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Director, Bhabha Atomic Research Centre
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Vivek Bhasin Sovemmentiotingia Member, Atomic Energy Commission

MESSAGE

Electrochemical Science and Technology is one of the frontier areas of research, which has
evolved important strategies in solving several recent industrial and societal challenges,
especially in relation with the energy, environment and health care. Over the years, these
subject areas have grown immensely leading to applications in industrial challenges like,
recovery of rare materials, investigation of corrosion and its mitigation, development of
batteries, supercapacitors, solar energy harvesting devices, biomedical sensors, and
fabrication of devices. Electrochemical techniques have also been utilized in the preparation
and characterization of some of the advanced radiopharmaceuticals. 1 am glad that our
Research Centre has the finest state-of-the-art facilities for this kind of frontline research
and are actively pursuing developmental activities in this discipline, covering almost all of its
dimensions, from laboratory scale studies to the industrial scale applications.

I am delighted to know that the 4th DAE-BRNS Conference on, "Electrochemistry for
industry, Health and Environment (EIHE-2025)" is organized by Analytical Chemistry
Division (ACD), Chemistry Group (CG), Bhabha Atomic Research Centre (BARC), in
association with the Indian Society for Electroanalytical Chemistry (ISEAC) during January
21-25, 2025 at DAE Convention Centre, Anushaktinagar, Mumbai. Present 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 days ahead.

| 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
young researchers in this field. It will bring out new ideas and understandings to carry
forward quest for collaborative and interdisciplinary research activity in emerging frontiers.

I complement the organizers for putting forward such a technically enriched event and wish
EIHE-2025 a grand success.

+
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30.12.2024 (Vivek Bhasin)
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Chandra N. Patra
Head, Analytical Chemistry Division
Tel: 2559 0295 ; Fax: 2550 5151 3-237-S, Mod. Labs
Email: chandra@barc.gov.in Mumbai 400 085

MESSAGE

Greetings and a Happy New Year 2025 from the desk of the Organizing Committee of EIHE-2025.

Electrochemical Science and allied subjects have always provided a major break-through in many
industrial challenges due to its inherent association with the modern technologies and devices.
Research in the field of generation of molten salt database, electrochemical metal processing,
corrosion engineering and energy storage devices are some of the important projects, on which many
scientific institutes are currently working on. A number of state-of-the-art instruments, fabricated
using electrochemical principles ware at various stages of their operations and functioning.

On behalf of the Organizing Committee, it gives me great pleasure in welcoming you all to the to this
DAE-BRNS Conference on, “Electrochemistry in Industry, Health and Environment (EIHE 2025)”.
The conference has been planned to provide ample opportunities to the students and young
researchers to present their scientific findings and discuss along with the peers. The topic of the
conference has been shortlisted considering the recent societal programs in scientific and
technological challenges in Electrochemistry for Industry, Health, and Environmental Sciences.

I welcome all the invited speakers from India and abroad for attending the conference.

With great expectations from you all, let us collectively wish the conference a grand success!

Sincerely,

C m.j;a.i: ra

January 10, 2025 Chandra N. Patra


mailto:chandra@barc.gov.in
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Dr. Ashis Kumar Satpati

Head, Electrochemical Methods Section
Secretary, ISEAC and Convener, EIHE-2025
Bhabha Atomic Research Centre, Trombay,
Mumbai 400085, Phone: 022-25590744 (O)
Email: asatpati@barc.gov.in &
aksatpati@gmail.com

Dear Delegates
' Greetings!!

On behalf of the organising team, | welcome you all in this DAE-BRNS conference on “Electrochemistry for
Industry, Health and Environment, EIHE-2025” at DAE Convention Centre Anushaktinagar, Mumbai durig
. January 21-25, 2025. | thank all of you for coming here to attend this conference.

. We have tried our best to make this event technically reach, 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. | 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.

Being stationed at Bhabha Atomic Research Centre, we enjoy the fame of this institute and excellent logistics
. support, we sincerely thank our authorities for their supports in making those facilities available to us. | thank
* Heavy Water Board (HWB), ONGC Energy Centre, International Society of Electrochemistry (ISE), American
- Chemical Society (ACS), Royal Chemical Society (RSC), Elsevier for supporting this event.

| am happy to announce that some selected abstracts will be published as full paper in a special volume in
. Electrochimica Acta. | wish all of you for excellent outcome from your research, ISEAC will provide all possible
. platform to promote your research activities. Let us join together and bring the fascinating science in the field of
electrochemical science and technology to its fullest potential for the benefit of the society.

' On behalf of the organising committee EIHE 2025 and the Secretary, ISEAC, | express my sincere thanks once
again to DAE-BRNS, the ISEAC life members, all sponsors and the delegates of EIHE 2025.

\ AN

* January 10, 2025 (A K Satpati)

Address of Correspondence: Analytical Chemistry Division, 3t Floor, Modular Labs,
Bhabha Atomic Research Centre, Mumbai — 400085, India
Email: electrochembarc@email 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 350 life-members from different parts of
India and Overseas. The Executive committee of ISEAC, which manages the activities of
ISEAC, is being elected triennially by all the members of ISEAC.

International Events organized by ISEAC:

ISEAC organizes International Conferences, Discussion Meets and Workshop cum

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

1.

Workshop EST-2024 at Multipurpose hall, Training School Hostel, Anushaktinagar,
Mumbai 400094 on during July 06, 2024.

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

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

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

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

Twelfth ISEAC Discussion Meet in Electrochemistry (121" ISEAC-DM-2016) held at The
Acres Club, Chembur, Mumbai during December 7-8, 2016.

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

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


mailto:electrochembarc@gmail.com

10.

11.

12.

13.

14.

15.

16.

17.

