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Dr. Ajit Kumar Mohanty SR Member, Atomic Energy Commission

MESSAGE

Electrochemistry is one of the frontier areas of research in chemistry, which has provided
microscopic understanding of the mechanism and strategies in solving several recent societal
challenges, especially in relation with the energy, environment and health care. Over the years,
these subject areas are gradually becoming interdisciplinary in nature with applications in many
industrial challenges like, Li-ion battery, redox flow battery, supercapacitors, solar energy
harvesting devices, biomedical sensors, electrochemical synthesis, electrochemical deposition of
materials and fabrication of devices. Electrochemical techniques have also been utilized in the
preparation and characterization of some of the advanced radiopharmaceuticals. | am glad that
our Research Centre has the finest state-of-the-art facilities for this kind of frontline research and
are actively pursuing this discipline, covering almost all of its dimensions, from laboratory scale
studies to the industrial scale applications.

| am delighted to know that the 2nd DAE-BRNS international conference on,
“Electrochemistry in Industry, Health and environment (EIHE 2023)” is jointly organized by
Analytical Chemistry Division, Chemistry Group, Bhabha Atomic Research Centre, with the Indian -
Society for Electroanalytical Chemistry (ISEAC) during February 7 to 11, 2023 at DAE Convention
Centre, Anushaktinagar, Mumbai. This conference has attracted participation of scientists from
all over the world whose interaction with young researchers will pave the way into cutting-edge
research in the coming days.

| am sure that the deliberations of the conference will be very exciting and will offer a
common platform for the intense scientific discussions and exchange of ideas amongst the
budding researchers in this field. It will bring out new ideas and understandings to carry forward
quest for collaborative and interdisciplinary research.

| wish EIHE-2023 a grand success.
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Message

The International conference under the thematic title of “Electrochemistry in Industry,
Health and Environment, EIHE-2023" is being organised by Analytical Chemistry
Division, Chemistry Group, Bhabha Atomic Research Centre along with Indian Society for
Electroanalytical Chemistry (ISEAC) at DAE Convention Centre, Anushaktinagar, Mumbai
400094 during February 7-11, 2023. Under the scope of this conference the expediency of
electrochemistry will be discussed in the context of important scientific and technological
issues related to the recent societal problems. The topics of the conference includes, Catalytic
electrochemistry, Photoelectrochemical water splitting for hydrogen generation using solar
energy, Electrochemical instrumentations and devices, Energy storage systems like, Battery
and Supercapacitor, Electrochemistry at nanoscale, Electrochemistry in Nuclear
Energy/molten salt processes, Electrochemical Sensors and Biosensors for Health, Medical

and Environmental Sciences.

| welcome all the invited speakers from India and overseas for accepting our invitation, | am
sure that your presence in the conference will encourage the young researchers and students
to take up challenging activity in this exciting field. | request all the students to remain attentive
during the scientific deliberation and interact with the experts to enhance your scientific
horizon in electrochemistry.

As chairman organising committee of EIHE 2023, | express my heartiest welcome to all the
delegates of EIHE 2023 once again and my best wishes to all of you in your future
endeavours. .
P Tere*
(A.K. Tyagi)
Dated : 02.02.2023
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Message from President, Indian Society for Electroanalytical Chemistry (ISEAC)

Wish you a very happy and productive new year 2023. As the President, Indian Society for Electroanalytical
Chemistry (ISEAC), I welcome you to this International Conference “Conference on Electrochemistry in
Industry, Health and Environment (ETHE 2023)".

Electrochemistry and its applications aspects are immensely useful in solving various societal problems. ISEAC
has broadened the scope of the Society to include activities from all branches of Electrochemical Sciences and
Technologies. The main aim of ISEAC is to promote electrochemistry in India, to disseminate scientific and
technological knowledge within the country and to strengthen national and international cooperation in the
area of Electrochemistry. ISEAC with support from DAE units organises one discussion meeting and one
international conference every alternate year to provide a platform for discussion on the recent development in
electrochemistry and allied fields.

ISEAC appeal to all electrochemist and allied field researchers to be a part of the ISEAC family. To encourage
the researchers to join ISEAC as a member, we have kept a life membership fee nominal, Rs. 4000/- and the
student membership fee is Rs. 1000/~ (for 5-year validity).

It is encouraging to see a large number of participants registered for this international event, EIHE 2023, which
indicates the popularity of the symposium among researchers and the importance and interest in the field.
I take this opportunity to thank the authorities of Bhabha Atomic Research Centre for the kind support
rendered in the organisation of this event at the beautiful campus of Anushaktinagar and BRNS for sponsoring
the conference.

As president of ISEAC, I welcome you all to this international event and wish you all a fruitful interaction and

the best for your future research endeavours. M

(P. D. Naik)

A Deemed to be University under the University Grants Commission Act, 1956 and a Grant-in-Aid Institute of the Department of Atomic Energy
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Dr. Ashis Kumar Satpati

Secretary, ISEAC and Convener, EIHE-2023
Head, Electrochemical Methods Section,
Analytical Chemistry Division

Bhabha Atomic Research Centre, Trombay,
Mumbai 400085, Phone: 022-25590744 (O)
Email: aksatpati@gmail.com

« Dear Delegates
i Greetings from ISEAC

» On behalf of ISEAC and the organising team EIHE 2023, I welcome you all in this international event “Electrochemistry in Industry,
» Health and Environment, EIHE-2023" at Anushaktinagar, Mumbai. I thank all of you for coming here to attend this conference.

i We have tried our best to organise this international event, and thank you for your cooperation and enthusiasm. Since its inception, scope
» of the society has been broadened to cover the entire spectrum of the scientific activities in the field, this has resulted the increased
» number of life members from the scientific fraternity across various institutes. I take this forum to request all of you to enhance the
* activities of the society and promote your colleagues and students to become the life member of this organisation.

» In addition to the abstract booklet we are coming out with a Souvenir cum Bulletin of ISEAC during this conference containing articles
+ on different aspects of electrochemical science and technology are being published in this volume, I thank all the authors for their
» contribution in the bulletin. I encourage all of you to participate in writing short articles for this series of Bulletin.

» Being stationed at Bhabha Atomic Research Centre, we enjoy the fame of this institute and excellent logistics support, we thank our
w authorities for the same. I thank Heavy Water Board (HWB), Atomic Energy Regulatory Board (AERB), Nuclear Power Corporation of
» India Limited (NPCIL), American Chemical Society (ACS), Royal Chemical Society (RSC), Elsevier, for supporting this event. |
» sincerely thank all the industrial partners for their support.

. From this very conference let us collectively make an effort to take the activities of the society forward and a make our presence at
w higher level. I wish all of you for excellent outcome from your research, ISEAC will provide all possible platform to promote your
w research activities. Let us join together and bring the fascinating science in the field of ELECTROCHEMISTRY to its fullest potential
» for the benefit of the society.

i On behalf of the team of organising committee EIHE 2023 and the Secretary, ISEAC, I express my sincere appreciations once again to
w DAE-BRNS, the ISEAC life members, all sponsors and the delegates of EIHE 2023 to make this event possible.
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Bhabha Atomic Research Centre, Mumbai — 400085, India
Email: electrochembarc@gmail.com, Web: www.iseac.org.in
Contact: (+91)22-25590744/0326
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Since foundation, the Society has evolved magnificently to represent a truly National
Organization and at present, it comprises more than 325 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 and other Scientific
Organizations and Industries. ISEAC has organized thirteen International Events in India. This
is 16" event organized by the society; however, it has been planned to continue the EIHE series
from the year 2020 onwards, therefore this conference is 2" conference in the series.

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

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

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

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

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

6. 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.

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

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

11
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10.

11.

12.

13.

14.

15.

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.

12



» 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
Corporate Member. The Life-membership fee w.e.f. April 1, 2011 is Rs. 4000/- (Rs. Four
thousands only) for Indians and € 300/- (Euro three hundred only) for others. The Fee has to
be transferred electronically (NEFT or wire transfer) to ISEAC Bank Account and then you
have to sign-up through “Join ISEAC as Life-Member” icon available on www.iseac.org.in
with the fund transfer details.

Name of Bank: State Bank of India, BARC Branch, Mumbai-400 085, India
Branch code: 1268

Beneficiary name: Indian Society for ElectroAnalytical Chemistry (ISEAC)
Account number: 34209997299

BIC (Swift Code): SBININBB508

IFSC code (for within India): SBIN0001268

Please contact us for any further information:

The Secretary,

Indian Society for ElectroAnalytical Chemistry (ISEAC)

Analytical Chemistry Division,

Bhabha Atomic Research Centre, Trombay,

Mumbai — 400 085, India

Email: electrochembarc@gmail.com;

web.: www.iseac.org.in

Phone: +91-22-2559 0744 (office hours only); 8369268926 (after office hours)

You are Welcome to Join

ISEAC

13
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DAE-BRNS

2nd International Conference on

EIHE-2023

Electrochemistry for Industry, Health and Environment

9:30- 13:00 hrs

13:00 - 14:00 hrs

14:30 - 16:00 hrs

16:00 - 16:30 hrs

16:30- 18:45 hrs

16:30- 17:15 hrs

February 7-11, 2023

At DAE Convention Centre, Anushaktinagar, Mumbai - 400094, India

Organised by

Programme Schedule

February 07, 2023; Tuesday

Registration at DAE Convention Centre

Lunch at dining hall, DAE Convention Centre
Inauguration of the Conference (Auditorium A)
High Tea at Lobby & Group photograph

Session 1 (Auditorium A)

Chairperson: Prof. J. P. Mittal, UM-DAE-CEBS

Plenary Lecture (40+5 minutes)

IT-01; Prof Christopher M.A. Brett, Department of Chemistry, CEMMPRE,
Faculty of Sciences and Technology, University of Coimbra, Portugal

Modified electrodes with electroactive redox polymers and nanomaterials
for sensor and biosensor platforms

Invited Lecture (25+5 minutes)

IT-11; Prof. Amreesh Chandra; Indian Institute of Technology Kharagpur

Pseudo-2D  Nanostructure based High Performance Hybrid
Supercapacitors: Correlating Theoretical and Experimental Studies

15



19:00 - 20:30hrs

20:30-21:30 hrs

09:30 - 11:15hrs

9:30-10:15 hrs

10:15-10:45 hrs

10:45-11:15 hrs

11:15-11:30 hrs

11:30-13:00 hrs

11:30-12:00 hrs

IT-49; Prof. Sangaraju Shanmugam, Department of Energy Science &
Engineering, Daegu Gyeongbuk Institute of Science and Technology (DGIST)
Daegu, 42988, South Korea

Electrochemical Synthesis of Sustainable Carbon-Free Fuels

IT-14; Prof. Kinshuk Dasgupta, Materials Group, Bhabha Atomic Research
Centre, Mumbai

Tuneable synthesis of graphene oxide by electrochemical exfoliation of
graphite

Cultural programme (Auditorium A)

Dinner at dining hall, DAE Convention Centre

February 08, 2023; Wednesday

Session 2 (Auditorium A)
Chairperson: Prof. S. Mukhopadhyay, E& IG, BARC

Plenary Lecture (40+5 minutes)

IT-08; Prof. P. Vadgama, Queen Mary University of London, United Kingdom

Sensors for in vivo biochemical monitoring: A Membranes and materials
adaptation

Invited Lecture (25+5 minutes)

IT-07; Prof. Muhammed Musthafa O T, Indian Institute of Science Education
and Research, Pune

Electrochemical Neutralization: Concepts to Devices
IT-38, Prof. Rama Kant, Department of Chemistry, University of Delhi

Electron Transfer in Nano-Structured and Atomically Stepped Electrodes:
Theoretical Aspects

Tea at Lobby

Session 3 (Auditorium A)

Chairperson: Prof. Archana Sharma, BTDG, BARC

Invited Lecture (25+5 minutes)

IT-17; Prof. Amartya Mukhopadhyay, Indian Institute of Technology Bombay

16



Layered’ transition metal oxides as cathode materials for Na-ion

batteries

12:00-12:30 hrs

IT-05 Prof. Annamalai Senthil Kumar, Vellore Institute of Technology, Vellore

In-Situ Activation of Pencil Graphite Electrode Surface and Its Active Site
Mapping Using Scanning Electrochemical Microscopy and Electrocatalysis

12:30-13:00 hrs
Mumbai

IT-21 Prof. M R Pai, Chemistry Division, Bhabha Atomic Research Centre,

Solar Water Splitting Using Earth Abundant Conjugated Photocatalysts

13:00-14:00 hrs

14:00-16:00 hrs Session 4

Lunch at dining hall, DAE Convention Centre

Chairpersons: Dr. Sangita D Kumar, ACD, BARC
Dr. Sanjukta A. Kumar, ACD, BARC

Poster Presentations: P-1 to P-82 at Poster Hall (Except CPs selected for oral

presentation)

15:30-16:00 hrs

16:00-18:30 hrs

Tea during poster session

Session 5 (Auditorium A & Auditorium B)

Invited Lecture (20+2 minutes)

Auditorium A

Chairperson:
Prof. H. Pal, HBNI
Prof. Sunil K Ghosh, HBNI

IT-22: Prof. Chinmoy Bhattacharya, Dept. of Chemistry,
Indian Institute of Engineering Science & Technology,(IIEST),
Shibpur

BiVO4 - a futuristic Semiconductor for

Photoelectrochemical Applications

IT-46; Prof. Bhaskar R. Sathe, Department of Chemistry, Dr.
Babasaheb Ambedkar Marathwada University Aurangabad

New Modifications of Graphene for Water Splitting and
Fuel Cell Reactions

IT-23; Prof. Nagraj Shetty, School of Advanced Sciences, KLE
Technological University, Hubbali, Karnataka

Electrochemical sensors for the detection and
degradation of toxic molecules

IT-09: Rituraj Mishra, Bharat Petroleum Corporation LTD

Investigative Research on the Critical Electrochemical
Corrosion Driven by Combined Cathodic and Anodic
Interference on a Pipeline

17

Auditorium B

Chairperson:
Prof. A.C. Bhasikuttam, RPCD, BARC
Prof. P.A. Hassan, ChD, BARC

IT-28; Prof. Subramanyam Sarma, Department of
Chemistry, YOG VEMANA UNIVERSITY

Electrocatalysis of reduced graphene oxide-
supported nanocomposites for fuel cell reactions

IT-10: Prof. Sanghamitra Chatterjee, Department
of Chemistry, Institute of Chemical Technology,
Mumbai

Theranostic Applications of Carbon
Nanomaterial Modified Sensors: A Promising
Future

IT-41; Dr. D. K Sahoo, Material Processing &
Corrosion Engineering Divisison, Bhabha Atomic
Research Centre

Electrowinning of light rare earth metals and
alloys using molten salt electrolysis route

IT-52; Dr. V. S. Tripathi, Radiation & Photochemistry
Division, BARC, Mumbai



IT-51 ; Dr. Ruma Gupta, Fuel Chemistry Division, Bhabha
Atomic research Centre

Electrochemical fate of Actinides: Aqueous and Non
aqueous routes

IT-35; Dr. Bholanath Mahanty, Radiochemistry Division,
Bhabha Atomic Research Centre

Membrane based potentiometric sensors for
lanthanides and actinides

Electrodeposition of Rhodium and Platinum-
Rhodium alloy on stainless steel substrate: a
durable catalyst surface

IT-45; Prof. D. Banerjee, Nuclear Recycle Group,
Bhabha Atomic Research Centre, Mumbai

Electrodeposition of Radioruthenium: Process
Development and its Applications for the
Treatment of Eye Cancer

IT-58: Ms. Sutanwi Lahiri, Laser & Plasma
Technology Division, Bhabha Atomic Research Centre,
Mumbai

Application of cavitation in  graphite

decontamination
18:45 hrs : Tea at Lobby
20:00-21:00 hrs : Dinner at dining hall Training School Hostel, Anushaktinagar
February 09, 2023; Thursday
09:30-11:00 hrs : Session 6 (online) (Auditorium A)
Chairperson: Prof. T.K. Ghanty, BSG, BARC
Plenary Lecture (40+5 minutes)
09:30-10:15 hrs : IT-16; Prof. Shalini Prasad, Department of Bioengineering and

Biomedical Engineering, The University of Texas at Dallas

Electrochemically mediated multi-modal detection strategy-driven
sensor platform to detect and quantify pesticides

10:15-11:00 hrs : IT-55; Prof. Ritu Goswami Kataky, Department of Chemistry, Durham
University, Durham, United Kingdom

Electrochemical Interactions at ‘soft’ liquid-liquid interfaces

11:00-11:15 hrs : Tea at Lobby

11:15-13:00 hrs : Session 7 (online & offline); (Auditorium A)

Chairperson: Prof. Swapan K Ghosh, UM-DAE-EBES

Plenary Lecture (40+5 minutes)

11:15-12:00 hrs : IT-29; Prof. Ignacy Cukrowski, Department of Chemistry, Faculty of
Natural and Agricultural Sciences, University of Pretoria, South Africa

Metal-Ligand Equilibria: A Unified Theory and Protocol for
Voltammetry and Potentiometry

18



Invited Lecture (25+5 minutes)

12:00-12:30 hrs
Chennai

Electrochemical

IT-02; Prof. Ramanathan S, Dept. of Chemical Engineering, IIT Madras,

reaction mechanism identification from

potentiodynamic polarization data

12:30-13:00 hrs

IT-03; Prof. Sayan Bhattacharyya, IISER Kolkata

Solid State Chemistry Approach Towards Green Hydrogen

13:00 - 14:00 hrs

14:00 - 16:00 hrs Session 8

Chairperson:

Lunch at dining hall, DAE Convention Centre

Prof. N. Choudhury, ChD, BARc

Prof. S. Nath, RPCD, BARC

Poster Presentations: CP-82 to CP-152 at Poster Hall (Except CPs
selected for oral presentation)

Tea during 15:30-16:00

16:00 - 17:30 hrs

Auditorium A

Chairperson:

Dr. S. Adhikari, SIRD, BARC
Shri M.K. Saxena, RACD, BARC

IT-24; Mr. Rooshin Vadgama, UCL Cancer Institute,
University College London

The Effect of Low Dose Radiation on Neurotransmission

IT-57: Prof. Drishty Satpati, Radiopharmaceuticals Division,
Bhabha Atomic Research Centre, Mumbai, India

Applications of Electrochemistry In Development of
Radiopharmaceuticals

IT-13: Prof. P.C. Mondal , Department of Chemistry, Indian
Institute of Technology Kanpur

Molecular thin films for electrochemical
supercapacitors: Are we heading toward the molecular
power banks?

IT-53; Prof. Ruma Ghosh, Department of Electrical
Engineering, Indian Institute of Technology Dharwad

Nanomaterials based Sensors for Healthcare
Applications

19

Session 9; Invited Lecture (20+2 minutes)

Auditorium B

Chairperson:

Dr. A. K. Tripathi, ChD, BARC
Dr. G. Sugilal, FRD, BARC

IT-36; Prof. Rosy, Department of Chemistry, IIT(BHU)
Varanasi

Hexagonal Boron Nitride for Na- Ion/Metal
Batteries

IT-47; Dr. Thandavarayan Maiyalagan,
Department of Chemistry, SRM Institute of Science
and Technology, Kattankulathur

Non-Precious Electrocatalysts for
Electrochemical Water Splitting; Current status
and future prospects

IT-44; Dr. Pramod Bhatt, Solid State Physics
Division, Bhabha Atomic Research Centre, Mumbai

Multifunctional Prussian Blue Analogues
Molecular Magnets for Energy Storage
Applications

IT-04; Dr. Shailendra K. Jha, CSIR -National
Metallurgical Laboratory, Jamshedpur
Electrochemically Shape-controlled and
Confined Micro and Nanostructured Materials for
Methanol Electrooxidation



17:30-18:50 hrs

Chairperson:

Dr. Amrit Prakash, RMD, BARC
Dr. D. Mandal, AMMD, BARC
Auditorium A

Oral presentations

CP 3,5,6,8,14,16,17,19,20,23 & 24

18:50 hrs

20:00 21:00 hrs

09:30 - 11:15 hrs

09:30 - 10:15 hrs

10:15-10:45 hrs

10:45-11:15 hrs

11:15-11:30 hrs

11:30 - 13:00 hrs

Session 10: Oral Presentations (5+2minutes)

Chairperson:

Dr. Sulekha Mukhopadhyaya, ChED, BARC
Shri Kalyan Bhanja, HWD, BARC
Auditorium B

Oral Presentations

CP 29,31,34,43,46,48,51,57,60,64,67

Tea at Lobby

Dinner at Anushaktinagar

February 10, 2023; Friday

Session 11; (Auditorium A)
Chairperson: Prof. J. Chattopadhyay, RSD, BARC
IT-26; Prof. Stijn F. L. Mertens, Department of Chemistry, Lancaster

University, United Kingdom

Electrochemistry beyond Redox Processes: from Collective to Single
Molecule Switching

Invited Lecture (25+5 minutes)

IT-62: Prof. Suddhasatwa Basu, IIT Delhi

Electro and photo-electro conversion of Furfural to Various Platform
Chemicals

IT-40; Prof. S. K. Ghosh, Materials Processing & Corrosion Engineering
Division
Bhabha Atomic Research Centre, Trombay, Mumbai

Electrochemical Investigation of Uranyl Species in Ethaline-DES and
Possibility of UOz Deposition

Tea at Lobby

Session 12: (Auditorium A)

Chairperson: Prof. S. Kannan, RC&IG, BARC
Invited Lecture (20+2 minutes)

IT-18; Prof. Bharatkumar Suthar, Indian Institute of Technology Bombay
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Fabrication of an Electrochemical Sensor Based on Reduced Graphene
Oxide Modified Glassy Carbon Electrode for an Antidiabetic Drug
Repaglinide and its Analytical Application

Suma K. Pawar and J. Seetharamappa*
Department of Chemistry, Karnatak University, Dharwad-580 003
*Email: drjseetharamappa@kud.ac.in

Abstract

Repaglinide (RPG) is widely used in the treatment of non-insulin-dependent diabetes mellitus.
A sensitive and versatile electrochemical method was developed for the determination of RPG
employing electrochemically reduced graphene oxide modified glassy carbon electrode
(ErGO/GCE). Graphene oxide suspension was drop casted on a glassy carbon electrode (GCE)
and subjected to an electrochemical reduction in the potential range of -0.6 - 1.7 V. Both GO
and ErGO were characterized by SEM, AFM, XRD and electrochemical techniques. RPG
exhibited two irreversible oxidation peaks at 1.01 and 1.21 V on ErGO/GCE and at 0.94 and
1.14 'V on bare GCE. Significant enhancement in the electrochemical response of RPG (3-fold)
was observed at ErGO/GCE due to the higher electron transfer ability of reduced GO network
on modified GCE. Effects of various parameters such as pH of the supporting electrolyte
(Britton-Robinson buffer), accumulation time and amount of suspension were investigated on
the electrochemical behavior of RPG. Scan rate studies revealed the electrode process to be
diffusion controlled. The fabricated sensor (ErGO/GCE) for RPG exhibited the linear
relationship between the peak current and concentration in the range of 0.5 - 66.7 uM and 0.1
- 48,5 uM for differential pulse voltammetric and square wave voltammetric methods,
respectively. The applicability of the proposed method was examined by analyzing the
commercially available tablets. Higher recovery (99.86 %) and low RSD values (0.3 %)
indicated the accuracy and reproducibility of the proposed method. Further, the fabricated
sensor was used to investigate the mechanism of interaction between RPG and bovine serum
albumin (BSA). The binding constant of RPG-BSA and the ratio between these two were found
to be (2.6 + 0.04) x 10* M and 1:1, respectively.

26



1. Introduction

Electrochemical techniques are powerful and versatile analytical tools that have found vast
applications in the field of medicine, biotechnology, material science, food safety, energy
storage, etc [1,2]. The massive attention gained by electrochemical methods over other
techniques is mainly due to their eco-friendly nature, excellent sensitivity with large linear
dynamic range, rapid analysis times and simultaneous determination of several analytes [3].
Among the electroanalytical techniques, the voltammetric method is frequently used in
determining an analyte. Voltammetry is an example of a controlled-potential method with a
three-electrode system where the potential is applied to the electrode-solution interface and the
current that results from the oxidation/ reduction/ redox process of an analyte at an electrode
surface is measured [4]. The sensitivity and selectivity of the voltammetric technique can be
enhanced by modifying the working electrode with a variety of materials by adsorption,

covalent bonding, coating and attaching the specific molecules to the electrode surface.

