. The

potential range covered by LSV was 1.0 to 1.8 V vs RHE for the OER and 0.0 to -0.4 V vs.
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RHE for the HER. Electrochemical impedance spectroscopy (EIS) experiments were measured
with an open-circuit voltage of 0.52 VV AC dither applied across a frequency range of 1 Hz to
10 kHz. The stability of the HER and OER processes over time was evaluated at specified
overpotentials of 138 mV and 260 mV, correspondingly, with the objective of achieving a
current density of 10 mA cm for 100 hours. Overpotentials for the OER were determined
using Equation 1.
Overpotential, 1 (V) = Erne - 1.23 Q)
The Nernst equation was utilized to standardize all calibrated potentials to the RHE in the
following manner:
Erne = E agager + 0.197 + 0.059 pH )
The turnover frequency (TOF) was measured using Equation 4 provided in this document:
TOF=jS/4Fm ?3)
In this context, "S" represents NF active surface area, "F" is the Faraday constant (96485.30
C mol™), "m" indicates the amount of laden catalyst, and "J (mA cm)" signifies the current
density at a potential of 1.65 V.
2.5 Calculations of Faradaic efficiency
During the stability test, the O and H. evolved at the anode and cathode, correspondingly, are
quantified using the water-gas displacement method. The estimated yield of oxygen produced
is calculated using the equation provided below (Equation 4)
Faradaic efficiency = xH2/(Q/nF) 4)
In this context, xH> represents the amount of hydrogen or oxygen produced by utilizing the
total charge Q. Here, 'n" indicates the quantity of electrons that participated in water splitting
(4 moles of es per 1 mole of Oy), while 'F' represents the Faraday constant.
3. Results and discussion

3.1 Chemical phase analysis
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The interaction among Nickel nitrate, Ferrous nitrate, NaCOs, and CTAB varying
proportions of these precursors in hydrothermal synthesis yields the active catalyst, the
structure, stoichiometry, and constitution of the LDH, and refined methodology profoundly
influences catalytic behavior of the catalyst. The XRD design of the electrocatalysts is depicted
in Figure 1a. NiFe@LDHs demonstrated a hexagonal structure (JCPDS 26-1286) with
characteristic peaks obtained at 11.65°, 23.49°, 34.40°, 39.23°, 46.47°, 59.75°, and 61.19°,
related to the (006),(0012),(204),(2010),(2016),(220),and (212 0) crystallographic
planes, respectively. The molecular vibrations of the incorporated anions within the LDH were
examined using FT-IR spectroscopy. The broad bands observed in the range of 3300-3500 cm”
! correspond to the stretching vibrations of O-H bonds within the brucite-like layers.? The
1637 cm™ band can be allotted to vibrations of the cohering H20 molecules.?* The vibrations
of the intercalated CO3? anions are represented by the band at 1358 cm™ (Figure 1b).?*2 The
distinctive peaks between 400 and 800 cm™ in the catalyst show the existence of the inherent
stretching vibrations of the Fe-O, Ni-O, and Ni-O-Fe bonds.?* ?* The Phase identification for

the NiFe@LDH samples was investigated through XRD examination.
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Figure 1. a) The XRD pattern and b) FT-IR spectrum of NiFe@LDH.
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The SEM images of NiFe@LDH reveal asymmetric spherical nanostructures of varying
diameters with smooth surfaces (Figures 2a & 2b). Nano-spherical structures exhibit unique
electronic features due to quantum confinement and altered band structures, enhancing
electronic conductivity and optimizing energy levels. Their large surface area-to-volume ratio
provides improved active sites, improving mass transport and reaction kinetics. These
structures facilitate efficient charge transfer, crucial for HER and OER, ensuring effective
electron and hole transport. Their morphology enhances stability and durability, reducing
catalyst degradation. Composed of various materials, they benefit from synergistic effects,

boosting catalytic activity. Tailored surface energy optimizes reaction intermediates
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adsorption, lowering activation energy barriers and increasing reaction rates. These factors

make nano-spherical structures highly effective electrochemical catalysts.?
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Figure 2. (a, b) Images of SEM: (c¢) image of HR-TEM; (d &e) NiFe@LDH lattice
structure (f) SAED pattern and (g) EDS spectrum (h) Elemental-color mapping i)
Iron; e) Nickel; f) Carbon; g) Oxygen.
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The HR-TEM was utilized to investigate the nanostructure of the NiFe@LDH catalyst.
The interconnected spherical architectures of the catalyst exhibit enhanced surface area, which
improves mass transport and promotes synergetic effects, ultimately enhancing overall activity
(Figure 2¢).?” Figures 2d &2e show the metal fringes indicating good crystallinity which was
in accordance with XRD and concentric bright circles in the SAED pattern (Figure 2f). The
EDS analysis was conducted to identify, quantify, and map the distribution of elements. The
EDS analysis established the distribution of Nickel (Ni), Iron (Fe), Oxygen (O), and Carbon
(C), with atomic percentages of 35.41%, 41.30%, 12.62%, and 10.67%, respectively (Figure
20). The NiFe@LDH elemental mapping displays the uniform dispersal of the elements (Figure
2h) with the weight percentages of 44.41%, 31.30%, 14.67%, and 9.62% of Ni, Fe, O, and C
respectively (Figures i-1). This uniform distribution of particles offers an enhanced number of
catalytic sites for synergistic electrochemical interactions involved in water splitting.
Furthermore, the stoichiometric composition of the catalyst ensures efficient electronic and
chemical configurations, providing ample catalytic sites essential for enhancing reaction

intermediates, binding, and improving inherent activity.
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The valence states and composition of the NiFe@LDH electrocatalysts were assessed
using XPS analysis (Figure S1). Figures 3a-d present the deconvoluted spectra of Ni 2p, Fe 2p,
C 1s, and O 1s. In the Ni 2p region of the NiFe@LDH electrocatalysts spectra, two peaks at
binding energies (BE) of 856.59 eV and 874.38 eV were identified as Ni 2ps2 and Ni 2p1/, of
Ni2*, respectively. Two additional peaks, identified as satellite peaks, were observed at 862.26
eV and 879.84 eV (Figure 3a).% In the Fe 2p XPS spectra, two dominant peaks at 712.7 eV
and 725.9 eV were attributed to Fe 2ps; and Fe 2pis, correspondingly,?® with two satellite
peaks observed at 718.3 and 731.4 eV (Figure 3b). These characteristics represent the presence

of Ni and Fe in the oxidation states of Ni2* and Fe3*.%°
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Figure 3. The XPS deconvoluted spectra of (a) Ni; (b) Fe; (c) C and (d) O.