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

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

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

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

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

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

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

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

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

Obijectives of ISEAC:

>

>

Promote the growth of Electrochemistry in India.

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

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

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

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



Karaikudi and Electrochemical Society of India (ECSI) based at Indian Institute of
Science, Bengaluru.

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

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

Procedure to join ISEAC:

ISEAC has the provision for individual to join as Life-members and for company to join as
Corporate Member. The Life-membership fee w.e.f. April 1, 2011 is Rs. 4000/- (Rs. Four
thousand 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:

Dr. A K Satpati

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)

You are Welcome to Join

ISEAC


mailto:electrochembarc@gmail.com
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'DAE-BRNS Conference on Electrochemistry for Industry,
Health and Environment
January 21-25, 2025

DAE Convention Centre, BARC, Mumbai — 400094, INDIA
Email: electrochembarc@gmail.com

Present conference under the series title “DAE-BRNS Conference on Electrochemistry for
Industry, Health and Environment, EIHE-2025" is proposed to be organized in association with
the Indian Society for ElectroAnalytical Chemistry (ISEAC) at DAE Convention Centre,
Anushaktinagar, Mumbai 400094 during January 21 to 25, 2025. Excellence of electrochemistry in
a wide spectrum has been included under the scope of this conference. This series of conference
has been admired by national and international scientists and is expected to have a large number
of eminent scientists from India and overseas attending the conference. It will be an excellent
opportunity to the academia and students of the country to interact with national and international
experts and widen the scope of scientific collaboration. Experts, researchers, students, and
industrial units working in this interesting area of research are invited to participate.

Patron

Vivek Bhasin, Director, BARC, Mumbai

Advisory Committee o Organizing Committee =23

U. Kamachi Mudali (HBNI) B. C. Pathak (NPCIL) A. Kumar, A.C. Bhasikuttan & C. N. Patra (Conference Chair)
D. K. Shukla (AERB) H. N. Ghosh (NISER) A. Awasthi (BARC) Krishna Mohan T.V (BARC)
C. G. Karhadkar (IGCAR) A. K. Tyagi (HBNI)

S. Satyakumar (HWB) Komal Kapoor (NFC) S. Mukhopadhyay (BARC) M. K. Saxena (BARC)
Sudeep Gupta (TMC) Peter Wipf (UK) Tapas Das (BARC) A. K. Singh (BARC)

P. Mukherjee (BRIT) R. Tewari (BARC) A. SenthilKumar (VIT-Vellore) R. Pai (BARC)

U. D. Malshe (B‘?ch uw. Vait(lya ( ?ARC) S. Jeyakumar (BARC) Mario Alpuche (USA)
F. Marken (UK) D. Koley (USA : .
Shigeru Amemiya (USA) S. Sampath (1ISC) K. Bhanja (BARC) P. S. Mukherjee (1ISC)

C. M. A. Brett (Portugal) S.M. Yusuf (BARC) Amrit Prakash (BARC) N. Choudhary (BARC)
S. Carsten (UK) P.A. Hassan (BARC) R. Acharya (BARC) Kulamani Dash (BARC)

S. C. Parida (BARC) S. Prasad (USA)

M. Opallo (Poland) A.M.O. Brett (Portugal)
D. K. Aswal (BARC) R. Kataky (UK) .
. N. RJM has (Bengall
Y. K. Bhardwaj (BARC) M. L. Mascarenhas (BARC) LSRG carenlias (Benaiud)
K. T. Shenoy (BARC) S. Adhikari (BARC) A. Dutta (IITB) A. Mukhopadhyay (IITB)

P. D. Naik (ex. BARC) S. K. Aggarwal (Mumbai) V. Sudarshan (BARC) C. Bhattacharya (IIEST)

G. Wittstock (Germany) J. Chattopadhyay (BARC)
G. Sugilal (BARC) Joe Mohan (BARC)

Local Organizing Committee ===
A. K. Satpati (Convener) Subir K. Ghosh (Co-Convener) Kothandaraman R. (Co-Convenor) P. K. Mishra (Secretary)
M. K. Dey (Jt. Secretary) V. T. Aher (Treasurer) Srikant Sahoo (Jt. Treasurer) K. K. Swain (BARC)

S. D. Kumar (BARC) S. A. Kumar(BARC) .
4 Manoj Neergat (IITB
N. P. Shetti (Hubballi) P. 5. Remya Devi (BARC) y Nesgas (D)
Manoj K. Sharma (BARC) 3
P. Chandra (ITBHU) Jayashree R (BARC) Naina R.H. (BARC)

M. Kathiresan (CECRI) Mohsin Jafar (BARC) Abh’;‘;,z:;:’a‘:;r:bs(ﬁ:g?ec R. Gupta (BARC)

T. N. Narayanan (TIFRH) S. Kundu (CECRI)

S. Shendage (KET)
M. Ghosh (BARC)
H. Basu ( BARC)




DAE-BRNS Conference on Electrochemistry for Industry,
Health and Environment

Important dates

Abstract submission

~=$ Catalysis and interfaces

~= PEC water splitting

~= Instrumentations and devices Up to 30th November’ 2024
~=) Battery, Supercapacitor, Fuel cell and Solar cell . )

~= Nonaqueous Electrochemistry R e g IS tf' a t’ on

~= Computational Electrochemistry

~= Electrodeposition, Electrosynthesis Up to 15“‘ December. 5 2024
~= Scanning probe technique and spectroelectrochemistry
~=) Electrochemistry in Pharmaceuticals and Drugs