Graphene is an ideal material for electrochemistry because of its unique physicochemical
properties such as high surface area, excellent thermal conductivity, electric conductivity and
strong mechanical strength [5]. Because of these properties, graphene is considered an
attractive candidate for tremendous applications including electronic devices, energy
conversion, storage devices, sensors and biosensors [6]. The structure of graphene is
characterized as the array of two-dimensional sheets of carbon atoms bonded by sp?bonds in a
hexagonal lattice. These bonds and electronic configuration account for the astonishing
properties of graphene [7]. Various techniques have been developed for the synthesis of
graphene. Among these, the electrochemical reduction of graphene oxide to graphene has
received great attention due to its fast and green nature [8]. In view of this, we have adopted a
green method for the reduction of graphene oxide and developed an electrochemical sensor for
an anti-diabetic drug, repaglinide (RPG).

Repaglinide  (RPG), chemically known as  2-Ethoxy-4-(2-((3-methyl-1-(2-(1-
piperidinyl)phenyl)butyl)amino)-2-oxoethyl)benzoic acid is a new carboxy methyl benzoic
acid derivative. It belongs to a class of meglitinides and is used to treat diabetes type 2 (non-
insulin-dependent diabetes mellitus). Diabetes mellitus is a chronic metabolic disorder
characterized by a high blood glucose concentration. Impaired insulin secretion, resistance to
tissue actions of insulin, or a combination of both are considered to be the cause of

hyperglycemia. RPG is the first of a new class of oral antidiabetic drugs designed to regulate
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postprandial glucose excursions in type 2 diabetic patients. Although RPG shows some
chemical resemblance to other antidiabetic agents, it differs in its mechanism of action and
excretion mechanism [9]. RPG lowers blood glucose levels by blocking ATP-dependent
potassium channels in pancreatic 3 cells, which in turn stimulates insulin secretion [10]. Since,
the administered RPG gets excreted through biliary excretion, it is considered to be an

advantage for type 2 diabetic patients with impaired kidney function [11].

Literature survey revealed that analytical methods including HPLC [12], RP-HPLC [13,14],
HPTLC [15], RPTLC [16], LC—MS/MS [11], spectrophotometric [17] and spectrofluorimetric
[18] have been developed for the determination of RPG in pharmaceutical formulations and
biological samples. EI-Ries MAN et al., have reported the electrochemical behavior of RPG at
carbon paste and GCE [19]. The reported conventional methods require a long time and are
expensive while the reported voltammetric method suffers from a shorter linearity range. In
view of the vast applications of graphene-modified electrodes as electrochemical sensors, we
have fabricated an electrochemical sensor based on electro-reduced graphene oxide (ErGO)
film on GCE for the determination of RPG in pharmaceutical formulations and biological
samples in the present study.

2. Materials and methods

2.1 Materials

A pure sample of RPG was obtained as a gift sample from Dr. Reddy’s lab. Pvt. Ltd., India. A
stock solution of 1 MM RPG was prepared in Millipore water. Britton-Robinson buffer (B.R.)
was used as a supporting electrolyte. Working solutions of RPG were prepared daily by diluting

the stock solution as required with B.R. buffer.
2.2 Materials and instrumental methods

Electrochemical investigations were carried out on a CHI-1110a Electrochemical Analyzer
(CH Instruments Ltd. Co., USA, version 12.23). The system was constructed with three
electrodes viz., a working electrode (ErGO/GCE), an auxiliary electrode (platinum wire) and a
reference electrode (Ag/AgCl).

XRD patterns of pristine graphite, graphite oxide and reduced graphene oxide were studied on
an X-ray diffraction spectrometer, Philips X Pert (Cu Ka, 1.5406 A). FTIR and Raman spectra
were recorded on an NXR-FT-Raman spectrometer, Nicolet, USA and Nicolet 6700, Nicolet

USA, respectively. By using Carl Zeiss, Ultra 55 field emission scanning electron microscope
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(FESEM) SEM images of graphite, graphite oxide and reduced graphene oxide were obtained.

Atomic force microscopy (AFM) images were recorded on a Flex AFM system, in Switzerland.
2.3 Synthesis of graphene oxide

GO was synthesized from graphite powder by modified Hummer’s method [20]. The resulting
dark-yellow solid was then dried in an oven at 120 °C. The GO suspension was prepared by
dispersing 10 mg of GO in 10 mL of water using ultrasonic agitation (1 h). The yellowish-
brown suspension obtained was centrifuged to remove the unexfoliated GO [21]. This stable

suspension was used to modify the GCE (Figure 1).

Oxidation by
Hummers method

KMnO4.H,0:2

and electrochemical Reduced Graphene Oxide
reduction

ErGO
Repaglinide ( )

Figure 1. Schematic representation of fabrication of ErGO/GCE.
2.4 Fabrication of an electrochemical sensor GO/GCE and ErGO/GCE

Prior to modification, GCE was carefully polished with 0.5 pm alumina slurry on a wet
polishing cloth and then rinsed thoroughly with Millipore water. 6 uL of yellowish-brown
suspension of GO suspension was drop casted on the surface of GCE and dried under an IR
lamp in order to obtain GO/GCE. Later, GO/GCE was subjected to an electrochemical
reduction in phosphate buffer of pH 6 by employing the voltammetric sweep segments in the
potential range of 0.6 to - 1.7 V which resulted in ErGO/GCE.

2.5 Analysis of Eurepa tablets
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Five Eurepa tablets containing RPG were crushed in a mortar. A portion of the powder
equivalent to 1 mM RPG was diluted with methanol. For complete dissolution and
homogenization, the stock solution was ultrasonicated for 15 min. Under optimized conditions,
differential pulse voltammograms were recorded. The accuracy of the proposed method was
examined by performing recovery studies. The content of RPG in the Eurepa tablet was

determined from the regression equation obtained from the calibration graph.
2.6 Determination of RPG in spiked human urine samples

RPG fortified urine sample (1 mM) was prepared by treating 1 mL untreated urine of a healthy
individual with 1 mL standard RPG solution (2 mM). A suitable aliquot of spiked urine sample
was diluted with B.R. buffer without any pre-treatment. Under optimized conditions,
differential pulse voltammograms were recorded and the amounts of RPG in spiked human

urine samples were calculated using the calibration graph.
3. Results and discussion

3.1 Characterization of synthesized GO and ErGO

FTIR spectra

FTIR spectra of GO and ErGO are depicted in Figure 2. FTIR spectrum of GO exhibited
characteristic bands at 3410 cm™ (O-H stretching vibrations), 1589 cm™ (C=C stretching)
and 1098 cm™* (C-O-C stretching). Upon electrochemical reduction of GO, the intensity of all
the bands was found to be decreased.
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Figure 2. FTIR spectra of GO and ErGO.

Scanning electron microscopy (SEM)

The surface morphologies of graphene derivatives such as GO and ErGO films were
characterized and the corresponding SEM images are shown in Figure 3A and Figure
3B, respectively. SEM micrographs demonstrated that the prepared GO material was composed
of many cavities, stacked and crumpled flakes closely associated with each other. Upon
electrochemical reduction of GO, the ErGO film showed a larger wrinkled and rougher surface.
Such a rougher surface enhanced the incursion and diffusion of electrolyte ions. The

electrochemical reduction of GO exposed more electrochemically active sites.

Figure 3.
FESEM

20kV X500 50pm 0001 1156 SEI 20kV X500 50pm 0001 1162 SEI

micrograph of exfoliated GO (A) and ErGO (B).
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Atomic force microscopy (AFM)

In order to investigate the morphology, the thickness of the film and topography AFM studies
were carried out. AFM images of GO and ErGO are displayed in Figure 4A and Figure 4B,
respectively. It is evident from Figure 4A that GO is made up of many sheets-like structures
closely associated with each other forming a disordered solid (thickness ~15.2 nm). Upon
electrochemical reduction, the thickness was increased to ~28 nm indicating the formation of
rough and edge planes on the surface of ErGO that are responsible for the higher surface area
of the proposed electrode.

Topography - Scan forward Line fit Topography - Scan forward Line fit
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Figure 4. Atomic force micrograph of GO (A) and ErGO (B).
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Figure 5. X-ray diffraction patterns of graphite oxide and pristine graphite.
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XRD patterns of pristine graphite and GO are shown in Figure 5. For pristine graphite, an
intense crystalline diffraction peak was observed at ~26.48°. The successful oxidation of
graphite to GO was evident by the disappearance of the peak at ~26.48° and the appearance of
a new peak at 10.3°. During the oxidation of graphite to GO, oxygen-containing functional
groups and water molecules were intercalated in between the graphene layers [22] and thus

resulted in a subsequent increase in d-spacing from 3.36 to 8.55 A.

3.2 Electrochemical characterization of ErGO/GCE

The fabricated electrode was electrochemically characterized by recording cyclic
voltammograms using Ks[Fe(CN)s] as a redox probe. Cyclic voltammograms of 1 mM
Kz[Fe(CN)s] at bare GCE and ErGO/GCE in 0.1 M KCI were recorded and the corresponding
voltammograms are shown in Figure 6.
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Potential / V vs. Ag/AgCl
Figure 6. Cyclic voltammograms of 1mM potassium ferricyanide at bare GCE and
ErGO/GCE.

A pair of well-defined redox peaks were observed that corresponds to the electron transfer of
Fe!'/Fe"" couple at bare GCE. The highest redox peak current was observed at ErGO/GCE
compared to that at bare GCE. The increased peak current at ErGO/GCE indicated that upon
reduction the surface area and electronic conductivity of graphene increased and so accelerated
the electron transfer kinetics of ferricyanide. The electroactive surface area of bare GCE and
ErGO/GCE was calculated using the Randles-Sev¢ik equation shown below [23]:
lp = 2.69X10%N3/2ACDRYZY!2 +orvvvverreeniio 1)
where I, denotes the peak current, n is the number of electrons transferred, A is the surface area

of the electrode, Dr is the diffusion coefficient, C, is the concentration of Ks[Fe(CN)s] and v

33



is the scan rate. For 1 mM Kz[Fe(CN)e] in 0.1 M KCI electrolyte, n=1and Dr =
7.6x10® cms™*. From the slope of the plot of I, versus v/, the electrochemically active surface
area of ErGO/GCE and bare GCE was calculated to be 0.61 and 0.05 cm? respectively. The

larger surface area of ErGO/GCE facilitated the electron transfer rate.

3.3 Electrochemical behavior of RPG at ErGO/GCE

Cyclic voltammograms of 20 uM RPG at bare GCE and ErGO/GCE in B.R. buffer of pH 5 are
shown in Figure 7. RPG exhibited an oxidation peak at 0.95 V on bare GCE in the forward
scan and no peak was observed in the reverse scan, suggesting the irreversible nature of the
electrode reaction. The peak current of this peak was enhanced significantly (3-fold) at
ErGO/GCE compared to that at the bare electrode, signifying that the ErGO enhanced the
electro-oxidation of RPG due to increased electroactive surface area.
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Figure 7. Potential / V vs. Ag/AgCl Cyclic voltammograms

of 20 UM RPG at bare GCE and ErGO/GCE in B.R. buffer of pH 5.

3.4 Effect of electrolyte pH on electrooxidation of RPG

To characterize the electrochemical properties viz., a number of protons and electrons involved
in the electrode process, the effect of pH of supporting electrolyte on the electrochemical
response of RPG at ErGO/GCE was investigated. Cyclic voltammograms of RPG (20 uM) in
B.R. buffer solution of different pH (3-9) are shown in Figure 8A. The peak current of RPG
increased gradually in the pH range of 3-5. At pH 6, the peak current decreased with a shift in
the peak potential and thereafter the oxidation peak of RPG was noticed to be diminished up
to pH 9. A sharper and well-defined peak was noticed in B.R. buffer at pH 5, so pH 5 was

maintained throughout the experiment. A negative shift in the peak potential was observed with
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an increase in pH, indicating the participation of protons in the electrode process. The plot of
Ep versus pH (Figure 8B) revealed the linearity in the pH range of 3-9 and the corresponding
regression equation is Epa (V) = -0.055 pH + 1.345; R? = 0.988. The slope obtained (55 mV)
was close to the theoretical value of 59 mV pH™! signifying the involvement of an equal number

of electrons and protons in the electrode process of RPG [24].

Figure 8. Cyclic voltammograms of 20 uM RPG at ErGO/GCE in B.R. buffer of different

pH from 3 to 9 (A) and dependence of peak potential and peak current on pH of the
solution (B).
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3.5 Effect of accumulation time

To study the effect of accumulation time on the electrochemical oxidation of RPG, cyclic
voltammograms of RPG were recorded in B.R. of pH 5.0 by varying accumulation time from
0to 210 s. The peak current of RPG increased gradually with accumulation time from 0 to 150
s, revealing that the surface concentration of RPG increased at ErGO/GCE. Beyond 150 s, a
considerable decrease in the peak current was noticed. The decreased peak current was

attributed to the surface saturation. Therefore, an accumulation time of 150 s was maintained
for further studies.

3.6 Influence of scan rate
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Studying the relationship between scan rate and peak current helps in ascertaining the
electrochemical mechanism. So, cyclic voltammograms of RPG at different scan rates (10-400
mV s) were recorded in B.R buffer (pH 5). As evident from Figure 9A and Figure 9B,
the oxidation peak current of RPG increased with an increase in scan rate with a positive shift
in the peak potential. This suggested that the electrode reaction of RPG at ErGO/GCE was
diffusion controlled. This was further confirmed by the value of slope (0.5) of log I, versus log

v plot (Figure 9C) expected for an ideal reaction condition for a diffusion-controlled electrode
process [24].
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Figure 9. Cyclic voltammograms of 20 uM RPG at ErGO/GCE in B.R. buffer of pH 5 at
different scan rates from 10 to 400 mV s (A), linear dependence of oxidation peak

current of RPG on the square root of scan rate (B) and log-log plot for RPG (C)
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3.7 Analytical applications

3.7.1 Calibration curve

Under optimized conditions, the electroanalytical performance of the modified sensor
(ErGO/GCE) was examined by differential pulse voltammetric (DPV) and square wave
voltammetric (SWV) methods. DPV and SWV responses of different concentrations of RPG
at ErGO/GCE are shown in Figure 10A and Figure 11A, respectively. A linear relationship
between the peak current and concentration of RPG in the range of 0.5 -66.7 and 0.1 - 48.5 uM

for DPV and SWV methods was noticed respectively, and the same is represented in Figure
10B and Figure 11B, respectively.
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Figure 11. Square wave voltammograms for increasing concentrations RPG at
ErGO/GCE in B.R. buffer of pH 5 (A) and calibration plot for RPG (B).
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As evident from the figures, the oxidation peak current increased linearly with an increase in
the concentration of RPG in the range of 0.5 - 66.7 uM and 0.1 - 48.5 uM for DPV and SWV,
respectively. Validation of the procedure for the quantitative determination of RPG was
examined by evaluating the limit of detection (LOD) and limit of quantification (LOQ) and are

calculated using equations 2 and 3 given below [25];

LOQ=10S/M vveevverreeennn., 3)

where s is the standard deviation of the peak current (6 replicates) and m is the slope of the
calibration curve. The values of LOD, LOQ and RSD are tabulated in Table 1. Low values of
LOD and LOQ highlighted the sensitivity of the proposed methods. The inter-day and an
intra-day assay of the proposed methods was examined by analyzing 6 replicates of 20 uM
RPG by DPV and SWV methods. Low values of RSD indicated the good precision of the

methods.

Table 1. Characteristics of the calibration plot for RPG.

Parameter DPV SWvV
Linearity range, uM 0.5-66.7 0.1-48.5
LOD, uM 0.034 0.020
LOQ, uM 0.9 0.07
Inter-day assay RSD* % 2.98 3.01
Intra-day assay RSD* % 2.87 3.12

*Average of six determination

3.7.2 Analysis of tablets

The utility of the proposed method for the determination of RPG at ErGO/GCE in
pharmaceutical formulations is examined by analyzing the content of RPG in commercially
available tablets (Eurepa) by DPV method and the corresponding results are summarized in
Table 2. The reproducibility of the proposed method was evident by their low RSD values.
Further, to evaluate the accuracy of the proposed method, recovery studies were performed by
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the standard addition method. For this, known quantities of pure RPG were added to known
amounts of pre-analyzed formulations and the mixtures were again analyzed as before. The
total amount of the drug was then determined and the amount of the added drug was calculated
by the difference. A higher recovery value (99.55 %) highlighted the accuracy of the proposed

method.

Table 2. Results of analysis of RPG in tablets and recovery studies by DPV method.

Parameters Eurepa?
Amount labeled, mg 2.0
Amount found, mg 1.97
Recovery, % 98.5
RSD®, % 2.5

Pure drug added to tablet solution, mg ~ 4.52

Drug found, mg 4.50
Recovery, % 99.55
RSD®, % 2.52

aMarked by Torrent Pharmaceuticals Ltd.

bAverage of six determinations

3.7.3 Determination of RPG in spiked human urine samples

The application of the DPV method was further established by determining RPG in spiked
human urine samples without any pre-treatment. The recovery tests were performed by spiking
RPG-free urine with known amounts of RPG. DPVs of these samples were then recorded and
a calibration graph was constructed. Later, the concentration of RPG in the urine sample was

determined from the calibration graph. The results of the analysis are listed in Table 3.

Table 3. Results of analysis of RPG in spiked human urine samples by DPV method.

RPG added, n  Amount found, Average recovery, RSD,

(uM) (uM) (%) (%)
2 6 1.97 98.5 2.61
4 6 3.85 96.2 2.48
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6 6 5.84 97.3 2.56

The average recovery was observed to be higher than 96.2 % and the RSD values were less

than 3.0 %. These values indicated the accuracy and reproducibility of the results.
4. Conclusions

The present work demonstrates a simple, facile and reproducible method for the fabrication of
an electrochemical sensor with reduced graphene oxide. ErGO films were successfully
deposited on the surface of GCE by one-step electrochemical reduction and the modified GCE
exhibited excellent electrochemical response for the redox of RPG. The fabricated electrode
material was characterized by SEM, AFM, XRD and electrochemical techniques. The
fabricated ErGO/GCE exhibited excellent electrochemical response towards the oxidation of
RPG because of excellent electrical conductivity, strong adsorptive ability and large effective
surface area of ErGO/GCE. The proposed sensor exhibited a wide linearity range of 0.5 to
66.7 uM (DPV) and 0.1 to 48.5 pM (SWV) with excellent reproducibility and
repeatability. Further, the modified ErGO/GCE was applied for the determination of RPG in
pure and spiked human urine samples. Low values of LOD highlighted the accuracy of the

proposed methods for the determination of RPG.
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Theranostic Applications of Carbon Nanomaterial Modified Sensors: A

Promising Future
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1. Introduction

The last few years have witnessed a substantial technological renaissance that boosted the
development of nanomaterials which have a great impact on biosensing. The unprecedented
properties of carbon nanotubes, fullerenes and graphene have catapulted carbon materials in
the hotspot of biomedical research. Of particular interest is the integration of these materials
into analytical systems that impact key research areas, in particular: medical diagnostics, multi-
modal drug delivery, bio-imaging, environmental monitoring and biocatalytic sensing. The
interface of electrochemistry and nanotechnology is a captivating playground for the elemental
research and has eventually emerged as a futuristic and sustainable platform.

The globe is currently being swept in an unwavering manner by the Covid-19 pandemic and
several countries have factually reported that patients ailing from heart disease, diabetes and
hypertension are apparently among the major adversely affected by the coronavirus.
Hypertension which can be congruously referred to as the “silent killer” should not be ignored
as it is on the prowl in the present scenario. The World Health Organization has recognized
hypertension as being the significant cause of cardiovascular mortality and concurrently World
Hypertension League identified that there is unawareness prevailing worldwide in more than
50% of the hypertensive population. Onset of stroke, chronic kidney disease, heart failure,
myocardial infarction and peripheral arterial disease are instigated by hypertension [1,2]. The
prominence of hypertension treatment and the controversies surrounding treatment paradigms
have progressed substantially over the period. Drugs which are currently used as
antihypertensive include B-blockers, thiazide diuretics, calcium channel blockers, angiotensin
Il receptor antagonists and angiotensin-converting enzyme inhibitors [3]. Role of calcium
antagonist is to operate calcium channels located in cell membrane through voltage to block
the influx of calcium ions [4]. One of the antihypertensive calcium channel blockers which is

chosen as a coronary vasodilator and improve cardiac function is nifedipine [5].
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Nifedipine being an indispensable drug therapy for hypertension acts by relaxing the muscles
of heart blood vessels [6]. The drug is also prescribed as an oral tablet to treat cardiovascular
disease, angina pectoris and migraine [7,8]. Despite the clinical prominence of nifedipine as a
medicament, its overdose can cause manifold ailments which include nausea, vomiting,
dizziness, severe constipation, pounding heartbeat, flushing and tachycardia [9,10]. Hence,
there is a profound necessity for an apt technique to enumerate the levels of nifedipine in human
physiology. Till date, diverse analytical approaches like high-performance liquid
chromatography [11], spectrophotometry [12], liquid chromatography in conjunction with UV
[13], capillary gas chromatography nitrogen gas detection [14], selected ion monitoring [15]
and ultra-performance liquid chromatography—tandem mass spectrometry [16] are devised to
detect nifedipine. The disadvantages pertaining to these techniques include high organic
solvent usage, time consumption, requisite of skilled experts, temperature-controlled process,
pre-treatment of samples and sophisticated instrumentation [17,18]. Conversely,
electrochemical analysis has an edge over the conventional techniques with respect to high
sensitivity, minimal solvent requirements, simple and inexpensive instrument, fast analysis
time and suitable for biological environment [19-21]. Regardless of the advantages of
electroanalytical techniques, fewer work has been reported on the electro-oxidation of
nifedipine [22-27]. Previous studies utilized differential pulse adsorptive stripping
voltammetry, differential pulse voltammetry and cyclic voltammetry (CV) for the
determination of nifedipine at varied electrodes. The aforementioned detections comprised of
narrow calibration range, high detection limit, low sensitivity and incompatibility with
physiological pH. Consequently, there is an evident requirement to develop an electrochemical
sensor for the quantifiable and qualitative detection of nifedipine in clinical samples with
surpassed analytical parameters.

Fabrication of electrodes with nanomaterials have empowered electrochemists to alter the
electrode reactivity and acquire sensitive and selective signals in electrochemical analysis [28-
30]. Carbon nanotubes are predominantly used for the sensor modification in which
functionalized multiwalled carbon nanotubes (f-MWNTSs) have been perceived as an
exemplary material due to its fast electron transfer ability and enhanced surface reactivity [31-
33]. Due to superior chemical stability, f-MWNTSs can undergo the adsorption and desorption
reaction without any ensuing deterioration of the structure [34]. The MWNTSs are known to
contain metallic impurities which provide a facile electrochemical reaction and accelerate the
rate of electron transfer [35]. Functionalization of MWNTSs with carboxylic group induces

remarkable variation in conductivity because of electron-donating or electron-accepting
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molecules on their increased surface area [36]. The unification of nanomaterial and
nanoparticle has garnered recognition in recent times [37] and zinc oxide (ZnO) is an
extensively explored nanoparticle amongst the transition metals for chemical sensing [38,39].
It is endowed with remarkable chemical stability, fast electron transfer capacity, enhanced
conductivity and facile preparation mechanism. ZnO nanostructures have an inordinate benefit
to an electrochemical reaction because of their large surface area and ameliorated catalytic
activity [40,41].

In the present investigation, a novel sensor has been developed utilizing glassy carbon electrode
(GCE) fabricated with nanostructured ZnO film in amalgamation with f-MWNTSs and chitosan
(Chit) as a biocompatible polymer. Square wave voltammetry (SWV) being a potent analytical
technique was used for the first time for sensitive detection of nifedipine at physiological pH.
The developed protocol was used to selectively detect nifedipine for the first time in the
procured urine and serum sample of patients suffering from hypertension and thereby going
through medication. The proposed sensor manifested the lowest detection limit and the highest
sensitivity for the quantification of nifedipine till date. Hence, the work delineated herein will
enable the electrochemical determination of nifedipine in complex biological matrices leading
to multifarious clinical applications.