The C 1s spectra revealed the presence of carbonate species with BE of 288.6 eV (O-
C=0), 285.6 eV (C-0), and 284.5 eV (C=0). These CO3z* ions originated from sodium

carbonate, which acted as a counter anion in the interlayer, contributing to the stabilization of
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the LDH architecture (Figure 3c).2”-3! The O 1s spectra show peaks at 529.3 eV, 531.3 eV, and
532.4 eV, related to the production of M-O, M-OH, and H.O, respectively, by the
electrocatalyst (Figure 3d).32 2 Through short ion diffusion pathways and dynamic oxygen
liberation inside the lattice through the creation of oxygen vacancies, the metal ions Ni?* and
Fe3* can effectively promote electron transport by enabling rapid transport of oxygen. Through
short ion diffusion pathways and dynamic oxygen liberation inside the lattice through the
creation of oxygen vacancies, the metal ions Ni?* and Fe** can effectively promote electron
transport by enabling rapid transport of Oa.
4. Electrochemical investigation
4.1 OER activity of NiFe@LDH

The electrochemical investigation of NiFe@LDH regarding its OER performance was
evaluated by using a 3-electrode setup in a 1M KOH solution. The LSV graphs in Figure 4a
demonstrate that the active catalyst, i.e., NiFe@LDH/NF, shows improved OER behavior with
a less Tafel slope of 76 mV dec™, representing superior OER Kkinetics in comparison to other
catalysts with Tafel values of IrO2 (112 mV dec?), Ni(OH). (158 mV dec™), Fe(OH), (179 mV
dec?), and NF (196 mV dec?) (Figure 4b). Additionally, besides the lower Tafel slope,
NiFe@LDH displays a lower overpotential of 260 mV compared to other catalysts. IrO2,
Ni(OH)2, Fe(OH)2, and NF exhibit overpotentials of 320, 390, 420, and 460 mV, respectively
(Figure 4c). The exceptional electrocatalytic behavior of NiFe@LDH is evidenced by its minor
overpotential and Tafel slope, indicating improved kinetics. The superior catalytic behavior of
NiFe@LDH in generating a larger current density is regarding the oxidation of the optimum
ratio of the bimetallic with the hydroxide composite (Figure S2). Notably, NiFe@LDH exhibits

a lesser overpotential than IrOa.
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Figure 4. The polarization (OER) curves (no iR-corrected) of NiFe@LDH/NF, IrO2/NF,
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Table 1. Comparison of NiFe@LDH electrode electrocatalytic OER and HER activities

are compared with different transition metal catalysts.

Catalyst Synthesis Substrate 1 (mV) Durability Ref.
method (h)
OER Activity
NiFe LDH Solvothermal GC 348 -- 34
NiFe LDH Topochemical GCE 300 12 3

approach
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NiFe-LDH Hydrothermal CFP 304 10 36

NiFe-LDH Insitu-growth NF 354 250 37

NiCo-LDH Hydrothermal CFP 346 10 36

NiFe- Wet-chemical NF 271 10 38

LDH@Ni3S2 method

NiFe-LDH Coprecipitation GC 300 10 39

NS/DG10

'E'E)C:P@N'Mn- Hydrothermal NF 293 100 4

NiMn-LDH/NCO  Hydrothermal NF 310 8 41

NiC02S:@Co1Nis-  Hydrothermal cc 337 40 42

LDH

NiFe- Hydrothermal CFC 308 12 .

LDH/FeCoS>

CosFes-LDH Solvent deficient GC 290 11 31
approach

NiFe@LDH Hydrothermal NF 260 100 This
Synthesis work

HER Activity

NiSe-RGO-PI Electrodeposition  cNT film 270 12 a4
method

NizP PHNs Annealing GC ~300 10 4
method

NiFe- Wet-chemical NF 184 10 38

LDH@Ni3S2 method

NiFe-LDH Electro NF 368 23 4
deposition

NOPHC10-900 Pyrolysis method GC 290 20 a4

FeNi LDH/V,CTx Hydrothermal NF 274 10 28
deposition

NiC02S:NW/NF  In-situ growth NF 210 50 48

CoNiN@NiFe Electrodeposition cC 157 50 49

LDH

NiFe- NCs Calcination CFP 197 18 50
method

Rh/NiFeRh-LDH  Hydrothermal NF 58 - 51
deposition

NiFeRu-LDH Hydrothermal NF 29 10 2
deposition

NiFe@LDH Hydrothermal NF 138 100 This
Synthesis work

Table 1 presents the overpotential values from the literature compared to those of the
NiFe@LDH/NF catalyst required to attain 10 mA cm™ of current density, indicating its

enhanced electrocatalytic efficiency. Furthermore, to assess the electrocatalytic behavior,
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Turnover Frequency (TOF) was calibrated at 1.62 V, resulting in values of 0.0848 s, 0.0413
s1,0.00962 s, and 0.00712 s for NiFe@LDH, IrOz, Ni(OH)2, and Fe(OH)_, correspondingly.
This designates that NiFe@LDH/NF exhibits approximately 2.1 times higher electrocatalytic
capability compared to commercialized IrO2. The high TOF value of NiFe@LDH among the
catalysts confirms its excellent OER activity. Overall, the electrochemical results demonstrate
that the appropriate composition of Ni and Fe is crucial for efficient OER activity, surpassing
that of IrO2, Ni(OH)., and Fe(OH).. The enhanced catalytic behavior of NiFe@LDH can be
related to effective charge transfer between the optimized ratios of Ni and Fe, OH", resulting in
a highly active and porous framework nanostructure that offers essential reaction Kinetics. It's
worth noting that while nickel content in electrocatalysts plays a vital role in improving
catalytic behavior, both Ni and Fe in optimized ratios contribute to the efficient OER process.*

The electrocatalyst likely experiences the subsequent OER mechanism:

a. M*+(OH") — (M-OH)*+e’ (6)
b. (M-OH)*+OH —(M-0)*+H,0+e" (7
c. (M-0)*+OH —(M-OOH)*+e (8)
d. (M-OOH)*+OH" — Oz+H;0+e" 9)

The OER, which results in the production of Oz, is widely recognized to occur through a
four-electron transfer mechanism. Initially, active sites facilitate the adsorption of OH- ions to
form M-OH*, followed by a subsequent deprotonation reaction resulting in the formation of
M-O*. These intermediates further react with OH- ions to produce the intermediate species M-
OOH, which is a critical step in the OER procedure. Finally, the M-OOH* species undergoes
deprotonation to yield O, followed by the renewal process of the catalytic sites. In the case of
the NiFe@LDH catalyst, its enhanced efficiency is primarily attributed to the optimum ratio of
bimetallic nickel and iron sites, coordinated with OH- ions within the LDH composite (Scheme

2).
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Scheme 2. Plausible OER mechanism of NiFe@LDH in 1M KOH.

In the OER process, Nickel ions in the form of Ni** may contribute to enhancing catalytic
efficiency at the active sites, while Iron ions in the form of Fe** oxidation state could assist in
boosting electrocatalytic performance at these sites. Primarily, the greater OER catalytic effect
of NiFe@LDH can be accredited to efficient charge transfer (low resistance), increased
electrochemical catalytic reactivity, and the presence of an abundance of catalytic sites. The
durability of NiFe@LDH electrodes was assessed by performing an amperometric (i-t) curve
measurement during prolonged OER activity lasting 100 hours to preserve a stable current
density of 10 mA cm™. The electrodes demonstrated exceptional stability, with only a 4.2%
reduction in current density observed over the testing period (Figure 4d).