~= Nanoscale Electrochemistry

~= Electrochemistry in Nuclear Energy »
~= Electrochemical Sensors and Biosensors Z:’" U"M':,m"/m ; Student INR 3000
~= Corrosion and mitigation India
Accompany INR 3000
Faculty USS$ 300
From Universities/
Re g ist rati o n Government institutes, Sadeny e
Overseas
) ) . . Accompany Uss 200
Registration fee includes conference proceedings,
lunch & dinner during the conference. Industriey]
: . Public Sectors/Private Employee/ Accompany | INR 12000
Accommodation can be arranged during January ihatitutes ‘
20— 25, 2025 at the conference venue or at nearby
ho.tels at a separate cost. The c?nference proceedu.rg Registration fee is only accepted through Online Fund
will be given to the primary {'eglst.ered delegates. Life Transfer to the following account:
members of ISEAC will avail a discount of INR 500 Name of Bank: State Bank of India, BARC Branch, Mumbai-
on the registration fee 400 085, India
Branch code: 1268
How to reach Beneficiary name: EIHE 2025

Account number: 00000043314680195
Mumbai is well connected to other parts of India and the BIC (Swift Code): SBININBB508

rest of the world. IFSC code (for within India): SBIN0001268
Participants arriving by train may alight at
Lokmanya Tilak Terminus (LTT), Dadar, Mumbai Please pay the specified fees through your online banking
Central, Mumbai CST or Bandra Terminus. system and then submit the registration form enclosing the
transaction receipt (your name.pdf) through the conference
'~~@ Participants travelling by flight will arrive at website.

Chhatrapati  Shivaji  International  Airport We have limited funding option for the students presenting a
(Terminal T1 or T2) paper in the conference and the selection will be based on the
quality of abstract. There will be poster and oral presentation
awards possibly sponsored by ACS, Elsevier and RSC to

Plenty of options for cabs are available at airports and railway encourage the students to carry out research in this area.

stations. Delegates are advised to take prepaid cab/call cabs (UBER,
OLA etc.) service at airport and railway stations.
Conference venue is at Anushaktinagar, which is also known as The de/egares ﬁ‘om abroad (ho/ding Foreign PaSSpOI‘f

BARC Colony. The conference venue can also be reached by . . . = " .
suburban trains in the harbour line and the nearest railway station md”dmg PIO) must submit their details Of valid

is Mankhurd and the conference venue can be reached from  passport (which will be carried during the event) at the
Mankhurd by Autorickshaw. Accommodation for most of the earliest through email. It is mandatory to obtain
delegates will be arranged close to the conference venue. Conference VISA for foreign nationals.

Contact: Convener, EIHE-2025, Analytical Chemistry Division, Bhabha Atomic Research Centre, Trombay, Mumbai — 400 085,
India, Email: electrochembarc@gmail.com; Web.: www.iseac.org.in; Phone: 91-22-25590744/0326/3227/2223/9532
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Programme Schedule

January 21, 2025; Tuesday

9:00- 10:30 hrs

Registration at DAE Convention Centre

10:30 - 11:45 hrs

Session 1 (Auditorium A)
Invited Lecture (20+5 minutes)

Chairperson: C. N. Patra

IT-39; Prof. Deepa Khushalani

New Materials for New Batteries: Formation of Solar Rechargeable
Batteries

IT-26; Prof. Subir Kumar Ghosh

Electrochemical Investigation of Molten Salt and Exploration of
Deposition of Thick Mo and W Coatings

IT-45; Prof. Shilpa N Sawant

Designing electrochemical biosensors for affordable healthcare

11:45-12:00 hrs

Tea at Lobby

12:00-13:30 hrs

Session 2 (Auditorium A)
Invited Lecture (20+5 minutes)

Chairperson: P.D. Naik

IT-48; Prof. Rubel Chakravarty

Production and Electrochemical Separation of Radiometals for
Formulation of Radiopharmaceuticals

IT-35; Prof. Jyoti Prakash

Electrochemical Energy Storage and Sensing by Carbon
Nanomaterials

Technical Presentation by Sinsil International

13:30-14:30 hrs

Lunch at dining hall, DAE Convention Centre

14:30-17:00 hrs

Session 3 (Poster Session)

Poster session (CP 1-CP 56) at Poster Hall




16:30-17:00 hrs Tea at Lobby

17:00 - 18:30 hrs
Inauguration of the Conference

(Auditorium A)

Opening of exhibition, Group photograph & High Tea

19:00-19:40 hrs Evening Lecture
(Auditorium A)
Chairperson: A.C. Bhasikuttan

Speaker: Dr. Sudeep Gupta, Director, Tata Memorial Centre

"Cancer care in India - Contribution of TMC"

20:00-21:30 hrs : Dinner at dining hall, TSH, Anushaktinagar

January 22, 2025; Wednesday

09:30 - 11:30 hrs : Session 4 (Auditorium A)

Chairperson: A.K. Tyagi

Plenary Lecture (30+5 minutes)

IT-30; Prof. Ritu Kataky

Electrochemical studies of Biological Interactions at Soft
Interfaces

Invited Lecture (20+5 minutes)

IT-15; Prof. T N Narayanan

Role of Electrolyte Structure in Heterogeneous Catalysis

IT-09; Dr. S. Senthil Kumar

Electrogenerated Chemiluminescence : Carbon Based
Nanomaterials As An Effective Luminophores And Co-Reactants
And Its Application Towards Biosensor

IT-12; Prof. Amit Paul

Electrochemical Dimerization of 3-Substituted-2-Oxindoles: Many
Routes, One Destination




11:30-11:45 hrs

Tea at Lobby

11:45-13:00 hrs

Session 5 (Auditorium A)

Invited Lecture (20+5 minutes)

Chairperson: H Pal & D. K. Maity

IT-06; Prof. Stijn F. L. Mertens

Real-time Dissolution and Speciation of Manganese from Battery
Electrodes during Charging and Discharging