2.1  Structural characterization of sensor

XRD is a vital analytical tool used for the investigation of phase structure and purity of the
synthesized compound. The XRD pattern of prepared ZnO nanoparticle shows the diffraction
peaks at values corresponding to 31.76, 34.42, 36.25, 47.53, 56.60, 62.86, 66.37, 67.96 and
69.09 which are indexed to (100), (002), (101), (102), (110), (103), (200), (112) and (201)
crystal planes respectively. Fig. 1 depicts the XRD pattern obtained for the prepared ZnO
nanoparticle which is in accordance with the JCPDS (No. 36-1451) values [42] thereby
confirming the formation of ZnO nanoparticles. The surface morphology of the varied sensors
was characterized by FEG-SEM images. The FEG-SEM image of f-MWNTs/ZnO/Chit/GCE
(Fig. 2) clearly portrayed the uniform distribution of ZnO nanoparticles surrounded by f-

MWNTs and chitosan nanocomposite, which augments the facile charge transfer.
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Fig. 1 XRD patterns of synthesized ZnO nanoparticles.

Fig. 2 FEG-SEM image of f-MWNTs/ZnO/Chit/GCE.

2.2  Electroactive surface area of sensors

The working surface area of four different sensors was determined by recording CVs for 1 mM
KsFe(CN)s in 0.1 M KCl solution at different scan rates. Randles-Sevcik equation for reversible
electrochemical process [43] was applied to determine the electroactive surface area of

electrodes which is given as:
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ip =0.446 n3/2 F3/2 AC D1/2 V 172 R-1/2 T-1/2
where, D denotes diffusion coefficient which is 7.6 x 107°cm? s™* and n corresponds to the
electron transfer value which equals to 1, C is the bulk concentration of KzFe(CN)e (mol cm”
%), A refers to the surface area of the sensor (cm?), v is the scan rate (V s1), F is the Faraday
constant, R is the universal gas constant, T is the temperature in Kelvin (298 K) and i, is peak
current. The surface area of bare GCE and ZnO modified GCE was estimated to be 0.020 and
0.092 cm? respectively. f-MWNTs modified on the bare substrate was estimated to be 0.173
cm? whereas the highest value was obtained for f-MWNTs/ZnO/Chit/GCE. The fabricated
sensor with an effective surface area corresponding to 0.218 cm?, was almost 11 times more
than the bare GCE. This substantial increase in the surface area aids in the enhancement of
electroactive sites for the electrochemical oxidation.
2.3 Electrochemical characterization of electrodes
2.3.1 Current density plot
The electrochemical properties of the four different electrodes were investigated by recording
current density plot. The related cyclic voltammograms are demonstrated in Fig. 3A which
elucidates the current flowing per unit area of the electrodes thereby affirming noteworthy
electrochemical property of the developed sensor. The voltammograms were recorded in a
solution of 1 mM KsFe(CN)sin 0.1 M KCI. The anodic peak was obtained at ~ 0.274 V for f-
MWNTSs/ZnO/Chit/GCE with highest current density of 199 pA/cm? followed by f-
MWNTs/GCE with current density corresponding to 106 pA/cm? at ~ 0.317 V. ZnO/GCE
exhibited the anodic peak at ~ 0.430 V with current density of 35.65 pA/cm?and least current
density value of 7.2 uA/cm?was obtained at ~ 0.581 V for bare GCE. The modified electrode
with highest current density and lowest potential indicates excellent redox kinetics of the
sensor. High current density is generally a less degrading condition than low current density
due to the reduced cell voltage. Higher cell voltage can be attributed to fast degradation of the
electrode. Thus, the significance of obtaining higher current density at lower potential is that it
will lead to enhanced stability and reproducibility of the developed sensor.
2.3.2 Nyquist plot
The EIS study was further performed to ascertain the electrochemical behavior of the different
electrodes in respect to their conductivities. The Nyquist plots delineate the interface properties
of the sensors by exhibiting differing semicircle diameter which signifies the electron transfer
resistance (Rct). Fig. 3B distinctly illustrates that the least and the maximum R values were
observed for -MWNTs/ZnO/Chit/GCE and bare GCE respectively. The lowering of the Rt

value of the developed sensor in comparison to the other electrodes reveal escalated
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conductivity and improved electron transfer rate owing to the synergistic effect of -MWNTSs

and ZnO nanoparticles.
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Fig. 3 (A) CVs recorded at scan rate of 25 mVs™! for 1 mM Ks[Fe(CN)s] in 0.1 M KCI solution
and (B) Nyquist plots recorded in 1 mM Fe(CN)¢*7# solution containing 0.1 M KCI for
different electrodes.
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3. Voltammetric behavior of nifedipine
3.1 Cyclic voltammetry

The voltammetric response for 1 uM nifedipine was recorded at bare and modified
electrodes in PBS of pH 7.2 at a scan rate of 25 mVs? as showcased in Fig. 4A. The
voltammograms depicted anodic peak at both the electrodes and hence the absence of cathodic
peak in the reverse scan indicates the irreversible nature of the oxidation of nifedipine. The f-
MWNTs/ZnO/Chit/GCE (curve b) displays the augmentation in oxidative current value
corresponding to 10.49 pA at a lower oxidation potential of ~ 840 mV as compared to that of
the bare GCE (curve a) which exhibits the peak current at 0.44 uA with high potential of ~ 904
mV. The substantial enhancement in the current response along with a notable shift of the peak
potential at -MWNTs/ZnO/Chit/GCE gives the insight of the electrocatalytic nature and
ameliorated surface area for the electro-oxidation of nifedipine.
3.2 Square wave voltammetry
Square wave voltammetry was employed further for the determination of nifedipine for the
first time as it is an efficacious technique with increased sensitivity and lesser background
current. Fig 4B demonstrates the voltammograms for 1 uM of nifedipine in PBS of pH 7.2 at
four different electrodes. An inconspicuous peak was perceived at bare GCE at ~ 882 mV
which shifted to lower potentials at ZnO modified GCE (~ 860 mV) with an amelioration in
the current response. The voltammetric signal at f-MWNTSs modified GCE was found to have
even higher current response with lower peak potential at ~ 834 mV. Amongst the four working
electrodes, the finest response was acquired at f-MWNTs/ZnO/Chit/GCE exhibiting the
oxidation peak potential at ~ 807 mV. The current signal was ~ 8.3 times incremented in
comparison to the bare GCE which can be ascribed due to the integrated electron transfer ability
of -MWNTSs and ZnO nanoparticles on the bare substrate. Thus, for further investigations f-

MWNTSs/ZnO/Chit/GCE employing square wave voltammetry was utilized.
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MWNTSs/ZnO/Chit/GCE at 25 mVs™. Voltammetric response recorded in PBS of pH 7.2
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(background) at f-MWNTs/ZnO/Chit/GCE (- - -). (B) SWVs obtained for 1 uM nifedipine in
PBS of pH 7.2 at 15 Hz at four different electrodes.

4. Optimization of experimental parameters
Electro-oxidation of nifedipine relies significantly on the pH value of the supporting
electrolyte. The pH range of 2.0 to 11.0 was examined at a square wave frequency (f) of 15 Hz
for 1 uM concentration of nifedipine at f-MWNTs/ZnO/Chit/GCE. With an increase in the pH
value, the anodic peak signal of nifedipine was noted to shift to less positive values as displayed
in Fig. 5A. The plot of E, versus pH gives the linear relationship as follows:

Ep (PH 2 — 11) = [-0.0562 pH + 1.1922] V
having correlation coefficient of 0.9967 and slope corresponding to 0.0562 V pH™. The slope
of Ep versus pH gives insight about the number of electrons and protons participating in the
reaction mechanism according to Nernstian equation [44]. Thus, from the value of slope it can
be inferred that in the oxidation mechanism of nifedipine the number of electrons and protons
transferred are the same which is two. The impact of supporting electrolyte on the peak current
value for oxidation of nifedipine was also investigated. There was an increase in the current
response with increase in the pH till 7.2 (Fig. 5B). Subsequently, a decrease in the current
signal was noticed and hence pH 7.2 exhibiting the maximum value of current response was
used as the supporting electrolyte for further analysis.
Furthermore, the consequence of f on the current signal as well as the peak potential was studied
at pH 7.2 for 1 uM of nifedipine. It was observed in Fig 5C that with an increase in the f the
current response increases linearly over the frequency range of 10-100 Hz. The linear
relationship obtained from the plot of iy versus f is as follows:
ip (LA) = 0.59 f + 14.362
with correlation coefficient of 0.9963. To investigate the significance of f on the anodic peak
value of nifedipine, Ep versus log f graph was plotted. Fig. 5D displayed that as f increases the
peak potential value increases with the linear relationship as:
Ep (V) =0.0352 log f + 0.7649
with correlation coefficient of 0.9917. This observation of electrochemical oxidation of
nifedipine at f-MWNTs/ZnO/Chit/GCE interprets that the process is adsorption controlled and

irreversible [45] which is in consonance with the CV investigations.
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Fig. 5 (A) Observed dependence of peak potential on pH; and (B) peak current on pH. (C)
Effect of square wave frequency on peak current; and (D) peak potential for 1 uM nifedipine
at -MWNTs/ZnO/Chit/GCE.

5. Quantification of nifedipine

At --MWNTSs/ZnO/Chit/GCE, nifedipine was quantitatively evaluated by recording square
wave voltammograms for varying concentration under optimized conditions. The current
response corresponding to the oxidation of nifedipine incremented linearly with increase in the
concentration. Fig. 6 shows elevation in peak current values for the increase in nifedipine
concentration in the range of 1 nM - 40 uM against the background current. The mentioned
calibration range of nifedipine displayed corresponding linear plots with the following
regression equations:

ip (LA) = 0.0218 C (nM) + 2.983 (1 nM - 2000 nM)

ip (MLA) = 4.3204 C (UM) + 43.502 (4 UM — 40 pMm)
where C is the concentration of nifedipine. The correlation coefficient obtained for the above
two equations are 0.9924 and 0.9946 respectively. The sensitivity of the electrode was attained
as 21.8 pA uM. The limit of detection was estimated to be 0.49 nM based on S/N = 3 with
limit of quantification as 1.64 nM for f-MWNTs/ZnO/Chit/GCE. Table 1 enumerates a
comparison of the analytical parameters of the proposed work with the reported literature. It
could be patently observed that this work demonstrates the lowest detection limit with

augmented sensitivity for the wider linear range.
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Table 1 Comparison of the f-MWNTs/ZnO/Chit/GCE with the reported sensors for the

electrochemical determination of nifedipine.

Techniqu Sensor Used Analytical Limit of Sensitivity Referenc
e Range (M)  Detection (HA/pM) e
(M)
DPAdSV B —cyclodextrin modified  47.7 x10°  14.8 x 10° 3.931 22
carbon nanotube paste —20.0 x 10
electrode 6
DPV  Polyvinylpyrrolidone 75x10°—  20x10° 0.698 23
modified carbon paste 50 x 107
electrode
DPV  Boron-doped diamond 398x10° 612x10° 0.055 24
electrode ~107 x 10°®
DPV MgO — nanoplatelets 0.2 x 10°— 32 x 107 0.06 25
modified screen-printed 104.41 x
electrodes 10
cVv Polyaniline carboxylic acid 1.0 x 10%— 1000 x 10°° 0.087 26
functionalized multiwalled 100 x 10
carbon nanotubes modified
indium-tin-oxide electrode
DPV  Multi-walled carbon 0.1x10%— 17x10° 0.35 27
nanotube modified glassy ~ 100 x 107
carbon electrode
SWV  f-MWNTSs/ZnO/Chit/GCE 1 x 10°- 0.49 x 10° 21.8 This work
40 x 10°®

6. Selectivity
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To proclaim the selectivity of f-MWNTs/ZnO/Chit/GCE towards nifedipine, SWVs were
recorded where the matrix complexes were used as interferents. The peak current response of
1 pM nifedipine in the presence of prevailing biological metabolites like ascorbic acid,
hypoxanthine, L-tryptophan and uric acid was measured. Table 2 depicts the data of
insignificant effect of probable interferents present in 50 fold concentration on the electro-
oxidation of nifedipine at f-MWNTs/ZnO/Chit/GCE. The tolerance limit of less than +5 % for
varying concentrations of interfering species was considered for quantitation of nifedipine. The
results acquired endorse that the electrochemical detection of nifedipine at f-
MWNTs/ZnO/Chit/GCE is unaltered by the interfering species thereby indicating remarkable
recognition selectivity.

Table 2 Effect of interferents on the detection of nifedipine.

Concentration of Change in ip of
Interferent _ o Error (%)
interferents (UM) nifedipine (LA)

Ascorbic Acid 1.00 0.39 1.56
5.00 1.04 4.17
10.00 0.93 3.73
50.00 1.13 4.53
Hypoxanthine 1.00 0.97 3.89
5.00 0.71 2.85
10.00 0.94 3.77
50.00 -0.65 -2.61
L-Tryptophan 1.00 0.63 2.53
5.00 -0.66 -2.65
10.00 0.16 0.64
50.00 0.37 1.48
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Uric Acid 1.00 0.30 1.20

5.00 0.81 3.25
10.00 1.05 4.21
50.00 -1.03 -4.13

7. Stability and reproducibility of the developed sensor

The stability and reproducibility of the fabricated sensor is an imperative parameter in the view
of its applications and viability. SWVs of 1 uM nifedipine were recorded by storing the f-
MWNTs/ZnO/Chit/GCE for 30 days at ambient atmosphere. The current response obtained
reveals that there is a minimal variation in the signal value in the span of 30 days (Fig. 7A).
The relative standard deviation (RSD) attained for the current response was 1.22 % which
manifest worthy stability of the developed sensor.

The reproducibility of the developed electrode was assessed by recording the peak current of
fixed concentration of nifedipine at -MWNTs/ZnO/Chit/GCE under optimized conditions. Six
different electrodes with identical modification and almost similar surface area were prepared
and tested for reproducibilty which demonstrated the RSD of 1.39 % (Fig. 7B). The intra day
precision was estimated by performing seven scans of a fixed concentration of the analyte
which revealed the RSD of 1.83 % (Fig. 7C). Additionally, inter day reproducibility was
calculated by measuring peak current response for seven consecutive days at f-
MWNTs/ZnO/Chit/GCE for 1 uM nifedipine solution (Fig. 7D). The RSD was found to be

102
(A)
: 100 1@ é .
E 08 - 9 o
: > 5
E 96 -
04 T T T T r '
0 5 10 15 20 25 30
Days

57



1.65 % which is well within the acceptable range. Hence, it can be corroborated that the
fabricated sensor possesses the attributes of notable longevity and distinctive reproducibility.
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8. Analytical applications

8.1 Assay of pharmaceuticals

To substantiate the applicability of f-MWNTs/ZnO/Chit/GCE as a promising diagnostic tool,
the functioning of the sensor was assessed for the detection of nifedipine in commercially
available tablets. To start with, the tablets were weighed and then pulverized finely. Adequate
quantity of powdered sample was dissolved in minimum volume of methanol and the solution
was made up with double distilled water. Thereafter, SWVs were recorded at f-
MWNTs/ZnO/Chit/GCE and the content of nifedipine in the pharmaceutical formulation was
calculated utilizing the linear regression equation of calibration curve. The detected values of
nifedipine in commerical medicines were found to be close to the claimed values by the
proposed methodology as listed in Table 3. Thus, the developed sensor explicitly signify

selectivity for nifedipine in drugs without substantial interference of excipients.

Table 3 Determination of nifedipine in pharmaceuticals using -MWNTs/ZnO/Chit/GCE at
pH 7.2.

Sample Stated content Detected content Error (%)
Depine 10.00 mg 9.66 mg -3.40
Nicardia 20.00 mg 19.42 mg -2.90

8.2  Recovery studies of nifedipine

To perceive the competence of the fabricated sensor it was exerted for the quantitation of
nifedipine in real samples like urine and blood serum of normal human. The procured urine
samples were diluted 10 times with the PBS of pH 7.2 to reduce the influence of coexisting
metabolites in the matrix. The diluted urine sample was subjected to square wave voltammetry
at -MWNTs/ZnO/Chit/GCE which displays the absence of anodic peak signal of nifedipine as
can be seen in Fig. 8A (curve a). Subsequently, the urine sample was spiked with varied known
amounts of nifedipine from the stock solution which exhibited the oxidation peak of nifedipine
at ~ 0.807 V as depicted in Fig. 8A (curves b, ¢ and d). The concentration of the spiked
nifedipine was determined using the calibration curve regression equation and the calculated
recovery values were within the permissible limits as shown in Table 4. The blood samples

obtained were centrifuged in order to segregate the serum followed by 10 times dilution prior
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to analysis. Voltammograms were recorded before and after spiking of appropriate
concentrations of nifedipine as showcased in Fig. 8B and the calculated acceptable recoveries

are listed in Table 4. The results visibly demonstrate satisfactory practicality of the developed

Sensor.
100
——— Normal Urine (A)
0.5uM
—— 1uM
801 | — 15uMm

Current [pnA]

0.6 0.7 0.8 0.9
Potential [V vs. Ag/AgCl]

180 1 | ==- Normal Serum (B)
0.5 uM
— 1uM
160 4 | — 15uM d

Current [pA]
S

120

100

0.6 0.7 0.8 0.9
Potential [V vs. Ag/AgCI]

Fig. 8 Voltammograms recorded at f-MWNTs/ZnO/Chit/GCE for (A) normal human urine

sample 1 and (B) normal human serum sample 1 before and after spiking different
concentrations of nifedipine.
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Table 4 Nifedipine concentration in normal human urine and serum samples at pH 7.2 using
f-MWNTs/ZnO/Chit/GCE.

Spiked (uM) Detected (uM) Recovery (%)

Normal Human Urine

Sample 1 000 e
0.50 0.52 104.00
1.00 0.98 98.00
1.50 1.46 97.33
Sample 2 000 e
0.50 0.51 102.00
1.00 0.95 95.00
1.50 151 100.67

Normal Human Serum

Sample 1 000 e e
0.50 0.49 98.00
1.00 1.01 101.00
1.50 1.49 99.33
Sample 2 000 e
0.50 0.51 102.00
1.00 0.99 99.00
1.50 1.48 98.67
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8.3  Analysis of real samples

Literature survey reveals that till date no one has endeavoured to electrochemically detect
nifedipine in human patient biological samples. To affirm the pragmatic application of the
developed protocol, the urine and blood serum samples acquired from patients suffering from
hypertension were assessed. The samples were assessed after 4 hours of administration of
Nicardia tablet containing 20 mg of the drug and SWVs were recorded after appropriate
dilution. A distinct oxidation peak corresponding to ~ 0.807 V was attained at f-
MWNTs/ZnO/Chit/GCE in both patient urine and serum samples as illustrated in Fig. 9 (curve
a). This anodic peak pertaining to the electrochemical oxidation of nifedipine was further
validated by spiking manifold known concentrations of the analyte in the real samples as shown
in Fig. 9 (curves b, ¢ and d). The increase in the peak current response wih an unaltered
oxidation potential asserted the recognition selectivity for the sensing of nifedipine. Calibration
plot was utilized to calculate the detected concentrations of the analyte in real samples. Table
5 depicts the calculated recoveries which are in the range of 95.13 — 104.47 % and 96.19 —
104.43 % for urine and serum samples respectively. Hence, a realistic application was
effectually delineated in physiological pH.
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=
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=
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S
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S
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a
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Potential [V vs. Ag/AgCl]
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Fig. 9 Voltammograms recorded at f-MWNTs/ZnO/Chit/GCE for (A) patient urine sample 1
and (B) patient serum sample 1 before and after spiking manifold concentrations of nifedipine.
Table 5 Concentration of nifedipine in patient human urine and serum samples at pH 7.2 at f-
MWNTs/ZnO/Chit/GCE.

Spiked (uM) Detected (uM) Recovery (%)

Patient Human Urine

Sample 1 0.00 009% e
0.15 0.257 104.47
0.50 0.567 95.13
1.00 1.087 99.18
Sample 2 0.00 0085 e
0.15 0.244 103.83
0.50 0.589 100.68
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1.00 1.079 99.45

Patient Human Serum

Sample 1 0.00 02038 e
0.25 0.436 96.24
0.75 0.968 101.57
1.25 1.434 98.69
Sample 2 0.00 0195 e
0.25 0.434 97.53
0.75 0.909 96.19
1.25 1.509 104.43

9.  Conclusions

Synergistic effect of uniformly distributed ZnO nanoparticle film embedded with f-MWNTSs
on GCE for the electro-oxidation of nifedipine employing SWV was implemented for the first
time. The modification of GCE aided in escalating the electrochemical properties of the bare
substrate by diffusion of the analyte inside the porous layers and thereby exhibiting sustained
electron mediating behavior. With an upsurge in the conductivity of f-
MWNTSs/ZnO/Chit/GCE, it manifested a phenomenal sensitivity (21.8 uA uM™) and lowest
detection limit (0.49 nM) over a wider linear range from nanomolar to micromolar. The crafted
sensor intensely proclaims remarkable selectivity of nifedipine in the presence of biological
intereferents with realistic reproducibilty, long term stability and repeatability. Furthermore,
the functionality of the methodology was evinced by applying it to acquire promising results
for the quantitation of nifedipine in pharmaceuticals, healthy human urine and serum samples.
The developed sensor imparts overt corroboration as a persuasive diagnostic tool by
efficaciously detecting nifedipine for the first time in serum and urine sample of people being
subjected to antihypertensive medication. Thus, the future perspective of the developed
methodology is to be aptly useful for the routine analysis of nifedipine in drug formulations

and in vivo studies.
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ABSTRACT

In recent years, a growing focus has been placed on using specialized waste biomass as a
sustainable, affordable, abundant fuel and material source. By using various dependable waste
biomass as a renewable, reasonably priced, and good resource, there is a significant chance to
maximize energy output. Thanks to renewable hydrocarbons like biomass, bioenergy, green
chemicals, and carbon materials are all made possible. Additionally, sophisticated carbon
materials can be produced from biomass. Fuel cells with polymer electrolyte membranes can
also support catalysts using carbon sources produced from biomass. The electrochemical and
catalytic activity of the sensor is influenced by the surface shape, particularly by the pore
volume, surface area, and pore size. In-depth analyses, assessments, and comparisons of the
carbon-based materials and composites created from biomass will be made in this paper. Future
research fields are recommended for real-world applications, and the accompanying
technological challenges are highlighted. Nanocarbon materials are attractive for many
electrochemical processes due to their integrated advantages. It is anticipated that the
generation of bio-carbon from waste biomass will see a rapid increase in scientific and industry
interest in the future years. Biomass-derived carbonaceous nanoparticles have the potential to
be used in gas sensors, fuel cells, bioimaging, drug delivery, carbon fixation, and catalysis.
This article has discussed these nanoparticles' brand-new and cutting-edge energy storage and
conversion capabilities. The remaining challenges, viewpoints, and future research directions

are then discussed.

Keywords: Sensors, Biomass, Carbon precursors, Regeneration, Biomass resources,

Environmentally friendly
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1. Introduction

Recent studies have indicated that biomass, such as waste materials, cereals, landfill
gas, wood, and alcohol fuels, can provide significant environmental benefits, such as reducing
greenhouse gas emissions. This category contains organic goods made from plants or animals
[1]. Three essential components make up biomass: cellulose, lignin, and hemicellulose. In
lignocellulosic biomass, cellulose molecules make up 35 to 50% of the material [2,3]. Critical
environmental problems are created when agricultural waste and forest residue are frequently
burned or thrown outside [4]. Utilizing biomass is the most excellent solution for this issue,
which is projected to be a global issue [5]. This method could turn biomass waste into good

carbon-based goods for the environment (Fig. 1).
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Fig. 1. Applications for porous carbonaceous materials.

Because of its unique qualities, biomass is a reliable substance. Unlike standard
materials, it also has a homogeneous structure that reaches the nanoscale [6]. Because of the
unique characteristics of biomass, carbon-based products can offer superior qualities. It has
been discovered that there is a solid and consistent association between the electrochemical
characteristics of porous carbon composites made from biomass and their structural features
[7]. For electrochemical applications, porous carbon composites from biomass are extensively
researched [8-10]. Recent research suggests that the electrochemical activity of absorbent
materials may be enhanced. Recent research has focused on improving the electrochemical
efficiency and electrocatalytic training of biomass's readily available carbon molecules.
Heteroatom doping is a versatile method for enhancing electrochemical sensing capability. The
metal-sulfides promote electrolyte penetration and ion diffusion when joined to carbonaceous

biomass materials with interconnecting porous channels.