4.2 HER behaviour of (NiFe@LDH)
The HER performance of NiFe@LDH/NF was evaluated by recording LSV curves within

the potential range of -0.4 to 0.0 V vs. RHE. The LSV curves shown in Figure 5a demonstrate
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that the NiFe@LDH electrode exhibits superior performance compared to other catalysts. Tafel
analysis of NiFe@LDH revealed a Tafel slope of 83 mV dec, which is significantly lower
than that of Ni(OH)2 (123 mV dec), Fe(OH) (149 mV dec?), and bare NF (187 mV dec™?).
As anticipated, the 5% Pt/C-loaded nickel foam exhibited a lower overpotential of 36 mV to
achieve a current density of 10 mA cm2, with a Tafel slope of 83 mV dec™. In comparison, the
NiFe@LDH catalyst demonstrated a moderate overpotential of 138 mV and a Tafel slope of
83 mV dec for HER activity at a current density of -10 mA cm (Figure 5b). Conversely,
Ni(OH). (123 mV dec), Fe(OH), (149 mV dec?), and bare NF (187 mV dec?) required
overpotentials of 176, 198, and 302 mV, respectively, for effective HER activity (Figure 5c).
The less overpotential value of 138 mV and the reduced Tafel plots, along with enhanced
kinetics observed with the NiFe@LDH electrocatalyst, indicate its capability to efficiently

produce H> through HER behavior.
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Figure 5. The polarization (HER) curves (no iR-corrected) of NiFe@LDH/NF, Pt/C/NF,
Fe(OH)2, Ni(OH)2, and NF; (a) The LSV of the HER; (b) Tafel plot (c)
Overpotentials for different electroactive catalysts (10 mA cm?); and (d)
Chronoamperometric durability trial of NiFe@LDH/NF.

Tafel slopes were examined to assess the catalyst reaction kinetics for HER activity, as
depicted in Figure 5b. The Tafel plot of NiFe@LDH yielded a value of 83 mV dec, which
was notably less compared to that of Ni(OH). (123 mV dec?), Fe(OH)2 (149 mV dec?), and
bare NF (187 mV dec?). As anticipated, the 5% Pt/C loaded Ni foam exhibited a lower
overpotential of 36 mV to attain a current density of 10 mA cm2, with a Tafel value of 69 mV
dec, contrasting with the NiFe@LDH catalyst. However, it is noteworthy that the HER
behavior of the bare NF greatly increased upon coating with NiFe@LDH. The Turnover

Frequency (TOF) value at -0.2 V was utilized to evaluate the crucial electrocatalytic efficacy
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of NiFe@LDH catalyst compared to the standard Pt/C catalyst and other catalysts such as
Ni(OH)z and Fe(OH).. Pt/C exhibited a TOF value of 0.1321 s, while NiFe@LDH displayed
a TOF value of 0.0891 s, Ni(OH), showed 0.0513 s, and Fe(OH), showed 0.0308 s,
respectively. This remarkable TOF value indicates the potential of NiFe@LDH for efficient
HER activity compared to other catalysts, Ni(OH)2, and Fe(OH).. The HER process was
determined to follow the Volmer-Heyrovsky mechanism, as indicated by its lower Tafel slopes.
Evaluation of current-time (i-t) plots for the NiFe@LDH electrode indicated excellent stability
over 100 hours (at 10 mA cm2) with a negligible reduction of < 3.2% in current density (Figure
5d).

Compared to the commonly tested transition metal-based electrocatalysts, NiFe@LDH
demonstrated exceptional HER behavior, as evidenced by its less overpotential and reduced
Tafel slope values. Table 1 provides a comparison of overpotential values reported for various
transition metal electrocatalysts, further confirming the superior HER activity of NiFe@LDH.
The effective HER performance of NiFe@LDH is attributed to its irregular spherical
microstructures and hydroxide-bridged framework, which facilitate efficient active sites and
an effective pathway for charge diffusion. The electrochemical data strongly indicate the
effectiveness of NiFe@LDH in HER activity. In the HER, the disintegration of water is the
step that determines the rate, and NiFe@LDH shows a strong tendency for water disintegration,
resulting in the production of numerous H: atoms. These H: atoms migrate to the
electrocatalytic sites of NiFe@LDH where they form M-H bonds, which subsequently combine
with water molecules to generate H> gas. This behavior aligns with the observations from the
Tafel slope analysis. The formation of (M-OH)x species reduces the availability of local
surface OH-species, thereby promoting the desorption of hydroxide ions (OH-) from the
surface. The presence of low oxidation state nickel species on the surface of NiFe@LDH

greatly enhances its capability for water disintegration and HER Kinetics. The increased activity
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of the HER electrocatalyst suggests an augmentation in the number of active sites.
Consequently, bimetallic Ni-Fe encapsulated with layered hydroxide nanostructured
electrocatalysts emerges as a capable candidate for electrochemical energy conversion. In the
HER process, the Tafel-Volmer-Heyrovsky pathway is employed to generate H. from
transition metals and metal chalcogenides (Scheme 3). The Volmer-Heyrovsky equation,
which facilitates the formation of H» at very low potentials (V) in 1M KOH, may explain the

enhanced HER activity observed in NiFe@LDH.

a. 2Mcat Hehem = H21+M cat (Tafel): 9)
b. Mcat+H20+e- l—_;M cat H chem™ OH- (VOImer): (10)
C. McatHchemtH20+e- SH21+M cat +OH™ - (Heyrovsky): (11)

Q"’

H2

Scheme 3. Plausible HER mechanism of NiFe@LDH in an alkaline medium (1M KOH).
To measure the electrochemically active surface area (ECSA = Cal/Cs) and roughness
factor (Rf = ECSA/GSA) of the NiFe@LDH, and bare NF electrodes were assessed. Here,

GSA =0.25 cm? represents the geometric surface area, Cq denotes the double-layer capacitance
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(in mF cm™), and Cs represents the specific capacitance. The Cs values for NiFe@LDHs
electrocatalysts in an alkaline medium are assumed to be 0.040 mF cm2. The Cq values of
NiFe@LDH (0.00269 mF), as well as bare NF shows (0.00098 mF), were determined through
CVs conducted at various scan rates (10, 20, 30, 40, and 50 mV s) within the potential range
of 0.9 to 1.06 V vs. RHE (Figure S3). The measured ECSA value of NiFe@LDH was
determined to be 67.25 cm?, while for bare NF was calculated to be 24.65 cm? indicating the
occurrence of abundant catalytic sites on the superficial of the active catalyst. Additionally, the
roughness factor of NiFe@LDH was calibrated as 269 Ry, whereas NF shows 99 Rt. The ECSA
(67.25 cm?), Cai (0.00269 mF), and Rf (269 Rf) values of NiFe@LDH/NF demonstrate superior
catalytic behavior, indicating a great communication of the catalyst with the electrolyte, leading

to improved HER and OER action.