IT-18; Prof. Jogendra Nath Behera

Inorganic Functional Materials for Sustainable Energy
Applications

IT-24; Dr. M. Kathiresan

Electrochemical Conversion of CO- to value-added chemicals

13:00-13:45 hrs

Lunch at dining hall, DAE Convention Centre

13:45-16:00 hrs

Session 6
Poster Presentations: CP-57 to CP-112 at Poster Hall

15:30-16:00 hrs

Tea at Lobby

16:00-18:30 hrs

Session 7 (Auditorium A)

Invited Lecture (20+5 minutes)

Chairperson: Probal Chaudhury & R. Acharya

IT-31; Prof. A.K. Mishra

Metal Air Batteries: Alternatives to Li-ion Batteries

IT-07; Prof. Sasanka Deka

Non-Precious Metal-Based Electrocatalysts for efficient Overall
Water Splitting Reaction

IT-38; Prof. Thandavarayan Maiyalagan

Molybdenum based Electrocatalysts for Efficient and Low-cost
Green Hydrogen Production

IT-17; Prof. Bhaskar R. Sathe

New Modifications in Electrocatalytic Hybrid materials for Water
Splitting and Fuel Cell Reactions




IT-33; Prof Pravin Popinand Ingole

Reactive CO; capture and photo-electrochemical photocurrent
polarity switching effect via tuning the electrochemical interfaces

IT-47: Prof. Ujjal Pal
Beyond Single-Atom Catalysts in Green Energy Transition

18:30-19:00 hrs

Tea at Lobby

19:00 - 20:00hrs

Cultural programme (Auditorium A)

20:00-21:30 hrs

Dinner at dining hall, DAE Convention Centre

January 23, 2025; Thursday

09:30-10:40 hrs

Session 8 (Auditorium A)

Chairperson: R. Tewari

Plenary Lecture (30+5 minutes)

IT-44; Prof. Shalini Prasad (online)
Electrochemical Point of Care device for profiling of vWFA2 for
Systemic Inflammatory State Detection

IT-28; Prof. Sangaraju Shanmugam

Single-Atom Electrocatalysts for Nitric Oxide Reduction to Value-
Added Chemicals

10:40-11:00 hrs

Tea at Lobby

11:00-13:00 hrs

Session 9 (Auditorium A)

Chairperson: Sulekha Mukhopadhyay & N. Choudhury

Plenary Lecture (30+5 minutes)

IT-29; Prof. Frank Marken (online)

Intrinsically Microporous Polymers in Electrochemistry

IT-25; Prof. Rama Kant

EIS Response for Anomalous Dynamics of EDL and Supercapacitor:
Theoretical Aspects




Invited Lecture (20+5 minutes)

IT-32; Prof. Partha Sarathi Mukherjee

Water-Soluble Molecular Vessels

IT-22; Prof. Ruma Ghosh
Reduced Graphene Oxide based Portable Sensors for PCA3

13:00 - 13:45 hrs

Lunch at dining hall, DAE Convention Centre

13:45-16:00 hrs Session 10

Poster Presentations: CP-113 to CP-168 at Poster Hall

15:30-16:00 hrs Tea at lobby

16:00 - 18:15 hrs

Session 11; (Auditorium A & Auditorium B)

Auditorium A

Chairperson: R.Pai & T. Das

Auditorium B

Chairperson: S. Jeyakumar & Virendra Kumar

Short talks (12+3 mins)

Oral presentation (8+2 mins)

IT-43; Dr. S. Sahoo

Engineering Nano Composites for

Electrochemical Sensing Applications

CP 3,15, 35,60,82,93,111, 117,121, 144,,
155,221

IT-20; Dr. Bholanath Mahanty

Polymeric membrane based potentiometric
sensors for lanthanides and actinides

IT-51; V Nafees Ahmed

Feasibility study of closed loop lodine-H2S
process for Hydrogen production

Oral presentation (8+2 mins)

CP2,7,29,37,46, 118,148,160, 215

18:15 hrs : Tea at Lobby

20:00 21:30 hrs

Dinner at Anushaktinagar

January 24, 2025; Friday

09:30 - 11:35 hrs

Session 12 (Auditorium A)

Invited Lecture (20+5 minutes)




Chairperson: S. Malhotra & Amrit Prakash

IT-37; Prof. Raj Ganesh S. Pala

Catalysing Nuclear Reactions & Channelizing its energy

IT-10; Prof. Kothandam Krishnamoorthy

Rechargeable Batteries with Organic Polymers and Small
Molecules

IT-19; Prof. S.T. Aruna

Indigenization of Ceramic Tapes and Substrates for Space
Electronics and Electrochemical Device Applications

IT-36; Prof. A.K Satpati
Spectroelectrochemical investigations in Characterisation of BiVO,
and Hematite interface

IT-34; Prof. Sandeep K C

Electrochemical Technologies for Hydrogen Economy

11:35-11:45 hrs

Tea at Lobby

11:45-13:00 hrs

Session 13 (Auditorium A)

Invited Lecture (20+5 minutes)

Chairperson: K. Bhanja & S. Parida

IT-51; Prof Sudhakar Prasad

Innovative Paper Electrodes for Clinical and Preclinical
Diagnostics and Validation

IT-49; Prof. Sanghamitra Chatterjee

Effortless Devising and Theranostic Applications of Nanomaterial

Modified Sensors: State of The Art

Prof. Stijn F. L. Mertens

Tutorial Lecture

13:00 -13:45 hrs

Lunch at dining hall, DAE Convention Centre

13:45-16:00 hrs

Session 14

Poster Presentations: CP-169 to CP-224 at Poster Hall

15:30-16:00 hrs

Tea during poster session

16:00 - 18:05 hrs

Session 15 (Auditorium A)




Invited Lecture (20+5 minutes)