When nanoparticles are utilized as modifiers, these nanoparticles improve electron

transport while also boosting the electrode’s sensitivity to various analytes [11-16] (Fig. 2).
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The most recent study is thoroughly summarised in this report. Biomass-derived carbonaceous
compounds are used in electrochemical sensing. It begins by outlining the steps necessary to
transform biomass into carbon molecules. The review focuses on the potential of carbonaceous
biomass-derived materials for electrochemical sensing applications. This review emphasizes
the right choice of carbon precursors generated by biomass. This separation makes it simpler
for readers to evaluate and understand how each of the target analytes stated above is sensed

using carbon compounds obtained from biomass.
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Fig. 2. Porous carbonaceous compounds for electrochemical applications.

Estimates place the production of biomass waste at 10-15 billion tonnes annually.
However, most of them are not effectively recycled, especially agricultural wastes, which
farmers frequently burn. This reduces the efficiency of biomass by 20% and increases
environmental pollution [17]. Biomass is a natural resource that makes up most of nature and
is a rich supply of carbon. As a result, biomass waste and carbon-based biomaterials have been
employed to produce electricity recently. Carbon materials offer a plethora of uses due to their
magnetic properties, including electrocatalytic solid performance, superior structural stability,
and low background current [18-21]. Functional materials can be used to solve a variety of
environmental and energy issues [22-24]. Supercapacitors and biocarbon are two adsorbents
for organic and heavy metal pollutants that have been the subject of extensive research over
the past few decades. Despite their apparent importance, there are still opportunities for their

use in higher aggregate value technologies, such as sensors and batteries, which have not been
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thoroughly explored. Recently, researchers have taken a particular interest in enhancing the

crucial properties of biocarbon so that it can function well in these applications.

There is still room for advancement in the production of devices, electrodes, and
electrode materials. The industry encounters several challenges, such as high manufacturing
costs, adverse environmental effects, and poor efficiency. To enhance material qualities, novel,
strong electrode materials must be manufactured or created that are affordable and have high
chemical stability—synthetic carbon-based materials. Therefore, creating readily available,

durable, and scalable functional materials based on carbon is crucial (Fig. 3).

Fig. 3. Potential application of carbon-based materials.
2. Wastes and their effects

Industrial waste and biomass waste are the two different categories of waste materials.
Fig. 4 depicts a sample of waste material. In addition to carbon nanotubes, nanosheets, and
metallic nanoparticles, scientists have also created NMs from biological and industrial waste.
Due to the variety of wastes, researchers have used various pre-treatment techniques in the
methodology listed. We have covered several methods for producing the final product

following sample preparation.
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Fig. 4. Nanomaterials production using industrial wastes.
2.1 Biological Waste (Biowaste)

To develop, grow, and reproduce, plants create primary metabolites [25], but many
plant families have secondary metabolites. Secondary metabolites frequently help plants
defend themselves against herbivores and other interspecies pests. Additionally capable of
reducing and chelating metal ions into nanoparticles are flavonoids, flavones, flavanones, and
chalcones. Enols go through tautomeric processes to create reactive hydrogen atoms and
nanoparticles known as keto-forms, which can be employed to lower metal ions and reactive
hydrogen atoms. Various flavonoids are present in biomass waste formed from fruit residues,
which may one day be exploited to make NPs. Through the involvement of biomolecules, a
bioreduction process produces metallic nanoparticles. In the presence of redox enzymes and
metabolites, many cations are reduced to metallic zerovalent NPs. It is also possible to create

metallic nanoparticles of varying sizes using various plant parts.
2.2 Industrial wastes

Batteries, plastics, tyres, and other industrial by-products have all been used to create
NMs. A more environmentally beneficial type of recycling might be NM manufactured from
various industrial wastes. One of the best methods to handle the massive volume of trash is

recycling old lead batteries. In the presence of poly(N-vinyl-2-pyrrolidone), Zhou et al. 2017
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[26] employed the thermal breakdown approach to produce submicron-sized lead oxide
particles (PVP). PbO and metallic lead were mixed during a three-hour, 350 °C calcination
procedure. The submicron region of particle size is decreased by PVP. The procedure produces
much dust and SO, emissions and consumes energy. High Zn exposure reduces calcium
absorption, causing the body's calcium levels to drop. Recycling Zn from Zn-Mn battery waste

conserves resources and prevents dangerous chemicals from entering the environment.

Numerous studies have been done on recycling Zn-Mn battery wastes to create various
nanomaterials [27]. The solvent can later be recovered by evaporation. Lithium salts are
frequently hydrolyzed by water, but they become thermally unstable beyond 80 °C. Thus, the
evaporation temperature should stay within that. Different recycling techniques have already
been proposed [28]. Non-biodegradable plastic bags, cutlery, and water bottles continue to
make up a sizable portion of solid waste. From waste polyethylene terephthalate, multi-walled
carbon nanotubes (MWCNT) and nano-channeled ultrafine nanotubes were produced using a
novel catalyst- and solvent-free arc discharge method. Around one billion million trash tyres
are produced worldwide each year. Tire rubber has been burned or deposited in landfills in
massive amounts, which has seriously harmed the ecosystem [29]. Because of this, disposing
of tyres in landfills is prohibited in many countries, particularly in Europe [30]. It would be
ideal for developing new methods for recycling rubber tyre debris. Tire trash contains a
substantial amount of zinc, which leads to the claim that tyres are employed in producing Zn
NPs. Broken lead-containing glass may leak some lead if there is acidic leachate in landfills.
Therefore, it is not easy to extract all the information from funnel glass using conventional
leaching processes.

2.3 Waste-derived NMs

Waste-derived NMs are effective in all their applications, from bioimaging to
environmental remediation. Understanding and weighing the adverse effects of nanomaterials
is crucial for ecological safety. There needs to be more information on what will occur or how
these ENMs will behave after they are introduced into the environment. As more
nanotechnology applications are created, more nanoscale materials will enter the waste stream.
In contrast to conventional municipal solid trash, nano waste behaves differently. Incineration
facilities treat wastes, some of which may contain nanomaterials to an unknown extent. The
current frameworks for technology and law are inadequate to handle these nano-waste
substances. Some specialists claim ENMs represent a new class of contaminants that must be

closely watched throughout the waste-treatment process [31]. Their possible adverse effects on
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human health have yet to be fully understood. People appear at risk from threats posed by nano
waste, from shallow to potentially harmful hazards at low exposure levels. Given the rapid
growth of ENMs in the global market, developing research programs in nanotoxicology is
crucial. To create nano waste management, further investigation is required into how NM use
affects the environment. Additionally, this might help with cancer and carcinogenesis.
Sunscreens' TiO2 content may be to blame for the brain damage seen in rats, claim Long et al.
[32]. CNTs can cause cell senescence, necrosis, and apoptosis in macrophage cell lines.
Examining the toxicological effects of ENMs in light of the current circumstances is a great
idea to understand or anticipate their environmental impacts correctly. Only a tiny percentage
of the ENMs in recycled products will be used again in manufacturing and processing. Because
their non-recyclable components will either be landfilled or incinerated, recycling can only
sometimes be the ENMSs' final destination. Specific characterization techniques must be met to
create nano-enabled materials from conventional trash. Examining the data, as mentioned
earlier, highlighted the end-of-life nanoproducts' safe-by-design qualities [33]. An analysis of
the presence and effects of ENMs in various waste products is shown schematically in Fig. 5.
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Fig. 5. ENMs in various waste products and their impact on living systems.
3. Synthesis method
3.1 Waste sample preparation
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Pre-treating the material correctly is the initial step in creating NMs from waste.
Researchers have developed a range of procedures to prepare samples for testing. Pre-treatment
methods are divided into physical, chemical, and combination categories to make them easier

to grasp.
3.1.1 Physical pretreatment

Chemicals are not used during the physical preparation process. The conventional and
controllable techniques applied to the reactants during biological pre-treatment using a mortar
and pestle are milling and grinding. These operations are called "milling" in ball mills, and this
straightforward instrument is called "grinding.” Ball milling parameters, including duration and
energy input, can be managed to provide repeatable outcomes [34]. Ball mills are utilized for
particle refining, deagglomeration, and microorganism cracking. Between 0.1 and 1%, energy
efficiency was predicted by Ocepec et al. in 1986. Ball mills are used for bench-scale organic
chemical synthesis because they mechanically activate solid reactants. Ball milling has also

been used as a pre-treatment method to create nanomaterials from industrial wastes.

For instance, Zn NPs were produced utilizing the ball milling technique using scrap
tyres from the rubber sector [29]. The discarded tyres were first to cut into 10 cm pieces after
the metal wire was removed, and then the particle size was further reduced. The particles were

sized down in rolling mills, and the stainless steel was sifted through.
3.1.2 Chemical pretreatment

Chemical pretreatment's main objective is to remove any contaminants from the waste
sample that might become soluble by heating or chemical treatment. Strong acid hydrolysis is
a standard method for treating waste materials. It involves using concentrated acids such as
HNOs3, HCI, and H2SOa. The pH of the solution was then kept alkaline by adding an ammonia
solution. Li et al. (2016) [35] created -Fe>O3 nanoparticles by dissolving waste ferrous sulphate
from titanium dioxide in distilled water. Using water for pre-treatment is not necessary to
increase the cost of the process by adding hazardous chemicals like ammonia, sulfuric acid, or
lime. The price of the actual ingredients must be increased to account for the expense of
extracting or neutralizing these compounds. Expanded polystyrene (EPS) can be utilized to
create nano- and macroparticles, according to Mangalara et al. [36]. The solution was made by
mixing powdered polyvinyl alcohol with water heated to 70°C. Polyvinyl alcohol was
dissolved after 6 hours of constant stirring. The production of polystyrene NPs using the

emulsification-diffusion process was continued using these samples.
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3.1.3 Combined pre-treatment

Chen et al. [37] used physical and chemical processes to recycle waste elm samaras.
They collected various dried elm and samara species to make nanosheets. Waste elm samaras
were first given a KOH treatment before being baked at 70 °C to dry them. Using NaOH
increases pretreatment and chemical costs while also increasing anaerobic digestion efficiency.
Pretreatment with alkaline has mild conditions, but it takes longer to react. The addition of
oxygen or air to the reaction mixture, in particular, can improve the delignification process for
highly lignified materials [37]. The fermentation process can then be inhibited by converting
lignin into carboxylic acids. They must therefore be neutralized or obliterated. Oxidation may

affect the lignocellulose complex's hemicellulose component.
3.2 Diversity and evolution of electrodes based on biomass-derived carbon

Developing suitable carbonaceous electrode materials for sensing has received the
majority of research attention in recent years (carbon quantum dots-CQD). To produce green
synthetic carbonaceous materials, biomass was exploited since it is cheap, durable, and diverse.
Furthermore, some researchers have been able to explore the potential uses of carbon
precursors derived from biomass in electrochemical sensing. Soon, we'll be able to assess how
far these fundamental and applied scientific projects have gone. Studies have shown that
various bio-wastes are used to create biomass-derived carbonaceous materials. Compared to
conventional carbonaceous materials, these materials show excellent activity. The seeds of
Cassia fistula naturally include Ca, Mg, and K, which function as pore makers and give the
seeds a characteristic appearance [38]. Researchers have also studied several biomass
precursors because they are readily available and reasonably priced.

In addition, because of their unusually porous architectures, chia seeds, kiwi skin, and
almond shells have been suggested as predecessors. The chosen bio-precursor can produce
carbon nanoparticles with improved surface shape and customizable porosity. The
modifications would improve the carbon electrodes’ sensitivity to electrochemical sensing and

boost the selectivity of the biomass (Fig. 6).
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4. Biomass-derived porous carbonaceous substances

4.1 Synthesis of carbon compounds

4.1.1 Pyrolysis of Biomass

The main goal of this process is to produce beneficial conjugated carbons.
Hemicellulose, lignin, and cellulose are the three primary components of biomass. These
materials undergo many chemical processes when they are treated. Between 315 and 400 °C,
lignin undergoes pyrolysis, and as the temperature rises, its temperature range widens. This
method improves the pore structure of these porous carbons by pyrolyzing them with various
precursor activators, including KOH, ZnCl», and K>COs [39,40]. Although the process stages
are straightforward to follow, it is challenging to comprehend how the reaction environment
works due to its complexity.

4.1.2 Hydrothermal carbonization

This thermochemical method is most frequently used to create porous carbon
compounds from biomass. The primary natural resources used as carbon precursors include
carbohydrates, agricultural waste, unprocessed plants, and forestry byproducts. The
breakthrough in this field occurred in 1913 when Bergius transformed cellulose into a material
resembling coal [41]. Various porous and highly surface-area carbonaceous materials are
produced with the help of high-temperature HTC. Systematic reviews are provided by Deng et
al. (2016) [42] and detail several forms of HTC. This approach is advantageous because it

employs less dangerous chemicals, enables temperature-dependent shaping of carbonaceous
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materials, and is simple to apply [43,44]. The main disadvantage of HTC is that it produces

large carbon particles that shouldn't be used as electrode materials.
4.1.3 lonothermal Carbonization

The production of porous carbon products from biomass requires using ionic liquids
(IL), which are crucial due to their improved thermal stability and low solvent volatility [45].
These properties increase ion transit and make electrode surfaces more active [46]. ITC is an
excellent supplementary method since the used solvent (IL) can be recovered and used directly.
The use of ILs is advantageous in the production of porous carbonaceous materials. However,

the industry cannot use them due to their prohibitive price [47].

4.1.4 Carbonization of Molten Salt

This technique is better than ITC and HTC since those methods require high
temperatures to create well-defined pore architectures and strong electroconductivity. MSC is
performed warmly and doesn't require aftercare [42]. Because they strongly accelerate activity
on lignin, cellulose, and other massive macromolecules, molten salts are used in MSC. The
difficulty of MSCs pinpointing the exact course of the mechanism is one of their drawbacks.
4.1.5 Template-assisted synthesis

Template-assisted synthesis can enhance the physical and chemical processes that lead
to pore creation by employing templates to induce pore emergence during carbonization. An
N-P co-doped mesoporous carbon has been produced by carbonizing an egg yolk using SiO>
as a rigid template [48]. These complicated templates are challenging to remove after the
carbonization procedure because they could alter the material's architecture during the
restoration phase. Surfactants and block copolymers are soft templates that are straightforward
to withdraw after the carbonization process. One significant disadvantage of the smooth
template-assisted synthesis is that it cannot carbonize at high temperatures because the slick
template is unstable—the multi-step, expensive template-assisted synthesis process. Biomass
pyrolysis and hydrothermal carbonization are the two main methods for generating
carbonaceous chemicals from biomass for electrochemical sensors [49].

4.2 Electrochemical sensors applications
4.2.1 Detection of pharmaceutical drugs

Drugs can have positive and negative effects on the host, depending on the medication,
dosage, and recipient. Although medicinal drugs are essential to humans, trace levels of

dangerous substances shorten their shelf life and reduce efficacy. These hazardous drugs alter
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the human body's metabolic pathways in undesirable and occasionally irreversible ways.
However, a narcotic overdose may result in medical problems such as liver necrosis and renal
failure [50,51]. ZnCl> and the KC-designated product were combined for pyrolysis at 700°C.
After that, it underwent pyrolysis at 800°C, yielding ZKAKC. The ZKAKC-modified electrode
showed more electrocatalytic activity than the other electrodes when the CV plots of the peak
current were evaluated. This was because it had the most exceptional value. The surface area
was determined using the Randles-Sevcik equation below (1). The formula was often used in
published methods to determine the electrode's carbon-modified electrode generated from

biomass' electrochemical surface area.
Ip = 2.69 x 10° x A DY2n®2 2 C (1)

A schematic representation of the electrochemical uses of bio-carbon nanoparticles is

shown in Fig. 7.
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Fig. 7. Application of bio-carbon nanomaterials for electrochemical applications.

4.3.2 Detection of metal ions

Trace amounts of metal ions, often known as heavy metals, are highly hazardous
because they have the propensity. Among the many techniques, electrochemical sensing was
the most effective way to find these heavy metal ions. Maize powder was used to create the
precursor to carbon. KOH and corn powder were combined to form a homogenous suspension
in Milli-Q water, which was then baked at 105 °C for 12 hours to dry. In an inert environment
using a tube furnace, the product was warmed to 500 °C. At various temperatures, the solution
mentioned above underwent complete pyrolysis. The surface morphology and electrochemical

characteristics of the electrodes used to detect metal ions are shown in Table 1 [52].
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Table 1. carbon materials comparison based on their electrochemical parameters and surface

morphology.
4.3.3 Biomolecule detection

The compounds found in cells and other living things are called biomolecules. They
can be of many sizes and types, and they engage in a range of activities. Both enzymatically
and non-enzymatically, glucose can be found electrochemically. The bare electrode was
subsequently produced by Qu et al. utilizing a drop casting process using nanoflower-shaped
porous carbon from roses decorated with cobalt-sulfide (CoS). The rose's porous carbon
skeleton had interconnected channels that improved electron and mass transmission. The non-

enzymatic method was deemed useless because of its low selectivity (Fig. 8).
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Fig. 8. Applications of biomass-derived carbon nanoparticles in various fields.

4.3.4 Detecting food contaminants

According to the WHO, food additives, due to their detrimental impact on human
health, are preferable that food products not include nitrites above-permitted levels [65].
Despite this, nitrosamines, a class of chemicals associated with cancer, are produced from
nitrites [66]. Yallappa et al. (2018) [13] made mesoporous carbon nanospheres from Areca nuts
using a simple and clean catalytic pyrolysis process. The material's stability, repeatability, and
reusability allowed for higher electrochemical performance. The tree bark was heated to
temperatures of 700 °C, 800 °C, or 900 °C and carbonized.
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Electrode | Type of analyte Biomass Synthesis Surface properties Electrochemical References
material materials | method parameters
BET Pore BJH Linear | LOD | Sensit
surface | volum | pore range (M) ivity
area e size (LM) (RA
(m?gh) | (cm3g | (nm) uMmt
D) cm?)
Pt-Re Phar Furazoli | Cassia Pyrolysis & 1088 1.03 0.8- 1-299 0.075 | 5.52 [38]
NPs/PAC | mace | dine fistula Activation 3.6
utical fruit
Drugs
N, S, P- Chloram | Elaeagnus | Pyrolysis & - - - 1-40 0.01 - [51]
PC phenicol | gum Hydrothermal
carbonization 50-500
Bi/PC Metal | Lead Corn Precarbonizati | 244.42 0.41 3.-10 0.5x106- | 1.72x | - [52]
ions Cadmiu | powder on& 10x108 | 108
m Activation
10x108- | 1.58x
100x10% | 10°
NPC Lead Almond Hydrothermal | 1075 - 2 2-120 0.7 - [53]
shells carbonization
& Activation
AC Bio- Ascorbi | Pumpkin Hydrothermal | 793 - - - 2.3 7.6 [54]
molec | cacid stem carbonization
ules (AA) & Activation - 0.03 6.3
Dopami
ne (DA) - 0.51 6.1
Uric
acid
(UA)
N-CD Food | Nitrite Kiwi and Pyrolysis - - - 1.2-4.9 0.23 - [58]
Additi sesame
ves seeds
TBAC Vanillin | Cajeput Pyrolysis 1234 0.75 4.0 5-1150 0.68 - [59]
bark & Activation
AC Pollut | 4- Mango Hydrothermal | 1555 - - 1-500 0.16 5.810 | [60]
ants Nitroph | leaves Carbonization
enol & Activation
NDC Bisphen | Bamboo Pyrolysis 1895.5 - - 1-50 1.068 | - [61]
CQD ol A fungi
Hydrazi Hydrothermal | 0.251x | - 2-6 - 39.7 151.5
ne Chia seeds | Carbonization | 1072 x108 [55,56]
PAC/AuN | Flava | Rutin Peanut Hydrothermal | 2484 1.31 2.68 0.0002- | 2 128.2 | [62]
P noids shell Carbonization 1
& Activation
Pt- Luteolin | Wheat Hydrothermal | 0.434x | - - 0.008- 2.6 - [57]
BPC/CIL flour Carbonization | 10?2 100
E & Activation
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GPAC Catechi | Bouganvil | Hydrothermal | 1197 0.51 1.72 4-368 0.67 7.2 [63]
n lea flower | Carbonization
& Activation
OPL-CNP Butein Oil palm Pyrolysis - - - 10-100 7.6 - [64]

leaves

4.3.5 Pollutants detection

Substances made of carbon from biomass have become quite common in the
electrochemical detection of these contaminants. Plants and other living things are irreparably
harmed by anthropogenic toxins, such as those produced using phenol-based compounds in the
chemical and pharmaceutical industries. According to reports, two chemicals can be detected
electrochemically: 4-NP and BPA. Madhu et al. (2014) [60] created a biomass-based activated
carbon (AC) with remarkably consistent production and beneficial uses. To locate 4-

Nitrophenol, this chemical was employed to make an electrode (4-NP).

4.3.6 Detection of flavonoids

The majority of flavonoids have physiological and medicinal effects [67]. Electrodes
treated with noble metal nanoparticles exhibit platforms that operate exceptionally well
catalytically, transport electrons quickly, and exhibit considerable surface plasmon resonance
[68,69]. The modified electrode could detect luteolin at concentrations between 0.008 and
100.0 mmol/L with a linear concentration-response. The biomass-derived carbon source with
the most extensive surface area and optimum sensitivity were provided by peanut shells. It is
also evident that carbon electrode materials with heteroatom doping and metal nanoparticle
distribution have better electrochemical characteristics.
5. CDs-based colorimetric and fluorometric sensors

Many materials exhibit varying capacities for light absorption, reflection, and
transmission when exposed to light due to differences in their macroscopic and microscopic
composition. Growing interest has been generated by its reasonable pricing, rapid examination,
and clear findings [70]. In reality, because most compounds have low extinction coefficients,
it is more difficult to discriminate between variations in concentration based solely on color
[71]. The highest interest has been shown in CDs as a high-quality carbon nanomaterial type.
When creating a CM sensing scheme, they can be used in place of conventional chromogenic
agents and combined with additional chromogenic agents to enhance CM sensor performance.
When creating dual-response probes, other optical properties of CDs can also be taken into
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account to improve the dependability of the sensing system. Pesticide detection via optical and
photoelectric colorimetry has grown in importance as a research topic for CDs-based CM
sensors in recent years. Utilizing a dispersive liquid-liquid microextraction approach and tri
octyl methylammonium chloride as a dispersant agent, a novel absorbance sensor for
fenitrothion detection was created in 2017 based on the inherent CM property of CDs. Due to
their interaction with fenitrothion, the unmodified CDs enriched in the organic phase recorded
enhanced absorption signals that were used to quantify fenitrothion. In contrast to a single
response, the results of many signals can be mutually evaluated to provide enhanced accuracy
in the CM detection of pesticides. It was easier to identify and determine the increased pesticide
dosage because of the more apparent decrease in B, N-CD fluorescence intensity with higher

methyl-paraoxon concentrations.

6. Conclusion and future perspectives

Biomass has been converted into biomaterials and sustainable energy alternatives
thanks to recent biotechnology, industrial chemistry, engineering, and genetics developments.
Biomass-produced materials, composites, and assemblies now have a wide range of new
architectures, features, qualities, and uses thanks to nanotechnology. There could be
environmental effects from these nanoparticles. Biomass-derived nanoparticles' possible
adverse effects on health have not yet been determined. From biomass, absorbent carbon
compounds have been made using various techniques. This platform enables the development
of portable electrochemical sensors because of its low cost, distinctive structure,
environmentally friendly manufacturing methods, and renewable nature. Although there has
been much research in this field, there is still room to enhance the development procedure,
comprehend how changed electrodes function, and build more reliable, eco-friendly, cost-

effective, and selectively modified electrodes.