The charge transfer conductance of NiFe@LDH during the OER and HER were
examined using EIS measurements, as depicted in Figure 6. The Randles equivalent circuit
employed to model the obtained EIS curves is depicted in Figure 6, where Rs represents the
electrolyte resistivity, while Rct denotes the charge transfer resistance at the double-layer
capacitance (Cal). The Rct values for NiFe@LDH were determined to be 1.29 Q, which were
notably lower compared to those bare NF 12.82Q catalysts. As a redox-capable catalyst,
NiFe@LDH exhibits enhanced electronic properties and a relatively mild resistance (Rct: 1.29
Q), facilitating efficient charge transfer kinetics. This capability allows NiFe@LDH to cycle
between different oxidation states, thereby facilitating electron transmission among the catalyst

and reactants effectively.
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—a»— NiFeLDH
—o— Bare NF

Figure 6. Electrochemical Impedance spectra of NiFe@LDH and Bare NF (inset-

Randles equivalent circuit).

5. Total water disintegration of NiFe@LDH

The bifunctional characteristics of the NiFe@LDH/NF catalyst were assessed by
employing it as both an anode and a cathode electrode concurrently
[NiFe@LDH/NF//NiFe@LDH/NF]. The LSV plot of NiFe@LDH/NF//NiFe@LDH/NF
illustrates the catalyst's superior efficiency in total water disintegration compared to the bare
NF//NF system (Figure 7a). To attain a 10 mA cm current density with rapid Hz and O
productions at the cathode and anode, respectively, the NiFe@LDH catalysts need a less
overpotential of 1.57 V (NiFe@LDH//NiFe@LDH/NF), which is 0.25 V lower than the
NF//NF system requiring 1.82 V of bias potential for overall water disintegration. Notably,
this value is lower than that of the widely used bifunctional catalysts as indicated in Table 2.

As expected, the ideal bifunctional catalyst IrO2/NF//Pt/C/NF displays the water-
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disintegration behavior at a very minute overpotential of 1.51 V. Additionally, stability tests

of the NiFe@LDH/NF//NiFe@LDH/NF bifunctional system demonstrated excellent

performance with only a 4.6 % reduction in current density after 150 hours of prolonged water

disintegration at 10 mA cm (Figure 7b & 7c). The synchronous result brought about by

electron dissemination from the Fe-Ni to the hydroxide complex enabled the catalytic
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Figure 7. (a) Full cell LSVs of NiFe@LDH/NF, IrO2/Pt/C/NF, and Nascent NF (b) Full
Cell stability test at 1.61 V vs RHE (@10 mA c¢cm) and (c) LSV curves pre and

post durability.

Table 2. NiFe@LDH electrode electrocatalytic full-cell activities are compared with

different transition metal catalysts.
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Catalyst Substrate  Cell potential (V) Ref.

CoFe-LDH NF 1.69 %
CoFe-LDH@g-C3N4 NF 1.82 %
NiC0,Ss@NiFe-LDH RDE 1.60 57
NiFe-LDH-Co0304 NF 1.64 58
NiSe@CoFe LDH NF 1.69 59
NiFe LDH NF 1.70 60
Fe304/NiFe LDH/Fe304 NF 1.63 61
Co9Ss/NisS.@NiFe-LDH NF 1.62 62
C03S4s@NiCo-LDH NF 1.59 63
NiFe@LDH NF 1.57 This work

6. Solar-to-hydrogen (STH) of NiFe@LDH

The NiFe@LDH/NF//NiFe@LDH/NF system was coupled with a commercial solar
panel to demonstrate its renewable energy potential. A multimeter was utilized to regulate and
measure the voltage supplied by the solar panels to the NiFe@LDH/NF//NiFe@LDH/NF
water-splitting system containing 1M KOH. The setup was positioned directly under sunlight
exposure (Fig 8a). With an applied potential of 1.62 V via solar panels, continuous production
of O and H> gas was observed. Based on the generated current, the amount of Hz and O>
produced was calibrated to be 6.15 and 2.89 mmol h-lcm?, respectively, maintaining the
expected molar ratio (Figure 8b). Interestingly, these results underscore the bifunctional
capability of the catalyst along with its renewable applicability for low-cost hydrogen

production.
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7. Conclusions

A hydrothermal approach has been developed to synthesize a NiFe LDH-based
bifunctional electrocatalyst for alkaline water disintegration. This innovative approach allows
for precise adjustment of the stoichiometry to optimize the ratio of Fe and Ni bound to the OH"
moiety of LDH. Among the various catalysts synthesized, NiFe@LDH displays improved
catalytic behavior compared to other hydroxide forms i.e. Ni(OH),, Fe(OH)2. The
NiFe@LDH/NF electrodes fabricated using this catalyst demonstrate a consistent 10 mA cm
current density at a remarkably low potential of 260 mV with a Tafel value of 76 mV dec™ for
the OER, and an overpotential of 138 mV with a Tafel value of 83 mV dec™ for the HER. The
overpotential and Tafel plot values of NiFe@LDH are found to be more favorable and
analogous to the standard catalysts IrO, and Pt/C. Furthermore, NiFe@LDH exhibits excellent
stability over 100 hours, with only a 4.2% reduction in current density during OER and a 3.2%
reduction during HER under O2 and H> production conditions, respectively. When employed
in a bifunctional setup, the NiFe@LDH/NF//NiFe@LDH/NF electrode facilitates rapid H> and
O production at 10 mA cm under a cell potential of 1.57 V. Notably, the bifunctional
NiFe@LDH catalyst maintains excellent durability over 150 hours of operation, with only a

4.6% reduction in current. The renewal of the system was established by integrating the
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NiFe@LDH/NF//NiFe@LDH/NF setup with solar panels, which enabled the production of H»

and O at an overpotential of 1.62 V. In conclusion, the catalyst developed in the current work

represents a greater class of LDH with highly effective tunable, stable properties with

promising applications in future hydrogen production using renewable energy sources.

Supporting Information

Preparation of Ni(OH), and Fe (OH)z, Survey Spectrum of XPS, Cyclic

voltammograms of NiFe@LDH, Ni(OH)2, and Fe(OH),, ECSA of NiFe@LDH & Bare NF.
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SI-I: Experimental

Synthesis of Ni(OH)2:

Ni(OH)2 was synthesized by a simple one-step hydrothermal approach, approximately
2 mmole of Nickel nitrate hexahydrate Ni(NO3)..6H20, is dissolved in 80 ml of NaOH (12
mmoles) later 1.04 mmole of sodium carbonate and 1 mmole of CTAB was added under
constant vigorous stirring for 30 min at 950 rpm, later the contents are transferred into the
Teflon lined autoclave and allow for undergoing reaction for 24 hrs at 180°C, later it allowed

to cool down to room temperature and the contents are cleaned with acetone and ethanol.