Chairperson: R N Singh & A Awasthi

IT-23; Prof. Rajesh Ganesan

Molten salt electromotive force method for thermodynamic
measurements

IT-04; Prof. Chinmoy Bhattacharya

Effect of Dopants & Co-Catalyst in Enhancement of Photo
electrochemical Applications for Microwave-assisted Synthesis of
BiVO4 Semiconductor

IT-40; Prof. Balaji P Mandal

Strategies to improve electrochemical performance of Li-S batteries

IT-08; Prof. Manisha Malviya

Unveiling enigmatic selenides for alkaline water splitting process

CP-211; Prof. R. K. Lenka

Interpretation of electrode reaction mechanism in High
Temperature Steam Electrolysis cells by deconvolution of
impedance spectra

20:00 21:00 hrs

Dinner at TSH, Anushaktinagar

January 25, 2025; Saturday

09:30 - 11:55 hrs

Session 16 (Auditorium A)

Chairperson: G Sugilal & M L Mascarehnas

Invited Lecture (20+5 minutes)

IT-50; Prof. Tharamani C. Nagaiah

Designing greener energy conversion system for a sustainable
future

Short talks (12+3 mins)

IT-41; Dr. Jyothir Ganeshwar Reddy Ummadi

Advancing Electrochemical Sensing for Healthcare and
Environmental Applications

IT-21; Dr Balaji B. Mulik




Electrochemical and Catalytic Conversion CO; on Graphene Oxide
hybrids

IT-13; Dr. Jitendra Kumar

Application of Electrochemical and other biosensors in agricultural
monitoring

CP-98; Dr. Anupriya Haridas

Tailoring Multi-electrolyte Additive-Mediated Electrode-Electrolyte
Interphase for Stable Electrochemical Cycling of Lithium Iron
Manganese Phosphate Cathodes

IT-46; Dr. Rahul Agarwal

Best Practices in the Evaluation of Electrochemical Kinetic
Parameters for Reversible and Irreversible Redox Couples Utilizing
Cyclic Voltammetry

IT-27; Dr. Rajini P Antony

Operando Spectro-Electrochemical Approach for Evaluating
Electrochemical Interfaces Relevant to Industrial Electrolysers

11:55-12:10 hrs

Tea at Lobby

12:10 - 13:00 hrs

Session 17 (Auditorium A)

Valedictory Function of EIHE 2025

13:00 -13:45 hrs

Lunch at dining hall, DAE Convention Centre




Content Page

Collection of articles

Article-1

Graphitic carbon nitride (g-C3N4) electrodes for energy conversion and
storage technology

Sangeeta Ghosh, and Chinmoy Bhattacharyaa

Article-2

Improved Methylene Blue Adsorption on Biomass-Derived Carbon
Quantum Dots/Nafion Composite for Electrochemical Applications
Jayaprakash Meena, Z. Waseem Basha S. Muniraj, K. Santhakumar and

Annamalai Senthil Kumar

Article-3

Cobalt di-selenide sustained polymerized melamine paraformaldehyde
resin: An effective electrocatalyst for alkaline water oxidation

Manisha Malviya, Rishabh Mishra and Vivek Chaubey

Article-4

Synergistic effect of iron oxide nanoparticles and single walled carbon
nanotubes interface as a sensing platform for sulfasalazine electro
oxidation

Suyash Mane and Sanghamitra Chatterjee

Article-5

Performance evaluation of photoanodes used for PEC water splitting:
Discussion on a few techniques and their applications

Sudipa Manna and A.K.Satpati




Article-1

Graphitic carbon nitride (g-CsNa) electrodes for energy conversion and
storage technology

Sangeeta Ghosh?, and Chinmoy Bhattacharya®

“ Department of Chemistry, Indian Institute of Engineering Science & Technology,(IIEST),
Shibpur, Howrah — 711103, West Bengal, INDIA

* Email: chinmoy@chem.iiests.ac.in; cbhattacharya.besus@gmail.com

Abstract: Graphitic carbon nitride (g-C3N4) has emerged as one of the most promising
photocatalysts due to its metal-free nature, abundance of raw material, tunable band gap,
suitable energy-band position, and thermal physical-chemical stability. The breakthrough
research studies in recent years have mostly been concentrated on the engineering of the
intrinsic and morphological properties of g-CsNs-based photocatalysts for artificial
photosynthesis and environmental remediation. However, practical applications of g-C3Ns-
based electrodes and devices are still in the early stages of development owing to the difficulties
in depositing high-quality and homogenous CN layer on substrates, its wide band gap, poor
charge-separation efficiency, and low electronic conductivity. This review addresses the
exploration of a broad spectrum of applications pertinent to g-C3Nas-based electrodes. Although
this paper is principally focused on photoelectrochemical water splitting, other emerging
applications of g-CsN4 in solar cells and electrocatalysts are also discussed. The main
challenges for CN incorporation into PEC cell are described, together with possible routes to
overcome the standing limitations toward the integration of CN materials in PEC and other

photoelectronic devices.
1. Introduction

Inexhaustible solar energy is considered as one promising alternative source to fulfill the

increasing energy demands of human society owing to the surprisingly high consumption of

[1-4

finite fossil fuels ['*. Photocatalysis is an effective approach to harness the intermittent

sunlight conversion into storable and transportable chemical fuels without emitting greenhouse



gases, for instance hydrogen gas derived from water splitting and carbon monoxide reduction