The continued creation of ONOO—specific fluorescent probes will soon enable more
applications in the biochemical and therapeutic sectors. Other response patterns besides those
already described will also be looked at to design ONOO- inquiries with better sensitivities and
biocompatibilities. The need for improved ONOO- detectors will dramatically rise as other
diseases linked to ONOO- are discovered in the coming years. The employment of CD
characterization methodologies for blind sensing occasionally occurs due to their
incompleteness. There are few comprehensive guides available for CD purification methods.
For the creation of optical sensors, CD purification is essential after synthesis. Because of the

enormous variety, complex compositions, and distinctive features of CDs, it is more
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challenging to make significant purification progress. In the restricted investigation, CDs were
heavily utilized in the luminescence mechanism for pesticide detection. Even though
phosphorescent and long-lasting CDs are becoming more common, their optical signals are
only helpful in steady conditions. Since they are substantially quenched in solutions, optical

sensing cannot be fully utilized.

Nanomaterials made from biomass have greatly improved electrochemical sensing
properties. However, issues still need to be fixed. Therefore, by conducting additional research
in this topic area, it would be able to build mobile electrochemical sensors to identify dangerous
contaminants. The popularity of carbon-based electrochemical sensors made from biomass has
increased dramatically in recent years. However, these sensors still need to develop into
flexible, portable detectors. It might also be improved to produce intelligent, functional

machines that would become the norm in this sector.

Our study focused on the most recent advancements in biomass carbon nanoparticles.
The key developments in this field and its projected future are listed below. Biomass-derived
NMs have demonstrated a favorable response to numerous chemical species' inaccurate sample
analysis. It is also challenging to improve selectivity and sensitivity. Recently, scientists have
studied how functional groups impact CDs' surfaces. To provide sensitive materials for diverse
target detection applications, the nature of CDs may be altered with particular ligands. For
instance, a specific probe for detecting glucose was made of CDs modified with boric acid
groups. Furthermore, by mixing biomass CDs with other functional materials, the sensing
applications of these devices can be increased. Using waste materials also makes it possible to
create CDs on a large scale. Additionally, CDs created from biomass have similar performance
to CDs created through chemical synthesis that can meet the analysis required in terms of

LODs, recoveries, RSDs, and other metrics.

Detecting chemicals and biological agents are essential in medical, industrial, and
environmental research. Because of their unique qualities, nanoparticle materials are beneficial
for developing new sensors and improving the sensitivity and selectivity of existing ones. It
also discusses the recent development of NP-supported electrochemical detecting sensors.
They are promising materials for electrochemical sensing due to their advantages over the
previously used techniques. An efficient platform is provided by combining traditional
procedures that require intricate apparatus and time-consuming protocols. The electrochemical
sensors are delicate and prone to error. They can be used simultaneously with numerous

analytes. It is common practice to measure biological and environmental analytes using
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portable devices. For commercialization, it is essential to develop effective sensors with mass
production, system integration, and reusability. This work has highlighted cutting-edge
research on NPs generated from biomass and their potential applications in several industries.
We briefly addressed the primary production processes for NM and their categorization. It was
thoroughly investigated whether NMs made from waste could effectively treat waste and

wastewater.
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Abstract

Wastewater generation is ever increasing with time. The diversity of wastewater is also
spreading with different emerging industries and changing lifestyles. Wastewater treatment is
an energy intensive process, which adds up the production cost respective products.
Bioelectrochemical systems (BES) are being evolved as sustainable processes where the
organic content present in wastewater can be converted to different energy vectors, that
simultaneously treating the wastewater. BES are diverse, which can be classified based on the
products delivering through the process. Microbial fuel cells (MFCs) are mostly studied for
bioelectricity generation through the action of electrochemical active biofilms on anode, which
efficiently treats wide range of wastewaters. Further, the harnessing of electrochemical energy
from wastewater treatment was utilized for the hydrogen generation through microbial
electrolysis cells (MECs). Most recently, microbial desalination cells and microbial
electrosynthesis were emerged for desalination wastewater and CO» sequestration respectively.
On the whole, BES found efficient over conventional wastewater treatment processes with

added benefits such as sustainable and resource recovery.

Introduction

Huge amount of energy and resources are being spent to treat wastewater that costing
significant expenses to the industries and urban management authorities. Several novel
approaches of environmental management are developing energy-efficient processes or
processes with the value addition from the waste/wastewater remediation. Bioelectrochemical
systems (BES) are emerging with diverse application which centered with wastewater
treatment. BES accomplish significant change in wastewater treatment by considering them as

renewable energy-based repository units [1-2]. Microbial fuel cells (MFCs) and microbial
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electrolysis cells (MECs) are applications of BES, those are extensively studied with
environmental sustainability. BES are hybrid bioelectrochemical processes which accomplish
the treatment through the combination of microbial and electrochemical processes. Due to
which the treatment efficiency of MFCs is found to superior to conventional biological
treatment processes such as activated sludge process, anaerobic digestion and dark
fermentation. Conventional treatment processes cannot handle some of the wastewater
components, especially dye-based wastewaters, complex organic and inorganic chemicals and
wastewaters with toxic organic substances [3-4]. The limitations in conventional biological
treatment processes can be attributed to microbial metabolism. On the other hand, existing
electrochemical processes also has some limitations in treating this type of waste in terms of
energy input and additional waste generation. At this point, BES combines both biological and
electrochemical processes for waste remediation along with the energy generation in terms of
electricity, hydrogen or other useful chemicals. This multidimensional function of BES has
been attracting researchers from chemical engineers, biotechnologists, environmentalists, civil

engineers and electrochemists in this field of research.

The Diversity of Bioelectrochemical Systems (BES)
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Fig 1. Diverse applications of bioelectrochemical systems and their specific conditions in brief.

Types of bioelectrochemical systems (BES)
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Microbial fuel cell (MFC)

In MFC, substrate present in the anodic compartment biologically degrade via electroactive
microorganisms (EAMs) as biocatalysts to transform chemical energy stored in organic matter
to electrical energy directly via substrate oxidation. An MFC comprises two chambers, anode
and cathode, partitioned by a proton exchange membrane (PEM) [5]. In an MFC, microbes
remain in anode compartments as biofilms on electrode surface and produce electrons and
protons after oxidising an electron donor, usually an organic substrate. The anode is used by
the biofilm microbe as the electron acceptor for anaerobic respiration, which receives electrons
from the microbe after the electrons have first passed through the microbe's electron transport
chain by nicotinamide adenine dinucleotide (NADH) to the terminal electron acceptors and
then to the microbe's outer membrane proteins. These microbes produce flavin molecules, or
organic compounds based on pteridine, to promote electron transfer to the anode. The electron
generated in anode transfer to cathode via external circuit and then combine with oxygen and
form a water molecule and proton generated drifted to cathode through PEM (Nafion). These
redox reaction in MFC system aids to generate bioelectricity simultaneously treating
wastewater and waste remediation. Several sources of substrate include synthetic feed (glucose,
sucrose and acetate), wastewater generated from domestic sector and food processing industry.
Waste biomasses comprise of lignocellulosic like sugarcane bagasse, wheat strove, rice husk
and non-lignocellulosic like microalgal biomass, food waste leachate, activated sludge, sewage
water. All these organic substrate acts as a electron donor which is consumed by electrogene
and release a external electron in anodic chamber of MFC system [6]. Utilizing these substrates
which is cost-effective, all-season availability and biodegradable capability made them a
potential substrate for generating bioelectricity. Pretreatment of lignocellulosic biomass is
necessary due to its recalcitrant nature, to make an MO capable of efficiently hydrolyse to
release fermentable sugar. Microorganism employed in MFC system for electron transfer and
electricity generation are electroactive microorganisms i.e., Geobacter,
Shewanella, Pseudomonas, and Rhodoferax. They are iron reducing bacteria among which
Geobacter sulfurreducens are capable of producing higher power density under optimal
temperature condition later these microbe aggregate to form biofilm on anode electrode, act as
a electron acceptor. In case if microbes having a high lipid layer such as peptidoglycan and
lipopolysaccharide, mediators are required to produce electricity. In mediator-less MFC utilizes
anodophiles such as G. sulfurreducens and R. ferrireducens, microbes which form a biofilm on
the surface of anodic electrode and use the anode as their end terminal electron acceptor in their

anaerobic respiration [7]. The resistance to the flow of ions in electrolytes and the electron flow
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between the electrodes cause Ohmic losses. Ohmic loss in electrolytes is dominant and it can
be reduced by shortening the distance between the two electrodes and by increasing the ionic
conductivity of the electrolytes. Stirring or bubbling can reduce the concentration gradient in

an MFC.

Performance and power generation in MFC system mainly depends on pH, temperature,
electrode design, type and concentration of substrate, selection of biocatalyst, HRT, OLR, ionic
strength and membrane used in MFC system. pH is one of the vital aspects in MFCs that affects
both anodic microbial activities and cathodic reactions. Accumulation of protons would cause
anolyte acidification in anodic chamber that results in adverse impact on biofilm, and
electrolyte alkalization in the cathode chamber. Hence, reducing pH in the anode chamber due
to increased proton concentration results in low power production, which represses the EAMs
activation. On the contrary, it causes an increased pH in the cathode chamber that inhibits the
oxygen reduction reaction. The use of pH buffers such as phosphate or bicarbonate (pH 7.0)
helps to maintain the optimum pH at the anolyte. It was found that an increased anodic pH and
optimum operating temperature around 37 °C contribute to increase in current density,
increased COD removal and improve the performance of MFC by maximizing the power
density. Organic loading rate (OLR) has a significant impact on anodic biofilm based on the
characteristics and fermentation of organic waste. Operating the MFC at the higher OLR
usually resulted in a decreased Coulombic Efficiency. This indicate the COD removal and
current density were significantly affected by increasing OLR, although the performance of
MFC decreased when HRT was reduced. The rate of oxidation and reduction of anodic and
cathodic half-reactions and charge transfer resistance are governed by the properties of
electrode materials, while membranes govern the ion exchange rate and internal resistance of
MFC system. Selection of electrode material in MFC should possess good electron
conductivity, large surface area and good biocompatibility for microbial adherence. The surface
properties of an electrode, such as roughness, porosity, and surface hydrophilicity can affect
the formation of biofilm and subsequently derived electric power. MFCs with Pt or Pt-coated
cathodes yielded higher power densities than those with graphite or graphite felt cathodes
because of highest catalytic activity of Pt, it works in the absence of microbes. Major drawback
of using Pt or Pt-black electrodes is that their activities are reduced by the formation of a PtO
layer at the electrode surface at positive potentials. Later increased potential can be achieved
by using NR & Mn*" graphite anode and doping ions like Fe*" and Mn4+ graphite cathode.
The 1onic strength of MFC reactor can be enhanced by the addition of NaCl, it rises the
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conductivity of anolyte and catholyte. The ideal potentials of MFCs can be calculated by the
Nernst equation for these reactions and they range from several hundred mV to over 1000 mV.
In MFCs, the reduction of carbon dioxide to methane in the anode compartment consumes
electrons, thus decreasing the Coulombic efficiency and lowering the power generation. Also,
high concentrations of ammonia are toxic to most exoelectrogenes that power MFC. Therefore,
to maximize the electricity recovery from waste biomass and wastewater, future efforts need
to be focused on minimizing the negative impacts of methanogenesis and ammonification on

MFC performance [8].

MFC-electrosorption is the process of removal of metal, organic pollutant and desalination in
wastewater generated from domestic and industrial sectors. The benefit of using this method
is it require low energy, can accumulate more amount of feed with easy electrode regeneration.
Migration of charged ions and polar molecule across electrode surface to generate electric field
between anode and cathode need a low external voltage around 0.4-1.4 V [9]. The first concept
of MFC-electrosorption applied to two single MFCs arranged in sequential manner for removal
of phenol on activated carbon fibres in the treatment of an artificial wastewater. The removal
of metal ion and contaminant degradation can be achieved by maintaining system at low
electrolyte concentration and high pH. MFC- capacitive deionization is another category under
MFC which is also called as capacitive deionization (CDI). CDI are being investigated to
generate fresh water by removal of ions (deionization) without the requirement of thermal
heater and a high-pressure pump subsequently removal of organic pollutants, COD and
ammonia can be performed [10]. Water containing low salt concentration about 5 g/L can be
effectively achieved by this electrochemical method. Water hydrolysis in the system can be
prevented by creating the electric double layer with the voltage lower than 1.4 V. Initially
during the treatment process ions are adsorbed on the electrode surface and desorption is done
by reversing electrode polarities or short-circuiting. A resistor-capacitor circuit was formed by
MFC and CDI among them CDI cell serves as supercapacitor. Compared to pH of electrolyte
in MDC (microbial desalination cell) system, MFC-CDI have a stable electrolyte pH. This
method shows a promising result for pollutant removal and electricity production without

emitting/releasing any secondary pollution.

Microbial electrolysis cell (MEC)
A biological process in which the organic matter is oxidised by microorganisms to produce

electrons and protons is called Electrohydrogenesis. The reactor or chamber in which
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electrohydrogenesis takes place is referred as microbial electrolysis cell (MEC) where
microorganisms are work as biocatalysts. The wastewater or waste are rich in organic matter
comprises of abundance in carbohydrates, small amounts of proteins, lipids and nutrients [11-
12]. The organic matter in waste is degraded by the microorganisms produces methane and
hydrogen. Generally, the MECs are two chambered system which includes anolyte in anodic
chamber and catholyte in cathode chamber. The microorganisms that colonize the anode are
called as electricigens. The primary driving force for development of MEC is
bioelectrochemical energy that generating from wastewater treatment. Electrons generated by
bacteria in anode chamber discharge towards cathode through an external circuit while the
protons diffuse through the electrolyte to the cathode. To trigger the reduction reaction at
cathode to produce hydrogen gas, additional energy is needed. The additional energy depends
on the reactor design factors and operational conditions, which is in the range of 0.6 to 1.0 V
[13]. This energy can be drawn from renewable energy sources such as solar energy, wind
energy, etc. Electroactive biofilm and its activity in association to treat the organics present in
wastewater are determining the hydrogen production efficiency. The electrodes and internal

resistance are playing key role in coulombic efficiency of overall process.

Microbial desalination cell (MDC)

Application of BES in desalination of saline water and industrial wastewater is found to be a
promising technology that utilizes the microbiological energy from the wastewater treatment
to drive the ions through ion exchange membranes (IEMs), resulting in desalination. This novel
method reduces the electricity requirement for removal of salts. The main feature of the MDC
is that exoelectrogenic microorganisms produce electrical potential from the degradation of
organic matter, which can then be used to desalinate water by driving ion transport through
IEMs [14]. A MDC system, comprise three chamber, desalination chamber situated middle
adjacent to it anodic chamber with anion exchange membrane and cathodic chamber with
cation exchange membrane is designed. The electrogenic bacteria in biofilm on anodic
electrode generate current it mainly influences on this process. When wastewater is used as the
source of the organic matter that required for development of potential gradient, the MDC can
achieve three goals such as desalination, energy production and wastewater treatment [14]. In
anodic compartment bacterial biofilm attached to anodic electrode undergo metabolic process
by oxidizing substrate in the anolyte and release external electron through cell membrane into
anode, for example, the presence of NaCl in water stream on ionization, the anion (CI) in the

desalination chamber migrate to the anode, and the cations (Na") migrate to the cathode for
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maintaining equilibrium with charge. The water containing high salt concentration results in
lower ohmic resistance and higher current density. The current generated in MDC is four times
greater in comparison with MFC.

The bioelectrode functions create an electric potential gradient maximum of 1.1 V using acetate
as substrate at anode and oxygen reduction reaction at cathode. From the research studies, 11
% and 100 % recorded as minimum and maximum salinity removal efficiencies by MDCs.
Above 90 % salinity removals with saline water using 35 g/L. NaCl in middle chamber of MDC.
On the other hand, high salinity removals always demand for large volume of non-salty water
in both anolyte and catholyte chambers, which creates the dilemma for sustainability of the
process. Stacked MDCs are showing need of less non salty electrolytes in anode compared to
stand alone MDC. Up to 98 % salinity removals were achieved using stacked MDCs consist of
five pairs of cells. These results imply that, for practical applications, MDCs are more likely to
be used for partial salt removal from seawater. MDCs can also be used for brackish water
desalination. Studies using industrial and real field wastewater as organic substrate in anode

and buffer as catholyte were showed practical applicability of MDCs at large scale.

Microbial Electrosynthesis (MES)

Bioelectrochemical systems (BESs) are one of the most promising emerging technologies for
the reduction of carbon dioxide (CO2) to multicarbon compounds through biocathodic reactions
using specific bacteria or microbial consortia as biocatalysts. This process is termed microbial
electrosynthesis (MES) or bioelectrochemical synthesis [15-16]. The is a tremendous research
focus on MES by the global research community due to its potential application in the
conversion of CO2 into multicarbon and value-added compounds at the expense of only a
minor amount of energy. The advantages of the process also can be stated in terms of CO2
reduction in the atmosphere and from biofuels and chemicals production causing the emission
of GHGs, a low energy input for production, and the use of a renewable and low-cost
biocatalyst. The energy required to drive the bioelectrochemical reduction can be generated by
renewable energy sources, such as solar cells/photovoltaics, wind power, and geothermal heat.
The electrical energy generated from the treatment of wastewater using microbial fuel cells
(MFCs) can also be integrated with the MES of multicarbon organic compounds for making
the process even more sustainable [17]. The integration of MFCs for energy or biochemicals
production by utilizing negative valued waste streams combines integrated wastewater
management and energy recovery. This could help solve the energy crisis and environmental

pollution simultaneously. Several products, such as acetate, methane, ethanol, butyrate, etc.,
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have been produced through MES processes in the lab scale in several proof-of-concept studies,
among which acetate is the most studied product to date. Various types of biocatalysts, such as
pure cultures, mixed cultures, and enriched cultures, have been used to produce acetate. It was
also identified that the reactor configuration, electrode materials, etc., influence the process
efficiency. MES also can be integrated with wastewater treatment for biorefinery approach that

maximizes the resource recovery [18].

Electroactive biofilms (EAB) and mechanism of electron transfer
The bacteria which involve in generation of electric pulse by oxidation of potential source into
electrons are referred as Electrogenic bacteria or electrochemically active bacteria (EAB) [19-
20]. The reports of taxonomic profiles of electrode reducing microorganisms like
Proteobacteria are the dominant phylum that discharges electrons towards anode. According
to eight system studies of becteria, the results shows that 64% of bacteria are belongs to class
of a-, B-, y- and 6-Proteobacteria and among these most of them belongs to family Shewanella
and Geobacteriaceae. The complete genome of Shewanella Oneidensis has been sequenced in
2002 and subsequently Geobacter sulfurreducans in 2003. These two bacteria are efficient in
electron transfer mechanism from bacteria to electrode. By understanding the mechanism of
electron transfer from microorganism to electrode, the current produced from each BES system
is easily calculated. The research investigations show that not only influence substrate selection
but also on the manipulation of surface area of electrode. Though the exact mechanism of
electron transfer cannot understand but three methods have been proposed for better
understanding.

1. Long range electron transfer through electron shuttles

2. Direct electron transfer through outer surface with c-type cytochromes

3. Long range electron transfer via microbial nanowires
Electron transfer mechanism is complex, and proliferation of such conditions depends on
various environmental and operational condition adapting for the BES operation.
Understanding specific bacterial species and electrochemical and operational conditions will

helps in optimizing the BES application with high practical approach in biorefinery.

Conclusions
Multifaceted BES got applications in wastewater treatment, energy generation in terms of
hydrogen and bioelectricity and desalination. The applications were also extended in CO>

reduction to value added products which are ranging from simple organic acids to specialty
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chemicals. Specific pollutants related to micronutrients, metals and heavy metals are also
showing promising results by BES configuration. MFC, MEC and MDC integration for
improved process efficiencies is suitable for the bio-refinery approach. Even though diverse
applications of BES were existed with cost effective operational processes, the design and
fabrication of such reactors are not found inappropriate when compared to conventional
treatment processes. Electrodes and membranes involved in the BES are majorly sharing high
expenses in the design. Developing of cost-effective electrodes and membranes need of the

hour to be implement with large scale.

References

1. S. Venkata Mohan, G. Mohanakrishna, B. P. Reddy, R. Saravanan, P. N. Sarma,
Bioelectricity generation from chemical wastewater treatment in mediatorless (anode)
microbial fuel cell (MFC) using selectively enriched hydrogen producing mixed culture
under acidophilic microenvironment, Biochem. Eng. J., 39(1) (2008) 121-130.

2. S. Kondaveeti, D. Govindarajan, G. Mohanakrishna, D. Thatikayala, I. M. Abu-Reesh, B.
Min, T. M. Aminabhavi, Sustainable bioelectrochemical systems for bioenergy generation
via waste treatment from petroleum industries, Fuel., 331 (2023) 125632.

3. A. ElMekawy, H. M. Hegab, G. Mohanakrishna, A. F. Elbaz, M. Bulut, & D. Pant,
Technological advances in CO2 conversion electro-biorefinery: a step toward
commercialization, Bioresour. Technol., 215 (2016) 357-370.

4. Y. Guo, J. Wang, S. Shinde, X. Wang, Y. Li, Y. Dai, X. Liu, Simultaneous wastewater
treatment and energy harvesting in microbial fuel cells: an update on the biocatalysts, RSC
Adv., 10(43) (2020) 25874-25887.

5. G. Mohanakrishna, S. Venkata Mohan, P. N Sarma, Bio-electrochemical treatment of
distillery wastewater in microbial fuel cell facilitating decolorization and desalination along
with power generation, J. Hazard. Mater., 177(1-3) (2010) 487-494.

6. T. Cai, L. Meng, G. Chen, Y. Xi, N. Jiang, J. Song, M. Huang, Application of advanced
anodes in microbial fuel cells for power generation: a review. Chemosphere, 248 (2020)
125985.

7. Y. Cao, H. Mu, W. Liu, R. Zhang, J. Guo, M. Xian, H. Liu, Electricigens in the anode of
microbial fuel cells: pure cultures versus mixed communities. Microb. cell factories, 18
(2019) 1-14.

8. U Schroder, Anodic electron transfer mechanisms in microbial fuel cells and their energy

efficiency. Phys. Chem. Chem. Phys., 9 (2007) 2619-2629.

102



9.

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

Y. Zhang, M. Liu, M. Zhou, H. Yang, L. Liang, T. Gu, Microbial fuel cell hybrid systems
for wastewater treatment and bioenergy production: synergistic effects, mechanisms and
challenges, Renewable Sustainable Energy Rev., 103 (2019) 13-29.

W. Xing, J. Liang, W. Tang, D. He, M. Yan, X. Wang, M. Huang, Versatile applications
of capacitive deionization (CDI)-based technologies, Desalination., 482 (2020) 114390.

. A. Kadier, M. S. Kalil, K. Chandrasekhar, G. Mohanakrishna, G. D. Saratale, R. G.

Saratale, P. Sivagurunathan, Surpassing the current limitations of high purity H2
production in microbial electrolysis cell (MECs): Strategies for inhibiting growth of
methanogens, Bioelectrochem., 119 (2018) 211-219.

R. Lacroix, E. Roubaud, B. Erable, L. Etcheverry, A. Bergel, R. Basséguy, S. Da Silva,
Design of 3D microbial anodes for microbial electrolysis cells (MEC) fuelled by domestic
wastewater. Part [: Multiphysics modelling, J. Environ. Chem. Eng., 9(4) (2021) 105476.
J. A. Modestra, M. L. Babu, S. Venkata Mohan, Electro-fermentation of real-field
acidogenic spent wash effluents for additional biohydrogen production with simultaneous
treatment in a microbial electrolysis cell, Sep. Purif Technol., 150 (2015) 308-315.

Y. Kim, B. E. Logan, Microbial desalination cells for energy production and
desalination, Desalination., 308 (2013) 122-130.

G. Mohanakrishna, K. Vanbroekhoven, D Pant, Impact of dissolved carbon dioxide
concentration on the process parameters during its conversion to acetate through microbial
electrosynthesis, React. Chem. Eng., 3(3) (2018) 371-378.

K. P. Nevin, T. L. Woodard, A. E. Franks, Z. M. Summers, D. R. Lovley, Microbial
electrosynthesis: feeding microbes electricity to convert carbon dioxide and water to
multicarbon extracellular organic compounds, MBio., 1(2) (2010) e00103-10.