Synthesis of Fe(OH)z:
NiFe@LDH was synthesized by simple one-step hydrothermal approach,

approximately 2 mmole of Ferrous nitrate nonahydrate Fe(NO3)2.9H20, is dissolved in 80 ml
of NaOH (12 mmoles) later 1.04 mmole of sodium carbonate and 1 mmole of CTAB was added
under constant vigorous stirring for 30 min at 950 rpm, later the contents are transferred into
the Teflon lined autoclave and allow for undergoing reaction for 24 hrs at 180°C, later it
allowed to cool down to room temperature and the contents are cleaned with acetone and

ethanol.

SI-11: Figures
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Abstract

In light of the potential benefits of precision agriculture in the future, biosensors are
bound to play a critical role in monitoring agriculture-related analytes, such as pesticides,
nutrients, and metabolites pertaining to abiotic or biotic plant stress. This article provides a
brief overview on the concept of biosensors and its potential uses in agriculture, with a special

emphasis on electrochemical biosensors.

1. Introduction

With better resource management, precision agriculture (PA) reduces negative
environmental consequences while increasing the agricultural output, which is an ingenious
and sustainable approach. To ensure the steady operation of a sustainable and intelligent
agricultural system, it is imperative to establish a monitoring system that furnishes crucial data
for constructing a site-specific database on crop development, soil, and environmental
parameters [1]. A wide range of analytical methods such as chemiluminescence,

spectrophotometry, fluorescence, and chromatography have been used for monitoring plant
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growth. However, this traditional analysis method is not suitable for on-site monitoring because
the pre-treatment is complicated, requiring expensive equipment and highly skilled technicians.
On the other hand, the biosensor detection system is particularly useful as it is a portable device
that is convenient to use and has a fast response. A biosensor is an analytical device that
integrates an immobilized biological element with a transducer to recognize the analyte and the
signal due to interaction between analyte and biological element is proportional to the
concentration of analyte. "L.L. Clark," an American scientist, invented the first biosensor in
1950. The electrode utilized in this biosensor, also known as the oxygen electrode or Clark
electrode, is used to measure blood oxygen levels. Subsequently, the blood sugar was also
determined by layering a gel comprising of an enzyme that oxidizes glucose on top of the
oxygen electrode. Similarly, urea was determined in bodily fluids including (blood and urine)
using the enzyme urease and an electrode specifically designed for NH4 ions [2-11].

1.1. Biosensor concept

According to IUPAC, a biosensor is “a self-contained integrated device that is capable of
providing specific quantitative or semiquantitative analytical information using a biological
recognition element (biochemical receptor) that is retained in direct spatial contact with a
transduction element”. Biosensors are composed of biological components such as enzymes,
nucleic acids, aptamers, cells, antibodies, or antigens, and physical components such as a
transducer, signal, a processor and a screen for display. A schematic of how a biosensor works
is indicated in Figure 1. A common working definition is that biosensors are analytical devices
that use biological components to recognize an analyte and subsequently activate a signal that
is detected with a transducer. However, this common working definition does not suggest an
integrated device in which the transducing element is in spatial contact with the biorecognition

element [8-11].
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Figure 1. Schematic diagram explaining the principle of biosensor

A physicochemical transducer or transducing microsystems that are either closely linked to or
incorporated inside a biological material (a material derived from biology) or a biomimic, are
used as the recognition molecules in biosensors. Producing a digital electrical signal that is
proportionate to the concentration of a particular analyte or collection of analytes is often the
objective. Biosensor facilitates onsite detection of a large number of samples with no or very
little preparation, minimal time requirement and no requirement of expensive apparatus or

trained personnel which are generally limitation in traditional analytical methods.
1.2.  Types of Biosensors

Different kinds of biosensors are essentially based on two elements, namely the sensing (or

recognition) element and transducing element (Figure 2).
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Figure 2. Types of Biosensors

Based on the activity of the biorecognition element, biosensors are divided into affinity
and catalytic biosensors. The affinity biosensors recognize the analyte by binding to the analyte
i.e. biorecognition is their fundamental property, e.g., antibody—antigen, DNA, aptamers etc.
Catalytic biosensors have enzymes (or microorganisms) as their biorecognition elements that
not only bind the analyte, but also catalyses a reaction involving the analyte to produce a

product, e.g., glucose biosensors.

The transducer, a chief component of biosensors, plays an important role in the signal the
detection process. Transducers convert a wide range of physical, chemical, or biological
reactions into an electrical signal. Depending on the type of transduction signal, the biosensors

can be distinguished into optical, piezoelectric, and electrochemical biosensors [8-11].

1.2.1. Electrochemical biosensors

An electrochemical biosensor is a self-contained integrated device that provides

quantitative or semi-quantitative analytical information by using a biological recognition
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element (biochemical receptor) that is maintained in direct spatial contact with an
electrochemical transduction element. The term electrochemistry refers to the application of
electrochemical tools for the recognition of analyte that exhibits electroactivity. Several
modern electrochemical techniques have been created to investigate the fundamentals of
electrochemical processes and to identify various electrochemical characteristics of
electroactive species by measuring the voltage or current in an electrochemical cell. Most of
the electroanalytical methods operate a three-electrode cell design for electrochemical

measurements.
2. Perspectives of biosensors in agriculture

Agriculture is a complex but a systematic practice that includes various process,
techniques, methods and technologies, which eventually allow the produce reach from farm to
fork. Early detection of crucial analytes is essential in the agricultural field because crop
illnesses, insect damage, weed infestations, water shortages or surpluses, managing floods,
assessing crop nutrition, and other issues, which can cause severe damage, are mostly
preventable. There is cause for concern since herbicide, pesticide, and heavy metal
concentrations are increasing in agricultural areas. The concentrations of chemicals such as
pesticides, herbicides, and heavy metals in the soil and groundwater can be determined using
biosensors. With the development of this technology, biosensors can now be used to anticipate
the probable emergence of soil-borne disease. The use of herbicides, pesticides, and heavy
metals is intensifying in agriculture, which is cause for concern. The concentrations of
pesticides, herbicides, and heavy metals in the soil and groundwater can be determined using
biosensors. It is also now possible to predict the potential appearance of soil-borne diseases
using biosensors. By biologically identifying the disease-causing organisms in the soil using a
biosensor, the oil-borne disease can be reliably prevented and the soil can be decontaminated
at an early stage. The ability of humans to oversee quality has long been a requirement in the
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agriculture sector. Therefore, all needs for accelerating the production of agricultural items can
be met by biosensors. There are various stages in agriculture where monitoring of required

analytes can be made, to improve agriculture (Figure 3) [1, 10-12].

Agriculture stages and analytes to be monitored

Soil monitoring: Field (pre-harvest) : Post harvest :
organic carbon, pH, abiotic stress, nutrition, pesticides,
moisture, nutrients physiological parameters, toxins, pathogens,

(macro or micro), heavy pathogens, diseases, freshness
metals and pesticides toxins

Figure 3. Scope of biosensors in agriculture for monitoring of analytes

Several kinds of biosensors have uses in agriculture since they work on the principle of
turning biological signal into electronic signals. Moreover, biosensors are quick, dependable,
and accurate analytical tools. Electroanalytical techniques can also be applied quickly and
simply to agriculture fields, in real-time, due to their high levels of accuracy, precision,
sensitivity, and selectivity. In next section, we report the electrochemical sensor's analytical

performance, establish its effectiveness and broad application in agriculture.