-1l which are practical artificial photosynthesis strategies to emulate

into carbon-based fuels [
the natural photosynthesis process and induce a predominant reliance on cleaner energy
varieties to address the global energy crisis and environmental issues. However, one safety
problem should not be ignored: when the water splitting reaction occurs on the surface of
powdered semiconductors in a photocatalysis system, hydrogen and oxygen gases are
generated in the same space, forming a potentially explosive mixed atmosphere. In view of
this, it is advisable to produce hydrogen and oxygen gas in separate compartments that can be
realized by utilizing photoelectrochemical (PEC) cells which was initially adopted by
Fujishima and Honda in 1972 [!2], Additionally, using PEC devices is a more straightforward
approach to achieve the solar-to-chemical energy goal, which just utilizes semiconductors to
combine the electrocatalytic and light-absorbing functions [*l. In a semiconductor powder
system, the process starts with the absorption of sunlight by the semiconductor materials in the
photoanodes which can generate electron-hole pairs 'Y, The electron is excited from the
valence band (VB) to the conduction band (CB) to take part in the water reduction (2H+ + 2¢
/ H2), and the remaining hole in the VB will participate in the four-electron oxidation reactions
(2H20 /4H+ + O2 + 4e ) owing to the fact that the VB position should be more positive than
the oxygen evolution potential '], It is evident that the water splitting process can be divided
into three basic steps: (1) light absorption by semiconductors, (ii) the separation and
transportation between electron and hole charge carriers, and (iii) the surface reactions [1¢],
However, in a PEC device [, the electron will be transferred to a counter electrode by a
conducting wire, and the water reduction reaction will occur at the counter electrode instead.
It should be noted that at least one of the electrodes should contain semiconductor materials,
and the photon energy in absorbed light must be greater than the bandgap energy (Eg) in the
semiconductor materials. Three-electrode configuration combination ¥ with an
electrochemical workstation is generally adopted in PEC measurements to control the applied
bias voltage and detection of photoresponsive current. The core of PEC devices is made of
semiconductor materials with photocatalytic activity. Currently, substantial efforts have been
devoted to the development of TiO, 1, a-Fe,03 2%, BiVO4 21, ZnO 221 and many more types
of photoanodes. However, for practical applications of PEC devices, it is desirable to develop
much lower cost photoanodes with widely available components. In recent years, carbon nitride
which is a sought-after alternative has attracted widespread attention with inestimable
superiority owing to the merits of the abundant composition elements, good thermal stability,

2



non-toxicity, an appropriate bandgap (2.7 eV) (Fig. 2a), which is large enough to exceed the
endothermic trait of the water splitting reaction, and no suffering from photo-corrosion during
the water splitting process [2*1. Moreover, because of not containing heavy metal ions, aged g-
CN based photoanodes are very convenient to handle and dispose. In 2009, Wang et al. first
proved that g-CN can be used as a metal-free photocatalyst for water splitting **. However,
the key step in the application of g-CN in PEC devices is preparing high-quality g-CN films
on conductive substrates to form g-CN photoanodes. Direct deposition of g-CN powder on
substrates by using drop casting 2], spin coating ?°), sol-gel *”! or vacuum filtration methods
(28] cannot obtain eligible photoanodes owing to the weak adhesion between the g-CN powder
and substrates. In 2010, Zhang et al. first introduced g-CN into PEC devices by depositing g-
CN powder on conductive indium-doped titanium dioxide (ITO) glass substrates with only less
than 1 pA cm™ photoresponsive current density [*°). Accordingly, this pioneering work
indicated that it is imperative to develop facile approaches to fabricate high quality g-CN films
which are suitable to be utilized in PEC devices as photoanodes. Moreover, besides water

splitting, g-CN films also have promising widely target-specific applications that researchers

-32] [33]

have tried sporadically, such as light-emitting diodes (LEDs) [*° solar cells

39411 The aim of this review is to attract the attention

electrocatalysis **3%], and degradation !
of many more researchers to devote themselves to the study of g-CN semiconductor which

have promising potential to be a new academic hot spot in the future.
2. Basic frame work of g-C3Na4:

The study of carbon nitride can be traced back to 1834, which was first reported by Berzelius
and Liebig.[*! g-C3N4 can be fabricated by a direct pyrolysis of low-cost nitrogen-rich
organic precursors, such as urea, thiourea, cyanamide, dicyanamide, melamine and so on. The
main steps of the reaction pathways for various precursors with a series of polyaddition
and polycondensation reactions to form g-C3N4, presented in Figure 1. The first four precursors
can form melamine at appropriate temperatures; the melamine can polymerize into a dimer
called melam at about 317°C and then rapidly react to form melem at around 390°C; the melem
can further condense into one dimensional chains of amine-linked tris-s-triazine (heptazine)
units called melon at 500°C, and the g-C3Njy structure is cross-linked via its tris-s-triazine units
by trigonal nitrogen atoms polymerized completely at above 520°C. Furthermore, g-C3Ns will
begin to gradually decompose at more than 600°C. All steps are accompanied by the evolution

of NHs. It is almost impossible for g-C3N4 to form a nitrogen-substituted graphene model
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because of high instability.[** **) The recognized g-C3N4 framework of coplanar tris-s-triazine
units composed of aromatic rings with alternative connections of carbon and nitrogen atoms

431 and this is the most stable

was initially determined by Pauling and Sturdivant in 1937,
allotrope of carbon nitride. However, we should note some facts; this structure is currently
well-accepted and considered as the most stable configuration. It is very difficult to form this

ideal structure totally due to the formation of the 1D chain called melon.

Two fundamental tectonic units for the formation of g-C3;Ns allotropes are triazine C3N3
(melam) and tri-s-triazine/heptazine C¢N7 (melem), with the latter having the most stable phase
at ambient temperature. The excessive charge carrier recombination of g-C3Ny, attributed to its
aromatic pi system, leads to its high fluorescence. g-C3N4 with higher surface area via the
elimination of its interplanar amino hydroxide bonding with an elevated band gap
corresponding to its color change from dark yellow to light yellow. These transformations in
optical properties occur due to the well-known quantum confinement effect, elevating the
internal generated voltage and effectuating the transport of photogenerated electron/hole pairs.
Since the exfoliation procedure merely affected the interplanar long range order bonding, the
interlayer short range order bonding of aromatic heterocycles remained intact. Cls bonding
that is comprised of two distinct peaks, namely sp? carbon—carbon bonding (C—C) or (C=C)
and sp’carbon atoms bonded to nitrogen (C—-N=C). The N1s consists of four peaks, namely sp?
hybridized carbon—nitrogen bonding (C-N=C), sp’ tertiary nitrogen bonding N—(C)3 weak

amino hydrogen bonded functional groups (C—N—H), and pi-excitations (I to IT* transition).