L. Jourdin, T. Burdyny, Microbial electrosynthesis: where do we go from here?, Trends in
Biotechnol., 39(4) (2021) 359-369.

Y. Jiang, H. D. May, L. Lu, P. Liang, X. Huang, Z. J. Ren, Carbon dioxide and organic
waste valorization by microbial electrosynthesis and electro-fermentation, Water Res., 149
(2019) 42-55.

N. S. Malvankar, Lovley, D. R. Lovley, Microbial nanowires: a new paradigm for
biological electron transfer and bioelectronics, ChemSusChem., 5(6) (2012) 1039-1046.
C.Liu, L. Ren, B. Yan, L. Luo, J. Zhang, M. K. Awasthi, Electron transfer and mechanism
of energy production among syntrophic bacteria during acidogenic fermentation: A

review, Bioresour. Technol., 323 (2021) 124637.

103



Metal/Metal oxide based Hybrid Electrocatalytic Systems for

Enhanced Hydrogenation of CO;to Formate

Balaji B. Mulik®", Ajay V. Munde?, and Bhaskar R. Sathe®*

aDepartment of Chemistry Dr. Babasaheb Ambedkar Marathwada University, Aurangabad 431004, Maharashtra,

India.

Department of Basic and Applied Science (Chemistry), MGM University, Aurangabad 431005, Maharashtra,

India.

°Department of Nanotechnology, Dr. Babasaheb Ambedkar Marathwada University, Aurangabad 431005,

Maharashtra, India.

Corresponding Author: balajimulik70@gmail.com (Dr. Balaji B. Mulik) and bsathe.chemistry@bamu.ac.in
(Dr. Bhaskar R. Sathe)

Abstract

Carbon dioxide (CO2) and global warming challenges and need to be develop electrocatalytic
reduction of CO; to valuable organic compounds and fuels which significantly contributes to
the control of climate change using energy efficient techniques is presently of great importance.
Here in this regard we have developed Bi2O:@GO, Al.0s@rGO, MnO/gCsNs and
ZnO@gCsN4 electrocatalytic systems. All the electrocatalysts has been characterized by
various structural morphological and spectroscopic techniques like XRD, Raman, SEM, TGA,
FTIR, TEM and XPS. The electrocatalysts have demonstrated for electrochemical reduction of
CO- to formate with high Faradic efficiencies by using cyclic voltammetry, linear sweep
voltammetry, chronoamperometry and electrochemical impedance spectroscopy (EIS).
Additionally, electrocatalysts having higher Faradic efficiency (FE) for formate formation 83,
92, 91 and 69% for Bi2Os@GO, Al.0s@rGO, Zn0O/g-C3N4 and MnO./g-C3N4 nanocomposites
respectively. The present methodologies will applicable for industrial scale up and will try to

solve the energy and environmental issues.
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Introduction

The enlarging worldwide population results in energy crises in current existence. The
predominance of the energy comes up from fossil based fuels which have been used for
industrialization, transportation and development concern.[1] In practice require to control the
emission of greenhouse gases by giving alternative to fossil fuels by buildup a technique for
CO:- reduction and utilization for valuable feedstuff would be maintain a carbon cycle. In due
course, on burning of fossil fuels contributes to environmental toxic waste by discharge
greenhouse gases such as NO2, SOz, and CO2. Among them CO- causes “Global Warming”
and having close correlation for change in biodiversity on the planet. [2, 3] Literature,
significantly reported various methods for hydrogenation of CO; like, photochemical, thermo-
steam catalytic, photoelectrochemical, biological and electrochemical, etc. [4, 5] From the
above mentioned methods the electrochemical reduction is suitable approach as it is having
potential dependent product selectivity like hydrocarbons, acids, alcohols, carbon monoxide,
aldehydes, and other products which are having dependent on the experimental conditions like
transfer of number of electron and proton, type of supporting electrolyte and type of metal
cathode. [6-8]

Although an electrochemical CO. reduction has to be carried is extremely complex and vital

since of having undistinguished observed potential with hydrogen evaluation reaction (HER),
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overpotential required for desired product, complicated electro-kinetics, results in slower rate
of CO; conversion towards the product and variable product selectivity. [9-11] By taking into
account the above concerning problems, the present research community has been devoted to
widen or developing a further selective, stable and active nanoelectrocatalyst, having ability to
demonstrate selective CO> reduction. According to literature lot work has been reported in this
area, a number of modified electrodes were tried for significant development of C; feedstock’s
viz., carbon monoxide, formic acid, methanol, formaldehyde, urea and also C; to Cs useful
products. From the above, formic acid is essential and precious compound exploited for various
chemical industries as a starting material, in fuel cell reactions along with industrial and energy
value-added chemicals generation purpose. Literature reflects various electro-catalysts are
prepared and reported for formic acid/formate generation as of CO> electrochemical reduction.
In this line, the cathode material is playing important role for the formate selectivity by the
material used in the literature till date including Nobel and transition based metals/metal oxides
like Pt, Pd, Ir, Bi, Sn, Pb, Cd, Zn, Mn and Al etc and their hybrids.[12-15]

The aforesaid metal based electro catalysis undergoing high cost, poisonous and required
additional cathodic applied potential to catalyses CO> through lesser Faradic efficiency (FE).
Furthermore, transition based nano-catalysts are interesting with low-cost nanomaterials with
a variable oxidation state that makes useful material and used in various electrochemical
applications viz., catalysis, sensors, supercapacitors, and alkaline and rechargeable batteries.
Several transition metal-based electrocatalysts have been investigated for the selective
conversion of CO> into formate. For example, Liu et al. reported the selective synthesis of Ni
foam modified with MnO; to the formation of nanosheets MnO; was found be highly active
for the electrochemical CO to CO conversion at lower potential and high current density. [16]
For example, White and Bocarsly reported indium oxide, hydroxide and pure indium
nanoparticles that have can catalyze the electrochemical reductive conversion of CO> into
formate. Due to their higher surface area and density of surface exposed active sites, the
materials at nanoscale unsurprisingly show significantly enhanced activity with respect to their
bulk counterparts. Chen and Kanan studied the electrochemical reduction of CO> on thin films
of Sn/SnOx electrodes in aqueous NaHCO3 supporting electrolyte. [17] These SnOx thin film-
based systems displayed 8-fold higher fractional current density and nearly 4-fold greater
Faradaic efficiency (FE) for Electrocatalytic hydrogenation of CO> as compared with Sn film
electrode. [18] While other nanostructured systems, such as Hg-based amalgam, Sn@Bi
nanoparticles and Pb and polytetrafluoroethylene electrode have been reported for CO>
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reduction and formate formation, many of them suffer from surface poisoning, higher

overpotentials, etc. [19]

Meanwhile, two-dimensional (2D) materials have recently attracted much attention because
they enable the dispersion of metal nanoparticles and prevent their aggregation or
agglomeration, giving stable heterogeneous nanocatalysts. Graphene oxide (GO) and graphitic
carbon nitride (gCsN4) are a notable 2D materials that has bonds composed of sp? and sp®
hybridized carbon atoms and a planar network with high mobility of & electrons and N like
heteroatom increases the feasibility of electron with electrofility of CO,. GO also contains
oxygen-based functional groups such as hydroxyls, epoxides and carbonyl groups on its

surfaces, which also make GO hydrophilic and dispersible in water. [20-22]

By considering above issues and applicability herein developed Bi,O;@GO, Al,0;@rGO,
MnO/gCsNs and ZnO/gCsNa4 electrocatalytic systems. All the electrocatalysts has been
characterized by various structural and morphological techniques like XRD, Raman, SEM,
TGA, FTIR, TEM and XPS. The electrocatalysts have demonstrated for electrochemical
reduction of CO> to formate with high Faradic efficiencies. The present methodologies will

applicable for industrial scale up and will try to solve the energy and environmental issues.
Experimental

Chemicals

Graphite powder 99.99%, Ethylene glycol (EG) 99.97% (Alfa-Asear), Sulphuric acid 98%,
Nitric acid 78%, KHCOz3(Sigma Aldrich), Bismuth trinitratepentahydrate (Bi(NOz)3(H20)s),
Acetone 99.99%, Triethylamine 99.99% (SD Fine), Carbon dioxide gas 99.99% (Vijay
scientific Ltd, India) were procured. All the chemicals were used as received. Aluminium
chloride (AICl3) (Sigma-Aldrich), graphite powder (99.99%, Alfa-Aesar), sulphuric acid (98%
Alfa-Aesar), nitric acid (78% Alfa-Aesar), potassium bicarbonate (Sigma-Aldrich), acetone
(99.99% Alfa-Aesar), and CO2 gas (99.99%) and hydrazine hydrate (N2H4)) (99.99%) (Vijay
Scientific Ltd, India). Manganese Chloride (MnCl2) 99.99%, Sodium hydroxide (NaOH)
99.99% (Alfa Asear), Urea CO(NH.)2 99.99%, Citric acid CeOgH7 99.99% (SD Fine
chemicals), Potassium bicarbonate KHCO3 (Sigma Aldrich), Nitrogen gas N2 99.99%, Carbon
Dioxide CO2 gas 99.99% (Vijay Scientific Ltd, India), Zinc sulphate 99.99%, sodium
hydroxide 99.99% (Alfa asear), urea 99.99%, citric acid 99.99% (sd fine), potassium
bicarbonate (Sigma Aldrich), nitrogen gas 99.99%, carbon dioxide gas 99.99% (Vijay

107



Scientific Ltd, India). All the chemicals were used of AR grade without further purification.

For all synthesis work and electrochemical studies carried out using deionized water.
Synthetic methodologies

In a typical synthesis, initially 50 mL of ethylene glycol (EG) was heated at 110 °C for 30 mins
under constant stirring to remove the dissolved oxygen and water molecules from it, thus
obtained anhydrous EG was used for further synthesis. Followed to this, 20 mg of GO was
added and sonicated in next 3 h for homogeneous dispersion in 50 mL anhydrous EG, on
complete dispersion of GO, 10 mM bismuth nitrate (0.014 gm in 50 mL EG) was added
dropwise under constant stirring. The reaction mixture was further stirred for 3 h and refluxed
for next 6h. The resultant product was cooled to RT and filtered and washed by acetone. This
obtained black colored catalyst was dried in the oven at 60 °C for 2 h which results into
Bi2O:@GO nanocomposite.[23] Synthesize Al,Oz-rGO, rGO and AICI3 were mixed in 1:1
ratio by weight using mortar and pestle. This mixture was kept in a CVD furnace and treated
at 600 °C in Ar atmosphere for 2 h, followed by in H2 atmosphere, for 3 h. MnO2/g-C3N4
nanocomposite was prepared via. a simple solid-phase pyrolysis route. In a typical synthesis,
the calculated amount of urea (10 g), citric acid (0.334 g) and manganese chloride anhydrous
(0.035 g) were dispersed in a round bottom flask containing deionized water (50 mL). The
reaction mixture was further stirred for 2 h, and then it was heated at 80 °C in the oil bath under
open air until it dried and became solid material. The obtained solid was calcined at a
temperature of 450 °C for the 2 h in the muffle furnace heating rate of 5 °C /min. Also, synthesis
of graphitic carbon nitride (g-CsNs) without the addition of manganese chloride anhydrous.
[24] In a typical synthesis, 10 g urea was taken in round bottom flask (250 mL), into this 0.334
g of citric acid and 0.50 g ZnSO4 was added followed by 50 mL of deionized water. The
reaction mixture was retained for stirring further for (2h) until the solid becomes soluble. The
reaction mixture was heated to 80 "C, the solid powder was formed after 2h with constant
stirring. The solid form of reaction mixture was calcinated at 550 "C. Formed product has been

further well characterized and used for electrochemical studies.
Result and Discussion

Characterization

Transmission Electron Microscopic analysis (TEM)
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To determine the exact decoration and size of the hybrid nanomaterilas we have demonstrated
TEM analysis of Bi,0s@GO, Al,O;@rGO, MnO/gCsN4 and ZnO@gCsN4 nanoelectrodes. More
significantly, to conform the Bi.Os decoration on GO, we have performed Transmission
Electron Microscopy (TEM) analysis as shown in Fig 1(a). The black colored, dense particles
of Bi»O3 decorated on GO sheet. The mean particle size observed Bi>Ozis 1.50 to 2.5 nm with
few sheets of the GO which size is having 50 nm. The morphologies and structures of the as-
synthesized nanocomposite materials are then studied with TEM. The result is shown in Fig
1(b). The image shows that rGO sheet has a size of ca. ~100 nm x 100 nm and it is decorated
with Al20s. The Al,O3 particles are quasi-spherical in shape and have average size of 8+0.3
nm. The transmission electron microscopy (TEM) has been carried out to observe the uniform
decoration ZnO on g/CsN4 as shown in Fig 1(c). From figure it has been observed that, the
ZnO particle with hexagone size 2 to 10 nm with uniform decorating on g-CsN4. The pristine
g-CaN4 having dense/aggrigated like structure where as dispertion of ZnO hexagones altered
structure with more roughed with high surface area. From Fig 1(d) The TEM image shows that
pure gCsN4 having layered structure with average ~10-50 nm in size and soft surface area with
aggregated form. In the MnO2/gCsN4 nanocomposite, the average size ~10 to 50 nm of gCzN4
with layered morphology and decoration of MnO> having hexagonal like plates were loaded
arbitrarily with average size ~ 0.5 to 2 nm nanoparticles clearly seen on the layer of gCsNa.
From TEM it has been also demonstrated that the MnO> having the interplanar lattice of 0.243
nm between adjacent lattice point. Furthermore, the MnO./gCsN4 composite have more surface

area and synergetic effect may be enhanced the electrocatlytic activity.
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Fig 1. (a) Transmission Electron Microscopy (TEM) of Bismuth oxide (Bi-0sGO); (b) Transmission
electron microscopy (TEM) image of Al,O;@rGO.; (c) TEM images as synthesized ZnO/gCsNs. ; (d)
TEM images as synthesized MnO,/gCsN4 nanocomposite.

Electrochemical Studies

The electrochemical reduction was carried out between -0.6 to -1.6V by using linear sweep
voltammetry (LSV) technique. The cathodic current density for the electrochemical reduction
was much higher with lower onset potential for Bi2O3-GO than Bi>O3 nanoparticles, GO and
bare GC. The significant revealed cathodic current for BioO3-GO comparing with N>-CO; and
without COg, i.e., the current difference between HER and CO: reduction conforms the
electrochemical reduction of CO2 on electrocatalyst. Again the current density observed for
reduction is high as compared to literature. The onset potential was observed -0.811V vs. RHE
as shown in Fig 2(a) The electrochemical reduction was increased on Bi-OsGO may be due to
inter electron transfer from GO to Bi because of the electron donor property of GO. [25]
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Fig 2: (@) Linear sweep voltammetry shows (i)bare GC; (ii)-GO; (iii)Bi.0sGO with N2; (iv)Bi
nanoparticles; (v)Bi:OsGO hybrid nanocomposite with N2CO.in 0.5M KHCOs3; (b) Nyquist plot of
COgreduction on (i)-bare GC, (ii) Bi.0OsGO with N, (iii)Bi,Osnanoparticles with N, CO,, (iv)
Bi»0s;GOhybrid nanocomposite with N2CO- in 0.5M KHCOs, (c) Bulk electrolysis of Bi.O;@GO at -
1.2V, -1.4V and -1.6 V vs SCE in saturated CO; in 1 M KHCO; (before saturated by N, to remove
soluble O2) supporting electrolyte solution and (d) representative schematic presentation of CO;

reduction.

To know the kinetics of electron transfer at the electrified interface of Bi.O:@GO towards
COzreduction, electrochemical impedance spectroscopy (EIS) was employed. The EIS has
been carried out at -1 V v/s RHE for the range of frequency was 0.01 to 1000Hz with N.and
COzin KHCOgselectrolyte. Larger the width of semicircle more the resistance (Rct) of charge
transfers and vice versa.TheBi.Oz;@GO composite has smaller R¢t as compare other three
materials, i.e. bare GC, bismuth NPs and Bi-Oz@GOcomposite without CO2as shown in Fig
2(b). This concludes the easy path for electron transfer at Bi-Os@GOcomposite interface and
is in good agreement with the higher current density from LSV for CO2 reduction (Fig 2(a)).
The results also conclude the facile electron transfer towards COzreduction occurs at -1.0 V v/s
RHE on the electrode. Additionally, for the determination of product, we have performed the
bulk electrolysis of saturated CO2in 0.5M KHCO3 for 3600 sec. at -1.2 (a), -1.4 (b) and -1.6V
(c) v/s RHE at different potentials on Bi.Oz@GO electrocatalyst and are shown in Fig. 2(c).
The formate produced at -1.2 (a) 0.000934 mol/lit, -1.4 (b) 0.0013 mol/lit and -1.6 (c) 0.02826
mol/lit V v/s RHE.As potential shifted towards more negative the current density goes on

increasing and format production too at under experimental conditions. [26, 27]
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Fig 3. (a) Superimposed LSV curves obtained at a scan rate of 50 mV s*for electrochemical reduction
of CO,. Prior to the experiments, the electrolyte is bubbled with N2 gas (for 30 min) to remove dissolved
0., followed by CO; gas (for 40 min) to saturate it with CO,, except for the control experiment in (ii),
in which case only N, gas was bubbled. The experiments are done over (i) Al,O3-rGO inKHCOs
solution (0.5 M) bubbled with N.and then CO», (ii) AlO3-rGO in KHCO; solution (0.5 M) saturated
only with N2 gas, (iii) Al,O3bubbled with N.and then COy, (iv) rGO saturated with N2 and then CO,,
and (v) bare GC in 0.5 M KHCOj3 solution bubbled with N and then CO,. (b) Nyquist plots for CO;
reduction at an applied potential of -0.848 V vs. RHE over (i) Al,Os-rGO hybrid nanocomposite
bubbled with N, then CO, (value Al;Os-rGO hybrid nanocomposite) (ii) Al.Oz bubbled with N, then
COy, (iii) rGO bubbled with N, gas then CO», and (iv) bare GC in 0.5 M KHCO; bubbled with N, and
then CO.. Bulk electrolysis performed for 3,600 s over (c) Al,O3-rGO at potentials of (i)-0.434V, (ii) -
0.534 V(iii) -0.634 V, (iv) -0.734 V and (v) -0.934 V vs. RHE in KHCO; electrolyte bubbled with N
and then COx. (d) The values of FE obtained at applied potentials of -0.434, -0.534, -0.634, -0.734 and
-0.934 V vs. RHE are found to be ~ 31.90, 37.25, 42.50, 55.10 and 91.20%, respectively.

Fig 3(b) shows the EIS plots obtained at an applied potential of -0.848V vs. RHE for (i) Al2Os-
rGO hybrid nanocomposite material, (ii) Al2Oz, (iii) rGO, and (iv) bare GC in KHCO3
electrolyte bubbled with N2, followed with CO.. The results indicate that Al2Os-rGO has the
lowest resistivity (with a value of Ret = 21.5Q) compared with Al2O3 (with Ret = 26.1 Q), rGO
(with Ret = 28.6Q) and bare GC (with Ret = 58.3 Q). These results indicate that Al203-rGO has
a relatively greater conductivity and ability to transfer electron during electrocatalytic CO>
reduction. To examine the stability and the potential of Al>O3-rGO catalyst to reduce CO2 on

a large scale, chronoamperometric (i-t) measurements at different applied potentials using
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KHCO:s solution (0.5 M) as a supporting electrolyte are carried out. The results are displayed
in Fig. 3(c). In the experiments, the potential is kept constant for a particular period of time.
The changes observed in the electrocatalytic reduction reaction of COz are quantified, based on
the product determined by HPLC analysis. It is worth noting here that formate is found to be
the product of the electrocatalytic CO, reduction reaction. As the potential is shifted towards
more cathodic side, the current density of the reaction significantly increases [Fig. 3(d)]. [32,
33]

Mechanism:

The electrochemical reduction of CO> into formate is having two reductive steps, in both the
cases under CO> the current increases, the first step corresponding to H> generation and second

due to both competitive processes corresponding to Hz generation and CO> reduction.
2H* +2e” — Hy....... (1)
CO2+ H"+2¢e— HCOO ....Q2)

Furthermore, a better comparison, the LSV curves of Al.Oz-rGO obtained in saturated N gas
and in CO2 gas are overlaid in Fig. 3(a),(i) and (ii).The LSV curves, shown in Fig. 3(a), reveal
that the electrochemical reduction of COz0ver Al>O3-rGOtakes place at an onset potential of -
0.434V vs. RHE. This value is lower as compared with those of the other electrocatalysts,
namely, Al2OsNPs, rGO, and bare GC, denoted in Fig. 3(a), as (iii), (iv) and (v). Besides, the
current density obtained for the former is higher. The higher current density and lower onset
potential obtained in CO2 environment for Al>Os-rGO indicate its viability for efficient

electrochemical reduction of CO,. [28-31]

From Fig. 4(a), the behavior of five LSVs corresponding to the different systems has been
demonstrated in the potential range of 0.66 to -0.65 V vs. RHE under saturated N followed by
CO; atmosphere. Amongst this, nanocomposite MnQO/g-CsN4 having the lowest onset
potential of -0.14V vs. RHE and a higher current density of ~7 mA/cm? The same
nanocomposite with saturated N2 gas bubbled only; the current and onset potential difference
between CO> and N2 confirmed the reduction of CO.. Again, the current density perceived is
lower for MnO3, g-C3N4 and bare GC as correlated with MnO./g-C3Na4. Furthermore, the onset
potential and current density were observed in the present system and are more efficient than
reports from the literature. The electrocatalytic reduction accompanied due to the synergetic

effect and high surface energy of the MnO2/g-CsN4 and easy electron transfer from the
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electrode surface to the CO> molecule under experimental conditions. In our precious report
ZnO decorated g-CsN4 heterogeneous catalyst has been used for the electrocatalytic and
catalytic hydrogenation of CO., as per as potential (i.e. -0.14 V vs. RHE) for formate formation
concern the activity observed may be due to the morphology is hexagonal plates with inter-
planar lattice for MnO>. [34- 36]

04 04 [}
(i
14 i ((I) 1- ()|
i) 2
2 2 A
an (iv) -~ o
B A >
E 34 £ -34 \
= (i) Bare GC L" ' : Y
= 44 (ii)g-C,N, 241, 1 {
= (iii) MnO, nanoparticles = % f ‘
54 (iv) MnO,/g-C N, with N, 1S ) NA”
6 ) (V) MnO,/g-C N, with N,CO, 6 4 1d|
y 0 Y N ¥ Y T4 T T T T T T T
g ks 0200, 0 08 Gs 0 500 1000 1500 2000 2500 3000 3500
E(V) vs. RHE time (s)
-10000
704 65.28%
-9-0 © |~
-8000 4 'd’o’o %’0‘0 c\°
9, >
2999 °° <
- . R =
a “6000 ) %00 W |.2
= - b =
-3 ’ \‘ £ ;
N -a000{ X Vi i) =
4 () = .
!;:2 (i) Bare GC 2
-2000 :.'? (i) g-C N, : 4
o (iii))MnO, Nps [
0 (iv)MnO,/g-C N, (;.D 02 04 0.6

0 5000 10000 15000 20000 25000 30000
7'/

E(V) vs. RHE

Fig. 4: Superimposed linear sweep voltagram (LSV) (a) contains (i) bare GC with N2CO, (ii) g-C3N4
with N2COy, (iii) MnO- nanoparticles (NPs) with N2CO,, (iv) MnO/g-C3sN4 with N2 only and (v)
MnO2/g-CsN4 with N2CO.. (b) bulk electrolysis at applied potential (i) -0.14 V, (ii) -0.34 V and (iii) -
0.54 V vs. RHE; (c) Superimposed Nyquist plot at potential of -0.35 V vs. RHE on working electrode
(i) bare GC, (ii) g-C3Na, (iii) MnO2 NPs and (iv) MnO2/g-CsN.in 0.5 M KHCO; under saturated N, and
CO; gas molecules and (d) Faradic efficiency observed 8%, 47.45% and 65.28 % at applied potential,
-0.14, -0.34 and -0.54 V vs. RHE respectively.