3. Applications of electrochemical biosensors in agriculture
Electrochemical techniques have been widely incorporated in biosensors for
monitoring analytes related to agriculture such as pesticides, nutrients, metabolites altered
during plant stress, chemicals, plant pathogens etc. (Table 1) [13]. This section is a
bibliographic compilation of electrochemical methods in use, such as transducers for detection
of agriculture related analytes.
Organophosphorus (OP) pesticides have been widely used in the field of agriculture
for the control insect pests. These pesticides and their degradation products cause

environmental pollution, resulting in ecological crisis. Methyl parathion (a nitro-aromatic
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organophosphate compound), although very toxic to mammals was widely used as an
insecticide. Our laboratory has developed an electrochemical microbial biosensor by
immobilizing recombinant E. coli, having organophosphorus hydrolase enzyme, on a screen-
printed carbon electrode (SPCE) and integrated this system with an electrochemical analyzer

for detection of methyl parathion using the cyclic voltammetry method (Figure 4) [14].

CH Instrument

Electrochemical Analyser Contact
Reference
lectrode (R)
Insulated f
layer \
Counter / =7 —
electrode
© e
Working / [
lectode Cell After hydrolysis
W) Blank S of MP
SPCE Immobilized
SPCE

Figure 4. Schematic diagram of electrochemical biosensor using cells immobilized SPCE

Along similar lines, many acetylcholinesterase based electrochemical biosensors
have reported for monitoring of dichlorvos pesticides [11] .

The development of a simple, economically feasible, and rapid detection technique
for the identification of nutrients especially, NPK, is mandatory. In last decade, various types
of sensors, such as electrochemical sensors, optical sensors, and mass-sensitive biosensors have
been developed for the detecting NPK in soil. Among these biosensors, an electrochemical
sensor the most sensitive and rapid tools for NPK detection. It is a promising strategy for
developing an innovative, cost-effective, and portable NPK testing method for soil. Recently,

Hossain et al., (2024), have compiled an excellent review which has focused on the
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development of electrochemical sensors to rapidly detect macronutrients, i.e., nitrogen (N),
phosphorus (P), and potassium (K), in soil or water [15].

Pathogens are infectious agents that cause disease. They include microorganisms, such
as fungi, protozoans, and bacteria, and molecula- scale infectious agents, including viruses and
prions. Ellen Cesewski and Blake N. Johnson, (2020) have published a critical review on
electrochemical biosensors for pathogen detection [16]. Electrochemical biosensors for
pathogen detection are broadly reviewed in terms of transduction elements, biorecognition
elements, electrochemical technigues, and biosensor performance. Transduction elements are
discussed in terms of electrode material and form factor. Biorecognition elements for pathogen
detection, including antibodies, aptamers, and imprinted polymers, are discussed in terms of
availability, production, and immobilization approach. Emerging areas of electrochemical

biosensor design are reviewed, including electrode modification and transducer integration.

Table 1. Examples of Electrochemical Biosensor for monitoring of agriculture related

analytes.
Agricultural Analytes Electrochemical Ref
applications technique
Pesticides Methyl parathion Cyclic Voltammetry [14]
Pesticides Dichlorvos Amperometric [11]
Nutrients NPK Electochemical [15]
Plant pathogen Soybean rust | Electrochemical [17]
Fungal spores immunosensor
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Plant pathogen Plum pox virus Electrochemical [18]

impedance spectroscopy

Abiotic stress in | Indole 3- Amperometric [19]
plants Acetic Acid in
Plant

4, Conclusion and future aspects

In this article, we have attempted to emphasize the importance of biosensors, especially
electrochemical biosensors, in order to monitor the agriculturally-relevant analytes. we have
also analyzed the key advancements and uses of electrochemical biosensors in precision
agriculture. Looking back at this analysis, we think that the use of electrochemical multi-
sensors for monitoring plant health can be a primary tool Precision Agriculture going forward.
We hope that this review will help further the field of smart farms by encouraging more

researchers to investigate plant sensor systems for precision agriculture.
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Abstract:

The article outlines a study focusing on a binary composite, CuC0204@Co0304, synthesized
using a simple hydrothermal method aimed at energy storage applications. Various
characterization techniques such as FT—IR, XRD, FE-SEM, and XPS confirmed the successful
formation of the nanocomposite. Electrochemical assessments including cyclic voltammetry
(CV), Galvanostatic Charge—Discharge (GCD), and Electrochemical Impedance Spectroscopy
(EIS) demonstrated specific capacitances 542.77 Fg~* on Glassy Carbon Electrode (GCE) and
683.72 Fg ' on Nickel foam (NF), both at 1 Ag* current density. The composite exhibited
pseudocapacitive behaviour in 1 M Na>SO4 and 1 M KOH electrolytes. Impedance analysis
affirmed the capacitive nature of the materials. Cyclic stability was observed using Glassy
Carbon Electrode (GCE) was 76% retention over 1000 cycles and Nickel foam (NF) was 78%
retention over 3000 cycles at 5 Ag L. As a result of the investigation, the CuC02,04@C0304
nanocomposite exhibits promising characteristics as an efficient electrode material in energy

storage applications.

Keywords: Binary Metal Oxide Nanocomposite, Electrochemical performance,

Supercapacitors

1. Introduction

130



Due to environmental pollution and the depletion of fossil fuels, coupled with regional
dependence on renewable energies like solar, wind, and tidal power, clean and recyclable
energy storage and conversion systems have become a highly prioritized area of research [1].
The performance of supercapacitors heavily relies on electrode materials, prompting
significant efforts to develop novel materials with enhanced capabilities [2,3]. Metal oxides are
preferred in pseudocapacitors due to their high specific capacitance and low resistance, whereas
conducting polymers are preferred for their ionic interaction and conductivity. Transition metal
oxides, with their variable oxidation states and faradic properties, are particularly suitable for
applications such as fuel cells, sensors, and solar cells [4]. Nanostructured metal oxides,
characterized by their high aspect ratio, exhibit strong capacitive and sensing properties [5].
Among pseudocapacitive materials, spinel structures composed of binary or ternary metal
oxides are studied for energy storage applications [6]. Spinel cobaltites (MCo0204), featuring
mixed-valence metal cations, offer superior electrical conductivity and electrochemical activity
compared to single-component oxides [7], making them promising electrode materials for Li-
ion batteries and supercapacitors. CuC020s, a non-toxic and cost-effective cobaltite spinel is
specifically studied here to enhance electrode kinetics for rapid ion insertion/de-insertion,

utilizing nanostructures like nanoparticles and nanowires [8, 9].