After confirmation of the reduction of CO2 based on initial experiments, we have carried out
the bulk electrolysis studies and shown in Fig. 4(b) for further qualitative and quantitative
analysis of reduced products. The saturated CO2 was containing supporting electrolyte 0.5 M
KHCO3 used for the bulk electrolysis for the time of 3600 sec. at potentials of -0.14, -0.34 and
-0.54 V vs. RHE and the obtained product formate is quantified. In i-t (current vs. time) curve
the fluctuations has been observed in the graph this is due to interaction between CO2 molecule

on MnO2/g-C3N4 interface with adsorbtion and product formation after reduction reaction. In
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both the step adsorbtion of CO2 and desorption of product occurred at electrode interface results
in the kinks in the graph. [39, 42]

The electrochemical impedance spectroscopic (EIS) studies were accomplished to depict the
electron feasibility at electrode/electrolyte interface during the electrochemical reduction of
COz. The experiments were performed on a three-electrode system under N followed by CO»
continuous bubbling in 0.5 M KHCO3 supporting electrolyte at a potential of -0.35 V vs. RHE
from a frequency range of 100 KHz to 0.01 Hz as shown in Fig. 4(c). The semicircle in the
Nyquist plot of an electrochemical cell has been shown the direct charge transfer resistance
(Ret) values for individual electrocatalysts. The small semicircle indicates easier electron
transfer from the electrode (electrocatalyst) to electrolyte at the interface, and less will be the
resistance. In contrast, the larger will be the diameter of semicircle, more will be the resistivity
in the system. Form experimental results exhibited that the MnO/g-C3N4 nanocomposite is
having a small semicircle with resistivity value of 8412.1 Q whereas, remaining systems
showed high resistivity values as 17721.4, 19700.9 and 26407.5 Q for electrocatalytic systems
like MnOz2, g-C3N4 and bare GC respectively. The outcome of the Nyquist plot conformed that
the MnO2/g-C3N4 is having more feasibility for electron transfer from the surface of the
electrode to the CO2 molecule electro-reduction these result good argument with LSV result.
[37, 38]

The MnO2/g-C3sN4 nanocomposite has been used for bulk electrolysis and potential-dependent
-0.14, -0.34, and -0.54 V vs. RHE, the FE observed are 8, 47.45 and 65.28% respectively.
Significantly, it has been noted as an applied potential shifted towards negative the FE increases
because at the higher negative potential, the more feasibility of electron and mass transfer

results into higher Faradic value and shown in Fig. 4(d). [43]

To examine the electrocatalytic activity of the synthesized material towards the CO> reduction
on ZnO/C3N4 (working electrode), Pt wire counter and SCE as the reference electrodes has
been used in potential range of 0.066 V to -0.934V vs. RHE in aqueous 0.5 M KHCO3 (pH
7.2) supporting electrolyte with a scan rate of 50 mV/s. The pH of the electrolyte after CO>
saturation was measured and found to be 7.2. Accordingly, linear sweep voltammetric (LSV)
measurements were employed to study the conductivity performance and cathodic current
profiles are as shown in Fig. 5(a). The electrochemical results demonstrate that the highest
current density was observed for the as-prepared ZnO/g-C3Ns composite, compared with g-
C3Ns, ZnO and bare GC electrodes respectively. Moreover, the significant current was

observed for ZnO/g-C3Ns (v) with CO: than alone N2 (iv) purged samples and also
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electrocatalyst g-CsNa (iii), ZnO (ii) and bare GC (i) containing KHCOs electrolyte. In the
electrochemical hydrogenation of CO, two reactions are always compete with each other i.e.
hydrogen evolution and CO hydrogenation. Additionally, the bulk electrolysis also employed
for the stability of as-synthesized ZnO/g-C3N4 nanocomposite further product conformation
and product efficiency for 3600 sec at three different potentials of -0.504, -0.734 and -0.934 VV
vs. RHE as shown in Fig. 5(b) (i, ii and iii) in 0.5 M KHCO3 supporting electrolyte solution.
It is also observed that as potential goes on increasing the current density also increased. The
cathodic current observed was -50 mA/cm? whereas with N2 -33 mA/cm? the current density
difference predominates electrocatalyst is active for CO2 hydrogenation [44]. The cathodic
current enhanced on ZnO/g-C3sN4 may be due to the inter-electron transfer from ZnO center to
CO2 via. g-C3N4 and also the synergetic effect of both the electrocatalyst. The cathodic onset
potential observed for the electrochemical reduction was -0.504 V vs. RHE, which is having
comparatively low potential as with only saturated N2 -0.614V vs. RHE. Furthermore, to know
the electrode kinetics and different affecting parameters of ZnO/g-C3Ns hybrid for CO-
hydrogenation reactions electrochemical impedance spectroscopy (EIS) was employed and
demonstrated in Fig. 5(c). [44-47]
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Fig 5. (a) Superimposed linear sweep voltagram (LSV) (i) bare GC with saturated N.CO,, (ii) g-C3N4
with N.COy, (iii) ZnO nanostructures N.CO5, (iv) ZnO/g-CsN4 with N2 only, and (v) ZnO/g-C3N4 with
N.CO; in 0.5 M KHCOs at scan rate 50 mV s; Superimposed (b) bulk electrolysis of ZnO/g-C3N, at
potential -0.504V (i), -0.734V (ii) and -0.934V (iii) vs. RHE respectively in N saturated and CO; in
KHCO; supporting electrolyte for 3600 s. (c) Nyquist impedance plots: black-bare GC with N, CO,,
red- g-CsNs with N, CO», orange-ZnO with N>CO,, blue-Zn0O/g-CsN4 sheet with N.CO- and green-
Zn0/g-CsN4 with N2 and CO; in 0.5M KHCOs at potential -0.55 V vs. RHE within frequency range
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0.01 to 1000 Hz and (d) The Faradic efficiency observed on ZnO/g-CsN4 hybrid electrocatalyst at
potentials of -0.504 V, -0.734 V and -0.934 V vs. RHE were 40.20%, 53.60% and 80.99% respectively.

The larger the diameter more will be the resistance in charge transfers and vice versa. The
electrochemical impedance has been carried out at -0.55V vs. RHE where the range of
frequency was 0.01 to 1000 Hz applied with saturated N2 and followed to CO2 in KHCOs3
electrolyte. [22-25] The experimental the resistance (Rct) values observed are ~119207.7 Q,
~76692 Q, ~2469.6 Q and ~636 Q for electrocatalytic systems for bare GC, g-C3Ns, ZnO and
Zn0/g-C3Na respectively. The experimental results evidence proved with CO> gas, the more
electron feasibility was observed i.e. ZnO/g-CsN4 composite having FE values in Fig 5 (d).
This is because the rapid electrochemical reduction occurs on ZnO/g-CsN4 electrode in CO>

environment than other electrocatlytic systems.
Conclusion

In summary, we have developed Bi:Os@GO, Al,03@rGO, Zn0/g-CsN4 and MnO2/g-C3sNa
nanocomposite by using simple precipitation followed by the calcination method. The
synthesized nanocomposite well characterized by various characterization techniques and used
further for electrochemical CO2 reduction reactions. The proposed electrocatalysts having
higher FE for formate formation i.e. 83, 92, 91 and 69% for Bi:Os;@GO, Al,0:@rGO, ZnO/g-
CsNs and MnO./g-C3N4 nanocomposites respectively. The formate generation from CO. on
this is applicable from industry point of view, as well as for society to reduce environmental

pollution concerns.
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Abstract:

The solar-driven photoelectrochemical water splitting process has a tremendous impact, which
follows the natural photosynthesis process by converting solar energy into usable forms of
chemical energy. The development of a PEC system can convert H20 to H2/O or CO; to C-
based fuels. To obtain the goal for artificial photosynthesis, rate-determining Kkinetics of the
oxygen evolution reaction is considered on a highly efficient photo-anode. BiVVO4 has attracted
the attention as a photoanode in the development of the PEC. Owing to a intermediate band
gap, the earth-abundant nature of the constituents it is considered as an cost-effective n-type
semiconductor for PEC H»O splitting. The present article elaborates the present status on the
progress of BiVOs-based photoanodes fabrication, with controlling the surface morphology,
effects of dopants, different synthesis techniques, co-catalyst, etc. Additionally, unbiased

tandem devices of the photo-active systems in the presence of BiVOs are also discussed.

Introduction:

Since the industrial revolution, the world's demands have gradually increased daily. To fulfil
this, clean renewable resources must be explored to the fullest. Apart from the non-
conventional sources of energy and to compete with fossil fuels, a cost effective means of
storing converted energy must be found. To capture and store the limitless solar energy in
carbon neutral fashion to prevent the production of any environmental contaminant, and to
produce the simplest form of energy hydrogen H2 and environmental begin oxygen Oz oxygen
(2H20 + hv—2H> + O2) by splitting water photoelectrochemical water splitting is classified

among the auspicious technique. The expectation of the community for the foundation of the
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future’s sustainable energy economy, such as hydrogen, should have cleaner essence possessed
by the solar water splitting technology. PEC cells have been proven as a distinguished source
to tackle this issue by taking complete advantage of solar energy in meeting sustainable energy
goals through an efficient and effective means of hydrogen production that serves as a fuel. A
concise chronicle of events concerning the exploitation of some inorganic semiconductors for
photo assisted water splitting is adequately demonstrated by Osterloh et al. in their report. In
1955 the foremost monstrance step in the domain of Photoelectrochemistry was reported by
Brattain et al by exploiting the electrochemical investigation of electrolytic junction of
germanium, succeeded by the crucial research of Gerischer, Pleskov and Marcus co-worker.
On the other hand, the efficacious operation of water photoelectrolysis in 1971 was brought
about by Fujishima and Honda by fabricating PEC cell with TiO2 nanoparticle semiconductor
under illuminating conditions. The momentous work of Fujishima and Honda triggered
tremendous number of researchers towards the domain of water photoelectrolysis followed by
the groups led by the Gratzel’s, Bard’s and Nozik., has produced numerous report of great
impact on this field. Succeeded by the aforementioned immense works a enormous
development has been accomplished in the current time to appraise the conceivable and
promising candidate to lead photoelectrochemical water splitting more efficiently. The
reported articles display that hydrogen production through PEC inorganic metal oxide based
semiconductors in the role of photoanode stand out to be well equipped materials as they owned
better durability, electrical properties & ease of tailoring. The two distinguished halves
illustrate the electrodics phenomenon, the evolution of H; at photocathode by reducing H20
and the evolution of O, at photoanode/counter electrode by oxidising H20 as displayed in the
below equations.

Anodic Oxidation Reaction: 2 H20 (1) — O (g) + 4H*(aq) + 4e”

Cathodic Reduction Reaction: 2H*(aq) + 2e” — H2 (g)

-1 — ECB e 2H"*
HER
H*/H:
0 — H.
Eqg:
Potential (V) vs. NHE 1 — 9: hv
OZ/HZO : : %02_'_ 2H+
27 * OER
Evs h* H.O



Fig: 1. Oxygen evolution and hydrogen evolution reaction for overall solar water splitting

On illumination, the photoactive material absorbs photon energy greater than its band gap
energy and creates excitons (i.e. the photo-generated electron/hole pair). If the semiconductor
is of n-type, the photogenerated hole moves to the semiconductor-electrolyte interface to
oxidise the water to O2 molecule and the photogenerated electrons are dragged to the counter
electrode (generally Pt in most occasions) by means of external bias to reduce water to H.. But
if the semiconductor is of p-type, due to downward band bending of the interface
(semiconductor/electrolyte)  the  excited electrons are transferred to  the
semiconductor/electrolyte interface to reduce the water molecule to Hy; on the other hand, the
photogenerated holes are dragged to the counter electrode through external bias to oxidise
water to O2. As aforementioned, PEC water splitting technique had few conveniences over the
photocatalytic water splitting such as (i) the produced products H> and O are need not to be
separate as they produced in different chambers; (ii) the recombination of excitons
(photogenerated electron/hole pair) are suppressed by self or externally applied bias hence
improve the migration of the photogenerated charge to the interface; (iii) conducting substrates
were utilized to grow the films, so in future it can be helpful in mass production for
industrialization; (iv) importantly like the photocatalytic water splitting it does not demand any
external power consumption for stirring. Though they had some challenges, monstrous efforts
have been employed to cultivate a convincing model for greater efficacy in water splitting. The
photo-driven water splitting is an uphill reaction with positive Gibbs free energy of 237 kJ/mol.
To acquire such an amount of energy, the semiconductor should have appropriate band gap
energy with proper band alignment so that they can absorb photon (visible light) of sufficient
energy to bring out the redox (water oxidation and reduction) reaction. The band gap of the
photoelectrodes must be small (~1.5 eV) to absorb an adequate part of the visible region of the
solar spectrum. The valance band of the semiconductor should be more positive than the water
oxidation potential (1.23 V against NHE at zero pH) to oxidise water into oxygen (O?/02) and
the conduction band of the semiconductor should be more negative than the water reduction
potential (0 V against NHE at zero pH) to reduce water (H*/H.) into hydrogen [*]. Despite that,
numerous semiconductors based on inorganic metal oxide employed for the complete water

splitting don't own the requirement like desired band gap with proper band alignment and
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sufficient durability. Additionally, in PEC methodology, the system experiences energy loss
accompanied by the migration and the recombination of photo generated excitons
(electron/hole pair) in the semiconductor/electrolyte interface or the bulk solution.
Subsequently, for efficacious water splitting, the migration of photogenerated charge, efficient
charge separation, and desired band gap with proper band alignment are desirable.
Furthermore, the other factors taken into account for the efficiency of overall water splitting
are low debye length of the generated charge, better charge absorption through customized
surface morphology, size and shape of the semiconductor via involvement of quantum effects,
the position of the flat band, the effect of pH, different ions present in the system and charge
transfer processes etc. Hence the properties of the photoactive electrodes that owns the
efficiency of the PEC water splitting for harvesting limitless solar energy for water splitting.

After the pioneering work of Fujishima and Honda employing TiO2 nanoparticles, several n-
type and p-type photocatalysts have been tried for photo assisted water splitting, including main
group and transition metals, such as silicon based oxides and carbides, carbon nitride, transition
metal based oxide, chalcogenides, metal nitrides respectively. Due to the high chemical
durability of neutral and slightly acidic pH, including enough earth-abundance with no toxicity
with the legacy of tunable composition, the bismuth-based oxides (n-type semiconductor) are
one of the potential aspirants for the solar light-driven water splitting. The crystal of bismuth-
based oxide embodied of perovskite unit and is classified among the most enchanting prospect
for photo-assisted water splitting due to its well-positioned band gap energy (2.5-2.8 eV),
allowing it to absorb nearly 12% of the visible region of the solar spectrum with favourable
hole diffusion length of (~150 nm) in contrast with the a- Fe2Os in few nanometres, including
superior charge transporting (12 cm?s V1) property pertaining to TiO2 (0.03 cm?s V1), In
agreement with the water splitting, the conduction band minima of the semiconductor should
be more negative than the water reduction H*/H potential i.e. 0 V against NHE at zero pH; on
the other hand, the valance band maxima should be more positive than the water oxidation
0?7/0; potential i.e. 1.23 V against NHE at pH 0 [?]. Bismuth oxide consolidates the position
of the valance band as the valence band is more positive than the water oxidation potential, but
as the coin flip to the position of the conduction band minima, it’s not able to reduce water to
hydrogen as the conduction band minima are not deep enough situated to overcome the
reduction potential. Consequently, bismuth-based oxides in photo-assisted water splitting only
produce Oz not H,. Hence to lead the overall water splitting employing bismuth oxide as photo
anode it should be united along with a suitable photocathode for the photo-assisted water

reduction for the complete fabrication of the PEC device otherwise, the bismuth oxide
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photoelectrode is coupled with the counter electrode with an external applied bias to drive the
electron to counter electrode to accomplish the water splitting to generate both Oz and Ho, The
upward band bending of the electrode/electrolyte interface made the bismuth oxide the suitable
choice to exploit as a photoanode. It’s already documented that the theoretical maxima of solar
to hydrogen conversion efficiency for bismuth vanadate are about ~4.6% as a PEC tandem
device. It’s noteworthy that the greater durability of bismuth vanadate in low pH conquers its
utility since, in that situation H. production is more efficient. Bismuth vanadate is an n-type
semiconductor photocatalyst with a direct band gap of 2.48 eV [°]. It absorbs ample visible
light and is also used as stable, neutral, nontoxic and relatively cheap electrolyte. The
conduction band of the BiVVO4 photocatalyst is composed of mainly V 3d states with small
contributions from O 2p and Bi 6p, and the valence band of the BiVVO4 consists of Bi 6s and O
2p. Typically due to the small band gap of the bismuth vanadate, in contrast to TiO>, provide
the former with the privilege to absorb more in the visible region of the solar spectrum on other
hand; it portrays a higher stationary photocurrent than Fe2O3 owing to enhanced IPCE (incident
photon to current conversion efficiency). Consequently, bismuth vanadate is thought to be
more appropriate compared to Fe203 and TiO2 for applying photoelectrochemical water
splitting. Bismuth vanadate as a photocatalyst has gained significant attention towards research
due to its high chemical durability. This photocatalyst exists in three phases as mentioned in
the following figure which is crystalline - (i) monoclinic phase (ii) scheelite structure with
tetragonal phase (iii) zircon structure with tetragonal phase. The monoclinic phase exhibits the
highest photocatalytic ability among all the phases as a distortion in the octahedron of VO4
caused the separation of the negative and positive charges. This led to the generation of an
electric field internally and it was productive for making easy separation of the holes and

electrons that were photogenerated.
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Fig: 2. Band structures of tetragonal BiVOs (zircon) and monoclinic BiVOs (scheelite)

2. Common synthesis methods to prepare BiVO4 semiconductors:

There are so many routes that have been proposed to prepare a bismuth vanadate
semiconductor. We classify these methods into the electrospinning method, and depending
upon phases, they are divided into three major categories; the solid phase technique, the liquid
phase technique, and the vapor phase technique. Next, we will demonstrate the technique to

fabricate a semiconductor in detail accordingly.

2.1. Electrospinning:

Polymer nanofibers are directly produced by electrospinning technology. This method is
especially effective for preparing nanofiber materials. Due to low spinning cost, simple
manufacturing equipment, a spacious variation of spinnable materials and a controllable
method, it becomes a beneficial technique to harvest different nanofibers comprising organic,
organic & inorganic composites and inorganic nanofibers. Cheng et al. synthesized bismuth
vanadate nanofiber via electrospinning technique using bismuth nitrate and ammonium meta
vanadate as starting material in the presence of citric acid as a chelating agent, [4] the phase
junction structure of scheelite, monoclinic and tetragonal phases of electrospun bismuth
vanadate were obtained by the controlled heating. The PC activity study reported that the phase
junction structure of scheelite - monoclinic and scheelite - tetragonal showed amplified
behavior under the irradiation of visible light. R. P. Antony et al. prepared BVO and Mo-doped
BVO nanoparticles by the electrospinning process using bismuth nitrate and vanadium
acetylacetonate as starting material where ammonium molybdate tetra hydrate is used as the
source of molybdenum. [5] The PEC measurements indicate that due to the doping of Mo, the

water oxidation photocurrent of BVO increases by four times that of pure semiconductor.

2.2. Solid Phase Technique:
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In this method, a precursor is assorted properly and crushed with a specific stoichiometric ratio
before calcination at a particular temperature for the product formation without any solvent.
This method has some great advantages with simple technique and favorable process,
uniformity in particle size, and adjustable force. However, this method's major drawbacks are
that the particle's aggregation is facile; the impurities are easily diverse with the product, the
ions involved in the oxidation process are also very facile and the powder needs to be fine
enough. Li et al. synthesized bismuth vanadate powder by the solid phase technique. [6] The
BVO prepared by heating at 500°C showed the best photocatalytic reduction efficiency against
Cr (VI).

2.3. Solution Phase Technique:

The solution-phase technique is a well-known example of a wet chemical method. There are
many techniques to prepare photocatalytic films/powders using the liquid-phase method. In
this section, we have discussed a general overview of several synthesis techniques like the sol-
gel technique, the precipitation technique, the liquid deposition technique and the hydrothermal
technique or microwave-assisted synthesis technique etc., for the production of BVO photo-

anodes which have been used in water splitting application.

2.4. Sol-Gel Technique:

The sol-gel method is the most important wet chemical synthetic approach for the preparation

of nanoparticles. The construction of the sol and gel is the key factor among all for the synthesis
of nanoparticles by the sol-gel method. Drisya et al. prepared TiO2/BVO nanocomposite via
sol-gel method, [7] the composites exhibit significant PC performance under the visible light
irradiation; it was also noted that the PC efficiency is increased when percentage of BVO
decreased in the nanocomposite. Pookmanee et al. developed bismuth vanadate powder by sol-
gel method, [8] from the SEM, XRD study it is observed that the particle size, crystallinity and
purity of the sample depend upon the calcined temperature. Wang et al. prepared molybdenum
doped BVO by the sol-gel method, which shows enhanced photocatalytic activity than the bare
BVO. [9]

2.5. Precipitation or Co- Precipitation Technique:

For synthesizing nanomaterials, the most popular method is the precipitation method, where
different chemical components are mixed. The composite prepared by the precipitation

technique demonstrated significant light absorption potentiality. It can also promote separating
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electrons and holes to improve PC performance. Pérez et al. synthesized BVO powder by
surfactant-assisted co-precipitation technique. [10] The PC activity for the photodegradation
of RhB of the as-prepared m-BVO in the presence of Pluronic non-ionic surfactants performs
a greater activity than the samples synthesized via solid-state reaction. C. Ravidhas et al.
fabricated BVO nanostructured powders by co-precipitation process [11] but the limitation of
as prepared BVO sample was in its PC activity which may be overcome after the calcination
technique. The experimental result shows that the optimized sample prepared at the 450°C has
the highest absorption in the visible region. The PC efficiency of BVO, which was prepared by
Cruz et al. [12] through the co-precipitation process for the photodegradation of Rhodamine B
(RhB) revealed the high capability to bleach the dye solution. Ganeshbabu et al. synthesized
bismuth vanadate nanoparticles via chemical precipitation technique. Bismuth vanadate
nanoparticles calcined at 400°C exhibit the highest PC performance, as it degrades Methylene
blue (MB) dye by about 92.25% within the duration of 120 min. [13]

2.6. Hydrothermal Technique:

It is the most useful technique for the preparation of nanoparticles which is basically an
approach of solution-based reaction. In this method, the formation of nanoparticles occurred in
a wide temperature range varying from room temperature to very high temperature.
Hydrothermal synthesis can produce nanoparticles that are not stable at elevated temperatures.
So, pressure is also an important factor for this technique. Lei et al. employed bismuth vanadate
photocatalyst via the hydrothermal method; the sample prepared at pH 3 shows the best
photocatalytic activity. [14] Again, Chen et al. fabricated bismuth vanadate nanosheet through
hydrothermal technique in the presence of bismuth nitrate and ammonium vanadate precursor
and in the process sodium dodecyl benzene sulphonate is used for the morphological
modification. The improved PC performance of this BVO is mainly attributed to the larger
surface area of the nanosheet and higher atomic density of the (010) plane. [15] Similarly, Jiang
et al. synthesized bismuth vanadate photocatalyst with various kind of morphologies via
hydrothermal method using bismuth nitrate pentahydrate and ammonium metavanadate in the
presence or absence of poly (vinyl pyrrolidine), in which the spherical shaped BVO
demonstrated the highest photocatalytic activity. [16] J. Yu fabricated BVO nanofibre by this
method where the nanofibrous BET surface area was higher than bulk BVO with a surface area
of 0.5 m? g L. [17] H. Jiang examined the PC performances for degradation of MO using BVO
photocatalyst synthesized hydrothermally to achieve improved performance under visible light

irradiation. BVO photocatalyst was also prepared by Ran et al. through this approach. [18] The

131



BVO photocatalyst prepared through hydrothermal techniques, compared to other techniques,
revealed improved surface morphological properties of the photocatalyst.