Previous research by Wang et al. synthesized CuCo204 nanowire arrays on carbon fabric
substrates, achieving a specific capacitance of 57.8 Fg! at 1.25 Ag™* [10]. To enhance
performance further, they developed core-shell CuCo.04@MnO: heterostructured nanowire
arrays, achieving a maximum specific capacitance of 327 Fg! [11]. Cobalt-based
semiconductors like Co3O4 have also garnered interest for electrochemical devices and
catalysis due to their visible-light sensitivity, chemical stability, and unique electronic structure
[12]. However, nanoparticle structures of CozO4 often suffer from aggregation and deactivation

during photocatalytic processes [13], prompting efforts to create stable multiscale structures
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for improved electrochemical sensors and supercapacitors [14]. The complementary features
and closely matched band structures of CuCo0204 and Co304 suggest that their coupling could
enhance supercapacitive performance [15]. In this study, a novel binary composite CuC0,0:@
Co304 is synthesized for supercapacitor applications [16]. Pure Co304 and CuCo,04 samples
are also synthesized and characterized using X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FT-IR), field emission scanning electron microscopy (FE-SEM),
energy-dispersive X-ray analysis (EDX), and X-ray photoelectron spectroscopy (XPS).
Electrochemical performance is evaluated through cyclic voltammetry (CV), Galvanostatic
Charge-Discharge (GCD), and Electrochemical Impedance Spectroscopy (EIS) using Glassy
Carbon Electrode (GCE) and Nickel Foam substrates. This comprehensive approach aims to
provide insights into the electrochemical behaviour and potential applications of synthesized

nanomaterials in energy storage technologies.

2. Experimental Section

2.1 Materials

The initial raw materials used for synthesizing the nanomaterials were purified copper chloride
hexahydrate (CuClz-2H20), extra pure AR grade cobalt chloride (CoCl,-6H,0), ethyl acetate,
and urea. All chemicals were sourced from Sigma Aldrich and used without further
purification. Throughout the experiments, double distilled and deionized water was used

exclusively.

2.2 Synthetic Procedures

2.2.1 Synthesis of Cobalt oxide nanoparticles

Cobalt oxide nanoparticles were prepared using a straightforward hydrothermal method. A

mixture of 0.52g CoCl.-6H.0 and 0.67g CO(NH3). was dissolved in 25 ml of double distilled
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water with vigorous stirring. The solution was transferred into a Teflon—lined autoclave and
heated at 80 °C for 12 hours. The resulting product was centrifuged, washed with distilled
water and ethanol, and then dried at 60 °C. Finally, the Co304 nanoparticles were obtained by

calcining the powder at 350 °C for 2 hours in a muffle furnace.

2.2.2 Synthesis of CuC0204 nanoparticles

CuCo0204 nanoparticles were synthesized by mixing 1 mmol each of CoClz-6H.O and
CuCl2-2H20 in 40 ml of double distilled water. 15 ml NHs-H20 was added to the solution,
followed by stirring. The mixture was then transferred to a Teflon—lined autoclave and heated
at 140 °C for 24 hours. The resulting powder was washed with ethanol, dried at 60 °C, and

further calcined at 350 °C for 2 hours in a muffle furnace to obtain CuCo204 nanoparticles.

2.2.3 Synthesis of CuC0204@Co0304 nanocomposite

To prepare the CuCo.04@C0304 nanocomposite, a solution containing 2 mmol CoCl,-6H.0
and 1 mmol CuClz-2H,0 in 40 ml double distilled water was prepared similarly as for CuC0204
nanoparticles. The solution was subjected to autoclaving at 140 °C for 24 hours. The solid
obtained was washed thoroughly with water and ethanol and then dried at 60 °C. Finally, the
CuCo0204@C0304 nanocomposite was obtained by calcining the powder at 350 °C for 4 hours

in a muffle furnace.

3. Results and Discussion

3.1 Functional and Crystallographic Studies
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Fourier transform infrared (FT—IR) spectroscopy was employed on C030s4, CuCo0204, and
CuCo204@Co0304 over the range of 4000400 cm™ to confirm the successful formation of
these synthesized nanomaterials, as illustrated in Fig. 1. The FT—IR spectrum of Co0304
displayed in Fig. 1 (a), exhibits characteristic peaks at 555 cm™* and 651 cm™?, corresponding
to Co-O stretching and Co—O bending vibrations, respectively, confirming the formation of
Co0304 nanoparticles. The peak at 555 cm™* primarily indicates vibrations involving Co®*, while
the peak at 651 cm™* involves Co?*, Co**, and O in the spinel structure of Co3z04 [17]. In Fig.
1 (b), the FT—IR spectrum of CuCo,04 shows peaks at 555 cm™* and 651 cm™, confirming the
formation of the pure spinel phase CuCo.04 nanomaterial [18]. Additionally, an absorption
band observed at 3400 cm™* indicates O—H stretching, and a band at 1630 cm™* is attributed to
H-O-H bending vibration mode [19]. Additionally, the peaks observed at 1040 cm™* and 821
cmt in the FT-IR spectrum of CuCo,04@Co304 indicate interactions between the pure

CuCo0,04 and Co304 synthesized nanomaterials, respectively.

The crystallographic analysis was conducted to validate all the synthesized nanomaterials as

depicted in Fig. 2. In Fig. 2 (a), the X-ray diffraction (XRD) pattern of pure Co30O4 shows
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distinct diffraction peaks corresponding to JCPDS No. 76-1802, confirming its cubic
symmetry. The diffraction peaks observed for Co3O4 nanoparticles include (111), (220), (311),
(400), (511), and (440), with the most prominent peak at 20 = 36.85° corresponding to the (311)
plane, indicating good crystallinity [17]. Fig. 2 (b) shows the XRD pattern of synthesized
CuCo,04 nanomaterial, where the diffraction peaks match well with JCPDS card no. 01-1155,
corresponding to planes (111), (220), (311), (222), (400), (331), (422), (511), and (440) with
cubic symmetry [20]. Similarly, Fig. 2 (c) represents the XRD pattern of CuC0204@C0304
nanocomposite, revealing diffraction peaks at (220), (111), (311), (222), (400), (331), (422),

(440), and (511), confirming the successful formation of the binary composite.

3.2 Morphological Studies with Elemental Analysis

@ cugp
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Fig.3. SEM micrographs of Fig. 4. XPS spectra of CuC020:@C0304

CuCo020:@C0304 (a) and EDS spectrum of (a), Survey scan from 0 to 1000 eV; Fitted

CuCo020:@C0304 (b). XPS spectra of (b) Co 2p; (c) Cu 2p; (d) O
1s; signals.
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The surface roughness of the CuC0.04@Co304 nanocomposite was assessed through FE-SEM
analysis, highlighting features that could influence its electrochemical properties. The FE-
SEM analysis of the CuCo020:@Co0304 nanocomposite displayed in Fig. 3 (a) typically
revealed a combination of regular rod-shaped particles and various spherical structures with an
average diameter of approximately 100-120 nm [16]. The different elements present in the
CuCo02,04@C0304 nanocomposite were identified using the EDS technique. The EDS sum
spectrum, which includes all the elements of the hybrid nanocomposite along with their

corresponding elemental mapping, is shown in Fig. 3 (b).