2.7. Microwave-Assisted Synthesis Technigue:

A major innovation and a dramatic change were observed through microwave synthesis on the
basis of performance for chemical synthesis. It gives the scientist a new opportunity to
overcome major drawbacks like conventional heating or time-consuming. For BVO
nanomaterials preparation, this technique has enough potential to generate heat selectivity in a
suitable solvent. Pookmanee et al. synthesized bismuth vanadate powder through a microwave-
assisted synthesis technique. [19] Multi-phase monoclinic and tetragonal structures of BVO
were produced by the microwave irradiation of 600-800 W for 4-6 min, and the surface area of
BVO powder is in the range of 4.89-15.90 m? g 1. BVO photocatalyst was also developed by
Intaphong et al. in microwave-assisted technique with irradiation of 500 W for 2 min, 4 min
and 6 min. [20] The best photocatalytic performance is shown for the sample prepared for 4
min. Souza et al. obtained BVO nanoflowers modified with gold nanoparticles through
microwave irradiation to increase the photocatalytic efficiency. [21] Another example of BVO
heterojunction formation was revealed by Yan et al. through a facial microwave-assisted
technique. [22] They explored higher photocatalytic efficiency when tetracycline is degraded
due to faster transfer of charges between the heterojunction of the various phases of BVO.

2.8. Electrodeposition:

Electrodeposition is a flexible, low-cost method for fabricating a wide variety of two and three
dimensional materials such as coatings and films. Ye et al. synthesized Bi,O3/BiVO4
heterostructure nanospheres via the electrodepostion method followed by annealing. The
heterostructure demonstrated a photocurrent of 2.58 mA cm™ at 1.2 V vs. Ag/AgCl, which is
almost 5 times higher than the pristine BVO. [23] Kong et al. prepared Ni-doped BVO
photoanode by the electrodeposition method, where 5% Ni-doped BVO exhibits the highest
photocurrent of 2.39 mA cm at 1.23 V vs. RHE which is about 2.5 times higher than the pure
BVO. [24] Cho et al. synthesized W-doped BVO photoanodes by the electrodeposition
technique; the photocurrent of W-doped BVO is increased three times than that of pure BVO.
[25] A. J. Bard et al. electrodeposited amorphous TiO2 on W:BVO/F: SnO2, which results in

almost 5.5 times higher water oxidation photocurrent than pure BVO. [26]
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2.9. Spin Coating:
It is generally used for the development of nanocomposite film. The smooth deposition of

nanomaterials makes the surface of the film uniform through this coating technique. Tayyebi
et al. synthesized monoclinic BVO photocatalyst via spin coating followed by calcination
method, the photocatalytic activity of monoclinic BVO is increased with an increase in the
basicity of the medium. [27] Sitaraman et al. synthesized WO3/BiVOs heterojunction by spin-
coating technique; from the PEC studies, it was evident that the WO3/BiVO4 shows higher
photocurrent density (0.64 mA cm at 1.23 V vs. RHE) than the bare WO3 and BiVOs. [28]
Wang et al. prepared BVO thin film by spin coating followed by annealing, the thin film
annealed at higher temperature (500°C-540°C) shows better PEC performance compared to the
others prepared at a lower temperature. [29] Russo et al. synthesized BVO thin film via spin
coating technique; from the PEC study, it is evident that the charge transfer kinetics is three

times faster than that of the porous film. [30]

3. Strategies for Enhancing PEC Performance:

In order to enhance the PEC water splitting potential, many modifications have been
introduced, including the addition of suitable dopants, the development of composites and
heterojunctions and the altering surface morphology. In this section, we discussed an overview
of the strategies and their principles and provided some examples to explain their applications

for the enhancement of the PEC performance of BiVOa.

3.1. Heterojunction:

In this section, we will present three different types of heterojunction semiconductor according
to their electronic band structure, as presented in Fig.3. In type A, from semiconductor (SC) 1,
both photogenerated e~ and h* are transferred to SC 2 due to the position of Egz, which is within
the Eg:. There is no improvement in the photocatalyst due to the charge transformation and
accumulation of a semiconductor in this kind of heterojunction. [31] Type B heterojunction
consists of the valence band maxima and conduction band minima of SC 1 in lower energy
than SC 2. The photogenerated h* migrates from SC 2 to SC 1 while the photoexcited e~ moves
from SC 1 to SC 2. During the photo-activation process, efficient charge carrier separation
occurs if both semiconductors are in suitable contact. [32]

Finally, type C heterojunction forms due to recombination between h* from the valence band

of SC1 and e from the conduction band of SC2. It consists of SC1, which has Eg: position
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higher in energy than Eg. of SC2. An indirect Z scheme, a type C model, can be designed with
the help of an appropriate e~ mediator, which could also be quite interesting. Among these
three, type B heterojunction semiconductor is the simplest way to extend competent charge

transport, enhance light absorption and improve charge carriers' lifetime; we discuss type B in

this section.
e- e_ h
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Fig: 3. Construction of the three different types of heterojunction

Regarding BVO, WOz is one of the most frequently used semiconductors for type B
heterojunction with band gap energy 2.6 eV mainly to split the water molecule. [33] BVO/TiO>
is also a promising composite of type B heterojunction semiconductor with similar electronic
band configuration to BVO/WOs. The band gap energy of TiO2> must actively comprise the
band gap energy of BVO to form a type A heterojunction due to the suitable band position of
the valence band and conduction band where conduction band minima of TiO, and BVO are
located —0.2 and 0 V, respectively, and valence band maxima are situated at 3.0 and 2.4 V
respectively for these two components. It is valid only for single components. However, an
interesting feature of the heterojunction must be discussed for the real charge transfer in a
composite. Due to the homogenization of the Fermi energy levels, there is a shift in the band

gap position of BVO and TiO: for the heterojunction. The energy positions of VBM and CBM
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are reduced in the case of BVO than those of TiO> after the thermodynamic equilibrium in
BVO/TIO>. [34]

Recently researchers are focused on the fabrication of BVO photo-anodes to perceive the
progress of the photoelectrochemical study. The bare BVO has many drawbacks such as
photoinduced charge carrier recombination, reduced water oxidation kinetics, low charge
transportation etc. As a result, the bare BVO is not considered a more impressive photoanode
for the water oxidation reaction.

Zhang et al. produced Bi.Os/ BVO hetero-structured nanosphere by electro-deposition
technique. [35] The PEC studies are done by using a full-arc xenon lamp (A>420 nm) to
measure the lpn of Bi203/BVO (2.58 mA cm~2 at 1.2 V vs. Ag/AgCl using the same electrolyte.
The band gap measurement is also done by UV-Vis absorption spectroscopy the band gap of
the Bi2O3/BVO sample is calculated at 2.32 eV, which is smaller than the Bi».Oz and BVO
sample and also the donor density calculation using the Mott-Schottky equation shows the
higher donor density of Bi2O3/BVO than BVO. An electron beam deposition method was used
to develop this ternary heterojunction. After the deposition process, a wet chemical process
was employed and during the deposition process, the thickness of WO3 and SnO; layer was
varied. The lpn measurement is done by using a three-electrode cell using an lviumpotentiostat
with Pt plate as a counter electrode and Ag/AgCl as a reference electrode and 0.5(M) Na2SO3
solution with potassium phosphate buffer solution as an electrolyte, light intensity was
maintained at 100 mW cm2. Among the various variations that were developed by modifying
the thicknesses of the WOz and SnO- layer, it was observed that the heterojunction SnO> 50
nm/ WO3 50 nm /BVO exhibited the maximum photocurrent (Ipn) of ~2.01 mA cm~ (at 1.23
V) under the illumination of visible light from the front and the same heterojunction exhibits a
photocurrent of 1.80 mA cm=2 when visible light was irradiated from the back.

Chong et al. designed n-n heterojunction photoanode V20s/ BVO developed through electro-
deposition technique. [36] PEC performance measured by a standard three-electrode assembly
using Pt rod is a counter electrode and saturated Ag/AgCl (3M KCI) as a reference electrode
in the presence of 0.5 (M) aqueous Na>SOs solution as an electrolyte. The maximum
photocurrent for the system appears as 1.53 mA cmat 1.5 V which is quite higher than that
of the individual pristine BVO and V,0s showing Ion of 0.22 and 0.21 mA cm™2, respectively.
Teridi et al. synthesized Se/BVO photoanode via a two-step combination of electrodeposition
and an aerosol-assisted chemical vapor deposition technique. The Highest I,n of Se/BVO
photoanode is 2.2 mA cm~2at 1.3 V vs. SCE [37] which is much higher than that of individual
Se and BVO. The enhancement in the Iph is due to the presence of the Se layer which acts as a
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hole trapping medium, increases light absorption property and thereby improves the charge
separation; all of these effects have been established through DFT simulations study. Stoll et
al. fabricated WO3/BVO on porous titanium substrate via electrochemical anodization of
sputtered tungsten layer and BVO layer that was formed via SILAR method. [38]

Parida et al. have prepared In2Ss/BVO heterojunction through two-step co-precipitation and
wet chemical methods. [39] The PEC studies are done by using a 300 W Xe lamp (A>420 nm)
in the presence of 0.05(M) aqueous AgNOs solution. The onset potential of In2S3, BVO and
In2S3/BVO are found to be at —0.49V, —0.59V, —0.42V, respectively and the maximum Ipn
observed for In,S3/BVO hetero junction was found to be 0.269 mA cm=2at 1.0 V under visible
light illumination which is greater than that of either pure BVO (0.119 mA cm~2) or In,S3 (0.164
mA cm~2). The band gap measurement also shows that the energy gap of In,Ss/BVO is 1.91eV
which is quite smaller than that of pure BVO (2.36 eV) and pure In2S3 (2.22 eV).

3.2. Surface morphology:

A significant impact of the interfacial energetic, Kinetics and charge transport properties is
marked when a polycrystalline semiconductor material shows morphological particulars of the
electrode e.g. connectivity, shape, & size of the particles. An effective way to improve the
photoelectrochemical properties is to understand and control the morphological aspects of the
polycrystalline BVO electrodes. [40]

3.2.1. Shape-dependent or facet-dependent morphologies:

Based on the exposed crystal plane at the interface, photoelectrochemical properties of
semiconductor (SC) materials vary significantly. [41] The type of bare facets of metal oxide
(MO) based semiconductor influences not only the thermodynamic property e.g. flat band
potential, band bending but also kinetic features e.g. catalytic capability significantly. [42]
Recently, photoelectrochemical properties of the BVO crystals have been gained a lot of
attention due to their various shapes and comparison is also reported. [43]

The synthesis of monoclinic scheelite (m-s) BVO nanoplates with well-defined {001} facets
exposed at the surface has been reported by Xi et al. developed through a hydrothermal method.
This study shows a feasible approach to improve photo-conversion efficiency by designing
nanostructures with appropriate surface facets. The photocatalytic (PC) activity of Rhodamine
B for these nanoplates with 400-600 nm width and 20-30 nm thickness was tested for

photodegradation. Although the specific surface area of the nanorod sample had thrice superior
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(67.5 m?g?), which was quite higher than that of the nanoplates (21.4 m2g™), the later

demonstrated a better PC performance in comparison with a nanorod shaped sample.

3.2.2. Porous and nanostructured morphologies:

For semiconductor electrodes, the porous structure can also play an important role to reduce e~
-h* recombination by improving the capacity of the depletion layer, which also employs
photoinduced charge carriers. However, by introducing porosity, increasing surface area also
achieve contrary effects on charge separation and transportation. As a result, the growth of
surface texture, defect sites and grain boundaries are developed with reduced crystallinity. [44]
The surface area and morphologies of a photo-electrode must be optimized to utilize the overall
net favorable influence.

A modified metal-organic decomposition method was used to prepare porous BVO electrodes
by Luo et al. In the high bias zone i.e. 0.9 V vs. RHE, the behavior of porous electrode revealed
as one of the foremost performances for water splitting reaction. The electrode/electrolyte
junction areas are effectively increased by the resultant electrode which is comprised of 50-
200 nm particle size. [45]

A surfactant-assisted (e.g. sodium dodecyl sulfate, SDS) metal-organic decomposition method
was also used. Pilli et al. reported that SDS modified electrode achieved a superior Iph in
comparison with an electrode developed without any surfactant. The micelles were scattered
in the dissolvable solvent and expelled during ignition with the separation of a mesoporous
inorganic structure. [46, 47] The observed performance enhancement resulted from the
difference in the electrode-electrolyte interfacial area.

Another way to increase the surface area is to synthesize nanowire/nanorod array electrodes.
Su et al. reported seed-mediated growth of the BVO where seed layer was put down over any
conducting substrate e.g. FTO through the spin coating and the photoanode is heated at 400°C.
[48] In a temperature-controlled water bath, the seeded photoanode substrate was then dipped
into a solution of BVO to develop a suspension and construct BVO nanowires. Polycrystalline
nanowires or nanopyramid arrays of BVO were obtained depending on the solution
temperature. The single crystals 1-D nanostructure units confirm superior charge transportation
for majority carriers through the wire or via a rod, whereas for the minority carriers' limitation
of the travel distance is observed to influence the electrode-electrolyte junction.

Su et al. also investigated a solvothermal technique to deposit a WO3 nanorod array-based film
on a conducting glass material like FTO. A deposition of BVO is then followed by a spin

coating technique to prepare WOz modified BVO hetero-junction nanorod array films. [49] As
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the nanostructured heterojunction having a smaller e -h* recombination rate, the nanorod array
of WO3/BVO heterojunction films exhibited enhanced IPCEs in comparison with the planar
WO3/BVO heterojunction films.

3.3. Doping Approach:

Doping is one of the most intentional tactics to tune the properties of a bulk semiconductor. A
pinch of impurities can drastically control the host material's optical and electrical properties
drastically. An expected change in the energy or positions of the band edge also occurs
depending on the types of doping. Due to the enhancement of e - h* recombination and reduce
the bandwidth of the depletion layer, the effect of doping will not always be favorable, as
presented in Fig. 4.

-~ E/V vs.
eV NHE(pH=0)
A
FL ]
34 —+ \ l - -1.0
Hy  2H* N
44 4 - -+ 00
o | O
A JAY
54 == ; <1Z ;L E® (H*/Hy) -+ 10
' v EO (Oz/HzO)
1 UV-Vis Pt 20
6.4 =T i / 7§ -- 2.
Y O +4H*
74 + | © . 2H0 ? - 3.0
Doped BiVO, Electrolyte
---------------- v

Fig: 4. Plausible water splitting mechanism for doped BiVO4

For a typical BVO photoanode, it can significantly enhance the electronic conductivity,
improve photoinduced charge transfer, change the position of band edge to form a new energy
level with donor atom to enhance the photon absorption and construct oxygen or vanadium
vacancies suitably to enhance photo-induced charge separation. [50, 51] In this section, we
focus on the effect of metal in addition to non-metal dopants on BVO photoanodes to enhance

the photoelectrochemical performances most significantly.

3.3.1. Doping with Metal
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Fischer et al. synthesized Mo-doped BVO thin film in a simple dip-coating method followed
by calcination in air. The amount of precursor salt of molybdenum varies to make the sample
have a different percentage of Mo doping. The highest Ion of 1.9 mA cm2 at 1.23 V vs. RHE
was observed for 10% Mo-BVO which is significantly higher than that of the undoped BVO
(0.2 mA cm™). [52] The measurement was carried out using a three-electrode cell, with a 150
W white light source adjusted to an intensity of 100 mW c¢m~2 0.1(M) phosphate buffer solution
(PBS) was used as an electrolyte at pH 7.3

Zhong et al. developed In*" doped BVO photoanode through the drop-casting method; the
photoelectrochemical studies are done by using a three-electrode cell where Pt wire (99.99%),
saturated calomel electrode and 0.1(M) Na>SO4 (pH6.8) were employed as a counter electrode,
reference electrode and electrolyte in the presence of 100 mW/cm? light. The Ipn of In®* doped
BVO is 1.56 mA cm™ at 1.23 V vs. SCE, which is higher than the undoped one. [53] Although
the band gap measurement shows both the photoanode had similar band gap, the positive shift
of flat band potential (0.12 to 0.16 V) and increase of donor density on doping, as evident from
the Mott-Schottky experiment leads to improve photoelectrochemical water oxidation
behavior on the modified materials. Zhao et al. [54] also synthesized W doped BVO by simple
drop-cast method and compared the PEC performance with pristine BVO. The Iph of pristine
BVOis0.18 mA cm2at 1.23 V vs. RHE which increases to ~ 4 fold upon W doping as a result
of enhanced electron density, confirmed by Mott-Schottky analysis. Kong et al. [55] prepared
Ni-doped BVO photoanode via an in-situ electrode-position method; PEC studies were carried
out using 300 W Xe arc lamp; light source 100 mW cm2and 0.2 (M) NazSO4 solution, as
electrolyte. The highest Ipn is observed for 5% Ni-doped BVO (2.39 mA cm~2at 1.23 V vs.
RHE) which is quite higher than pure BVO (0.94 mA cm~2); also maximum IPCE of 5% Ni-
doped BVO is in 45% within 400-450 nm whereas that of pure BVO is only 25%. The band
gap of pure BVO (2.43 eV) is reduced to 2.39 eV with 5% Ni-doped BVO. Sun et al. prepared
cobalt-doped BVO photoanode through electrodeposition technique and observed to determine
loh maximum of 3.5 mA cm~2at 1.23 V vs. RHE which is almost two times higher than undoped
BVO. [56] Ye et al. analyzed the role of various metals like W, B, Pb, Cu, Co, Nb, Ru, Rb, Sn,
Zn, Sr, Fe, Ag, Ga, Ir and Ti to identify effective dopants for BVO through using SECM
technique under illumination. [57] By using a computer-controlled dispenser, variations of Bi,
V and dopant-comprising solutions ratios are monitored on every spot and the arrays of
different modified semiconductors were prepared. The arrays were annealed at 500°C in the
air to produce photocatalyst oxide. In this study, the dopant concentration range varied from 5-

10%. Among all dopants, only W showed an appreciable enrichment of photocurrent and IPCE,
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whereas metals like Sn, Rh, Co, Ru, Pd, Ag, Ga, Ir, and Sr exhibited a negative impact on PEC
performances of these arrays and the rest showed no perceptible effect. The Mott-Schottky
analysis indicated that the carrier density of the W-modified sample was twice the pure one,
although the flat band potential did not shift in the —ve direction. XPS analysis results
confirmed that the oxidation states of Bi, V, and W atoms were +3, +5, and +6, respectively
and the composition ratio of Bi/V/W was established to be 5.1/3.9/1.0 in the optimized
semiconductor. Luo et al. studied the consequences as a result of doping of BVO electrodes
using various metal ions such as W, La, Sr, Zr, Mo, Ta, Ti, Zn, Si, Agwhich have been
developed by the process of metal-organic decomposition. The photocurrent (Ion) got enhanced
due to doping, specifically with W5 or Mao®* ion. [58] The BVO samples were modified by
addition of 3 (wt%) Mo and this modification led to tremendous enhancement in photocurrent
along with that there was a significant increase in IPCE in seawater as there had been oxidation
of CI- in the presence of light. The presence of Mo®* ion inside the sites of V°>* was observed
by analysing the Raman spectra of the samples that had been modified.

From the slope of Mott-Schottky plots and the enhancement in carrier density, the role of Mo
as a dopant was confirmed, although the shift in flat band potential was negligible. The surface
electrochemical performance was further improved for Mo-doped BVO. Mo-rich segregations
i.e. MoOx, could act as recombination centers on the surface. [59] In the reaction mixture, the
amount of dopants added to produce doped BVO differs to some extent from the quantity of
dopants that are actually implemented into the host arrangement. Here, on the surface, impurity
phases can be formed by residual dopant ions or at the borders of the host molecule, which is
so small that common characterization techniques like XRD or EDX can't detect it. A facile
charge transportation or charge separation can be acquired in the presence of these impurity
phases. Hence the effect of unincorporated dopants would be maximized to ensure the removal
of impurity phases.

Modified BVO structure with co-dopants of Mo and W exhibited better performance in
comparison with any one of Mo or W doped BVO. [60] Park et al. demonstrated that BVO
photoanode with co-dopants 2 at% Mo and 6 at% W performed more upgraded activity in
comparison with the bare or only W modified BVO. The addition of Mo to the W-doped BVO
sample indicates twice the carrier density compare to only the W-doped sample, as measured
through Mott-Schottky analysis. A structural change occurs for Mo/W-doped as well as W-
doped BVO from monoclinic scheelite to tetragonal scheelite phases, which was revealed by

XRD analysis.
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Another interesting feature was also reported from DFT calculations which indicate that the
substitution of V by W & Mo revealed the the dopant serves as superficial donor atoms to
increase the carrier density in BVO. The tetragonal scheelite structure has to be considered as
a developed symmetry than the monoclinic scheelite structure. In this study, there was no
further discussion about the relationship between the changes in crystal structure with the
change in any photoelectrochemical properties. The W/Mo-doped BVO and W-doped BVO
have a similar band gap compared to the bare one, confirmed by IPCE spectrum analysis at
500 nm. This experiment shows better photoactivity of W & Mo doped BVO over W doped
BVO in the presence of low intense monochromator.

An increase in carrier density with a lowering slope of the Mott-Schottky plots was again
confirmed. Band gap remains unchanged after the addition of Mo or W metal as well this flat
band potential remains unchanged in the —ve direction with increasing the carrier density. From
these studies, it is evident that modification of Mo and W become quite popular owing to their
unique effects, whose addition is more facile and no further improvement in Ipn with the
increase in the doping level of either Mo or W compared to co-doping of Mo and W. To identify
the specific and synergistic effect of Mo & W, further studies need to be performed to

understand the modified BVO systems.

3.3.2. Doping with Non-metal

Phosphorous, non-metal constituent was also incorporated into BVOthrough the urea-
precipitation method as reported by Jo et al. [61] where a small fraction of VO4*~ oxoanions
was replaced by POs* oxoanions. In the host structure, the incorporation of PO4>~ oxoanions,
which were added as a phosphorous precursor, caused shifts in the XRD peaks, indicating an
increase in cell parameters. The band gap energy is also increased slightly (~0.01-0.04 eV) in
the UV-visible absorption spectrum region. The electrophoretic deposition of
Bi(VO4)o0.998(PO4)o002 achieved a better performance to generate an appreciably higher
photocurrent compared to the pure BVO electrode. The charge transfer resistance of BVO
remarkably decreases upon the addition of PO4>", as indicated by the EIS measurements.

The authors also established that the reduction in charge transfer resistance and increase in the
charge carrier density could result from P doping indicated through DFT calculations. An
internal electric field is created due to different P-O and V-O bond lengths during the charge
rearrangement all over the dopant to impose the lattice strain.. It may achieve a significant

advantage in separating e” -h* pairs, resulting in improved photoelectrochemical properties.
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3.4. Co-catalyst:
Gamelin et al. [62] synthesized Co-Pi modified tungsten doped bismuth vanadate photoanode

which demonstrates a low onset potential of 0.31 V vs. RHE at pH 8. Liu et al. [63] synthesized
a CoOOH-over layer coated coral-like BVOphotoanode which also has a low onset potential
of 0.2 V vs. RHE, a maximum Ip, of 4.0 mA cm2 at 1.23 V vs. RHE. Pilli et al. synthesized
Co-Pi catalyst modified Mo doped BVO which shows Iyn of 1.0 mA cm2at 1.0 V vs. Ag/AgCI.
[64] Nam et al. synthesized W-Mo doped BVO photoanode modified with iron oxy-hydroxide
electrocatalyst via a two-step process drop-casting followed by photo-assisted electro-
deposition, the co-catalyst modified doped BVO photoanode attained at least two-fold higher
loh (at 0.3 V vs. Ag/AgCl) than that of the doped BVO photoanode. [65]

4. Conclusion:

The photoelectrochemical performance towards the water splitting reaction, using the Bismuth
Vanadate as a photo electrode, has been discussed in this article The photocatalyst Bismuth
Vanadate has been proven as a distinguished and promising candidate as an effective
semiconductor. The presence of low band gap makes this photocatalyst quite recognisable to
researchers. This article mainly focuses on the various synthetic routes of this photocatalyst,
the effects of altering surface morphology, doping with metals and non-metals and developing
heterojunctions for improving the PEC performance of the semiconductor and its efficiency
towards the extraction of renewable energy from the sun. This review also highlights the
possibilities of enhancing the ability of the semiconductor by imposing restrictions on the
recombination of the holes and electrons that have been generated under the illumination of
visible light. As the bismuth vanadate-based photocatalysts are effective in working under
irradiation of visible light, these photocatalysts will gain much more fame in the near future

when the time comes for extraction of renewable energy from solar energy.
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