Additionally, X-ray photoelectron spectroscopy (XPS) was used to validate the
complementary information obtained from EDS analysis and to understand the surface states
and the nature of chemical bonding of all the elements in the nanocomposite. The wide survey
spectrum for CuC0204@C0304, shown in Fig. 4 (a), displays distinct peaks at various binding
energies in the 50-1000 eV range, corresponding to Co 2p, Cu 2p, and O 1s elemental states
respectively. This spectrum confirms the presence of Co, Cu, and O in the CuC0204@C0304
composite. The peak at 285.1 eV (C 1) is used as an internal reference. Fig. 4 (b) shows two
prominent peaks at 778.51 and 796.94 eV, along with two satellite peaks at 784.23 and 800.87
eV, indicating the presence of Co?* in the composite. Additionally, peaks at 777.12 and 792.90
eV indicate the presence of Co®". Thus, cobalt exists in both oxidation states, Co?* and Co®*, in
the CuC0204@C0304 composite. The spectrum for Cu 2p is depicted in Fig. 4 (c), showing
two major peaks at 931.02 and 951.25 eV, along with satellite peaks at 940.94 and 959.28 eV
for the Cu 2psr and Cu 2p12 bands, respectively, confirming the presence of Cu?* in the
CuCo0204 nanoparticles. This indicates the successful synthesis of the CuCo0.04@C0304
nanocomposite. Fig. 4 (d) shows the XPS spectra of O 1s, which can be deconvoluted into
three peaks: O1 at 526.86 eV, 02 at 528.37 eV, and O3 at 530.1 eV. These peaks correspond

to the metal-oxygen bonds present in the nanocomposite [16].
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3.3 Electrochemical characterization

The electrochemical measurements of the synthesized materials were evaluated using an
Autolab PGSTAT302N electrochemical workstation equipped with NOVA software, within a
potential range of —0.2 to +0.8 V. The electrochemical properties of the synthesized materials
C0304, CuC0204, and CuC0204@Co0304 composite were assessed using two different electrode
substrates (GCE and NF). For electrochemical measurements on GCE, the active material was
taken along with Carbon black and Polyvinylidene fluoride (PVDF) in the ratio 80:10:10
dispersed in a mixture of 10 ul of ethanol and 10 pul of Dimethylformamide (DMF), followed
by sonication for 1 hour and then it was drop-casted and kept for drying at 80 °C for 5 hours.
1 M NazSO4 was used as an electrolyte for recording electrochemical studies. Before using NF
(1 cm X 1cm) as a substrate, it was subjected to a cleaning procedure using 1 M HCL, acetone,
and distilled water. Further same binder and conductive agent were used. Only the solvent used

was NMP and measurements were recorded in 1 M KOH.

Specific capacitance can be calculated using the following formula:

IAt

T mAV

Where C is the capacitance (F/g), I is the current density (A/g), At is the discharge time (s), and

Av is the working potential difference of the electrochemical cell [21].
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Fig. 5 (a) and Fig. 6 (a) display the CV curves of the Co304, CuC0204, and CuC0204@C0304
composite respectively at 100 mV/s using GCE and NF as substrates. The nature of all the CV
plots indicates the slight distinctive redox peaks using GCE and distinctive redox peaks using
NF exhibiting pseudocapacitive behavior. The CV curve for the CuCo020:@C0:04
nanocomposite encompasses a larger area for both GCE and NF compared to the other
synthesized materials, indicating an enhancement in the capacitive performance of the
electrode. This enhancement is attributed to the greater surface area of the prepared electrode
material, which facilitates rapid redox reactions. The GCD curves of the Co304, CuC0.04, and
CuC0,04@Co0304 composite on GCE and NF at 1 A gt are displayed in Fig. 5 (b) and Fig. 6
(b). In terms of the aforementioned CV curves, the GCD curves of all three materials display a
plateau rather than a linear dependency, suggesting the faradic behaviour of the electrode [20—
23]. The specific capacitance calculated for Co304, CuC0204, and CuC0204@C0304 composite
at 1 A g~ tusing GCE was 158.33 Fg?1, 186.11 Fg* and 542.77 Fg * whereas using NF was
139.00 Fg!, 411.00 Fg! and 683.72 Fg ! which suggests that composite shows higher
capacitance than the other materials in both the cases. Further impedance studies were
conducted to evaluate the interfacial charge transfer of all the synthesized materials. EIS graphs
are obtained by plotting Z’ versus Z’’ as depicted in Fig. 5 (c) and Fig. 6 (c) wherein the
diameter of the semicircle for the composite was lesser compared to the other materials and the
slope was higher for the composite with respect to the other pristine materials indicating a faster
diffusion taking place. The values calculated from equivalent circuit fitting for
CuCo0204@C0304 on GCE were Rs (0.84 Q) and Ret (10.51 Q) and on NF were Rs (0.95 Q) and
Ret (8.51 Q). For pristine CuC0204 and Co0304, on GCE were Rs (1.19 Q), Rt (19.09 Q), Rs
(1.53 Q) and Ret (21.42 Q) and using NF were Rs (1.53 Q), Ret (14.21 Q), Rs (1.66 Q) and Ret
(16.87 Q). Thus the values obtained for CuC0204@Co0304 are lower than the values obtained

for pure CuCo204 and pristine CozO4 nanomaterials respectively for both the substrates which



suggests a better capacitive nature of the composite compared to the other materials [16].
Cyclic stability was employed as it plays a pivotal role in supercapacitor application. The cyclic
stability of all the materials was evaluated on GCE and NF for CuCo0204@C0304
nanocomposite at 5 Ag* wherein retention was found to be 76% and 78% upto 1000 and 3000
cycles respectively. The retention for CuCo.04and Coz0O4 nanomaterials was observed on GCE
as 65% and 47% upto 1000 cycles and NF as 71% and 58% until 3000 cycles respectively at 5
Ag! [16]. Thus, the CuCo.0.@Co0304 nanocomposite has the potential to serve as an

exceptional electrode material for high-performance supercapacitors.
4. Conclusion

To summarize, we have successfully developed a hydrothermal technique for the synthesis of
CuCo0204@C0304 nanocomposite for supercapacitive applications. FT-IR, XRD, FE-SEM,
analysis verified the successful synthesis and validation of the corresponding nanomaterials
and CuCo204@Co304 nanocomposite. From the electrochemical studies, it was evident that
CuCo204@C0304 nanocomposite using nickel foam, the specific capacitance was higher at
683.72 Fg* than the GCE, which was computed at 542.77 Fg* at the same current density of
1 Ag. Furthermore, CuC0,04@Co0304 nanocomposite with nickel foam as the electrode
substrate showed good cyclic stability of 78% for up to 3000 cycles than GCE as 76% up to

1000 cycles at 5 Ag 2.
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