NH, NH; NH, N N N
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Figure 1: Reaction pathways for various precursors with a series of polyaddition and

polycondensation into g-C3Na.
3. Mechanism of water splitting with g-C3Nai:

Fundamental insights into the reaction mechanism for oxygen evolution, CO> reduction,
nitrogen reduction, and oxygen reduction can pave the way for comprehending photo
electrochemical devices. The reaction mechanism of g-C3Ny for photocatalytic water splitting
was investigated by Ehrmaier et al. Hartree-Fock orbital of molecular heptazine demonstrated
orbital that are exclusively localized for N and C atoms at the HOMO and LUMO, respectively.
The VB of g-C3N4 was principally composed of N orbital while its CB was mainly comprised
of C orbital (Figure 2). For molecular heptazine, upon HOMO/LUMO photo-excitation, the
electron density is shifted from the N atoms to the C atoms, making the p orbital of N atoms
highly electron deficient. Since the HOMO of heptazine is positioned at lower energy levels
compared with the VB of liquid water, the electrons are transferred from the H atoms of
hydrogen-bonded water molecules to the electron-deficient peripheral N atoms of heptazine.
Consecutively, the proton in water follows the electron transfer, culminating in the formation
of a heterocyclic radical and OH radical in their ground states. Upon a second photo-excitation,
two heterocyclic radicals can combine and produce molecular hydrogen. Substitution of
heptazine with electron withdrawing groups can diminish the barrier of H atom transfer.
Depletion of hydroxyl radicals in the acidic electrolyte decreases the VB of liquid water and
diminishes the transfer of electrons to the HOMO of heptazine. This finding is also in harmony
with other studies where g-C3N4 photoelectrodes achieved significantly higher photocurrent in

alkaline environments compared with acidic ones.
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Figure 2: Electronic structure of g-C3N4
4. PEC water splitting and modification of g-C3Na:

CN materials are used as photocatalysts for both water splitting half-reactions (hydrogen and
oxygen evolution reactions, HER and OER, respectively) [*¢ though they are mostly used for
hydrogen production with various co-catalysts, dopants, and heteroatom modifications 7).
Oxygen evolution by CN materials is less common, as a result of the challenges imposed by
the valence band (VB) position and the sluggish reaction kinetics. In this section, we describe
the recent advances and the underlying photophysical processes involved in the successful
operation of a PEC based on a photoanode composed of CN for water splitting. It is important

to note that CN can also serve as the photoactive component of a photocathode 351, At the

end, we briefly discuss CN-based electrodes in other photodriven applications.
4.1. Light Absorption:

Light absorption is the first step in the PEC operation. Upon illumination, the photons are
converted to electron—hole pairs °?1. The minimum possible band gap of a semiconductor (SC)
for water splitting is 1.23 eV. However, because of both thermodynamic energy losses (0.3-0.4
eV) and the over-potential needed to overcome surface reaction kinetics (0.4—0.6 eV), an E; of
about 1.8 eV is realistic and optimal >3], Typically, p—p* transitions in the conjugated aromatic

system of CN result in E; ~ 2.7 €V, that is, an absorption at A<460 nm, which is not sufficient
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for practical applications, owing to limited theoretical photocurrents. Thus, it is desirable to
shift its absorbance toward longer wavelengths. Enhanced absorption of CN materials in the
visible part of the spectrum has been obtained by the formation of p-conjugated polymers
incorporating donor—acceptor structures **331 by copolymerization with different organic
monomers P38 or by incorporation of different heteroatoms **-*!l and halogens *?!. The
increased absorbance following the incorporation of iodine and sulfur, for example, is one of
the reasons behind increased photocurrents. In general, the E; of CN materials can be easily
tuned by changing their C/N ratio or their spatial organization. However, the limited control
over the deposition of CN powders onto electrodes hinders the capacity of applying the
knowledge obtained from CN powders to PEC photoelectrodes. Niu et al. proved that by
controlling the condensation temperature of CN precursors, nitrogen vacancies could be
induced, resulting in additional absorption bands from 450 to 600 nm. At sufficiently high
temperatures, the thermal annealing of CN films prepared by TVC induced the removal of N
atoms from the triazine units, and theoretical calculations confirmed the formation of new C=C
p-bonds upon N release. This modification of the energy levels combined with increased
conductivity resulted in the doubling of the photocurrent density of annealed CN films. Tailored
monomer design is another method for influencing the electronic properties of CN-films, thus
tuning the optical absorption window so that a higher fraction of the solar spectrum is
harvested. With the addition of a C-rich molecule in the supramolecular complex used as a
precursor, a red-shift in the optical absorbance of the resulting CN films was observed, as a
result of the replacement of some nitrogen atoms with carbon. This effect led to a two-fold
photocurrent increase, from 3 to 6 mA cm 2. Adding 2,6-diaminopyridine as a co-monomer
while using the TVC method was also shown to increase the C content in CN films, which
afforded films with an enhanced and red-shifted absorption. The introduction of sp? carbons
within the structure resulted in a fourfold photocurrent increase, reaching an external quantum
efficiency of 16% at 400 nm. Xu et al. showed that the introduction of an intermediate level
near the VB leads to enhanced photocurrents due to enhanced absorption and better hole

extraction properties.
4.2. Charge Transport in CN:

In water-splitting PECs, the oxidation (at the anode) and reduction (at the cathode) are
performed simultaneously but are spatially separated. In the common photoanode setup, the

electron—hole pair generated throughout the active layer must separate and migrate to their
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appropriate positions. The hole oxidizes water at the surface (at the liquid junction), while the
electron must travel to the conductive electrode and participate in the reduction reaction at the
liquid junction on the surface of the cathode. While increasing the thickness of the active layer
results in increased light absorption, this also results in higher recombination rates between
electron and holes in the VB or surface states. This trade-off is crucial in the PEC performance
and is limited by light absorption and charge extraction properties. Contrary to the case of
graphene and other layered materials, Merschjann et al. [®*] showed that in CN the charge
transport occurs along channels perpendicular to the graphitic sheet and that the electrons and
holes show high mobility, implying that perpendicular charge mobility should also be sufficient

in a layered CN structure.

Currently, the CN-PEC efficiency is still low, owing to the fast recombination of photoexcited
charges (Figure 3a), poor electron and hole diffusion, and the existence of defects, which lead
to deep trap states and form a kinetic barrier for hole extraction to the electrolyte. To overcome
these limitations, several photoanode configurations with theoretically enhanced performances
have been proposed (Figure 3). An electron acceptor layer (EAL) was utilized (Figure 3a) to
increase the ability of photoexcited charges to react according to the desired pathway [64,
Transient absorption spectroscopy (TAS) measurements show that the charge injection rate
from CN into TiO: is in the nanosecond regime and three orders of magnitude faster than the
back-recombination rate. However, it was found that the hole extraction rate is limiting the
overall performance of the PEC [%*!. The incorporation of nano-structured electron-transporting
paths, such as nanowires and nanotubes, within the active layer decouples light absorption from
charge-carrier migration. In this case, the recombination is further hindered by the EAL since
the necessary electron diffusion lengths are shorter than the thickness of the absorbing CN
layer. CN on the surface of TiO2 nanorods resulted in 21-fold photocurrent increase relative to
bare CN %%, Similar trends were also found for TiO; nanotubes modified with CN ©71 or
phosphorous-doped CN, where the increased performance was ascribed to longer electron
lifetimes in the active material [**]. CN on the surface of ZnO nanowires study, the CN layer
acted as an efficient hole extraction layer rather than as an absorber. Carbon-based
nanostructures such as reduced graphene oxide (rGO), carbon nanotubes (CNT), and others
can also serve as electron conduction paths. Constructing a type II heterojunction between a
semiconductor (SC) and CN (Figure 3b) has similar electronic advantages to those arising from

interfacing CN with EAL, as well as an improved light collection if the second SC has a



narrower band gap to that of the CN. This was demonstrated when CN sheets were mixed with
BiVO4 nanoparticles (Eg ~ 2.53 eV), which resulted in a 10-fold photocurrent increase, as well
as with other vanadates, and with hematite. The type II energy band alignment can be also
achieved by depositing two or more CN layers with different band gaps. Tang and co-workers
showed that the construction of a boron-doped CN/CN heterojunction can lead to a significant
enhancement of the photocurrent thanks to improved charge separation and charge transfer

within the electrode.

One of the major limitations of CN-PEC performance is the poor electronic conductivity of the
CN layer. It leads to a high charge recombination rate and to a very low diffusion length. The
latter limits the thickness of the active harvesting layer and therefore restricts light absorption.
Increasing the amount of C=C bonds in the CN structure is one way to improve its conductivity.
Recently, it was shown that C=C bonds can be introduced by selecting the appropriate
monomer precursors. The new C=C bonds within the CN structure have synergetic positive
effects, namely improved electron conductivity and red-shift of the absorption onset. Another
method to circumvent the poor electron conductivity is the previously mentioned hybridization
of CN with conductive materials that serve as conduction paths. In that case, the electrons are
immediately transferred into the conductive layer, which acts as current collector. Very recently,
we succeeded in synthesizing CN/rGO films on FTO from the thermal condensation of a
supramolecular organized mixture of CN monomers with graphene oxide that was cast on FTO
by a doctor blade coating process. Our results point out that the optimal layer thickness is 36
mm, that is, that electron can effectively diffuse this distance without recombining with holes.
The long diffusion length resulted in only a small amount of recombination of photoexcited
charges and improved light-harvesting properties, leading to a substantial photocurrent
enhancement compared to the pristine one [*°1. To improve light-harvesting properties and the
charge separation of excited charges, a porous electrode structure can be used. The porous
structure enables high loading of CN and direct contact with the electrolyte. In the case of dye
sensitized-like structure, the electrons are being injected into the porous semiconductors and
holes are extracted to the electrolyte. Therefore, the lifetime of excited charges is extended and

the PEC displays a better photoactivity.
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Figure 3. Advanced photoanode interfaces: a) an electron-accepting layer (EAL) between the
transparent conductive electrode (TCO) and the CN. b) Type II heterojunction with two
semiconductor (SC) materials. ¢) Co-catalyst at the CN-liquid junction interface. d) Porous CN

layer.
4.3. Surface Reaction Kinetics:

In a photoanode, water oxidation on the SC surface is considered as the bottleneck. The
introduction at the solid-liquid interface of a co-catalyst that can both act as a sink for holes
from the CN and serve as the catalytic spot for oxygen evolution was proven to be a successful
approach (Figure 3c). Transition metals and their compounds are the typical co-catalysts for
CN. For example, Qiao et al. found that, thanks to the coordination of cobalt to the N atoms of
CN, the Co-C3N4/CNT system resulted in improved electrocatalytic OER performance 7%,
Zhang et al. inserted Co into the framework of CN via chemical interaction. The surface
junction modification accelerates the photocatalytic OER kinetics, enhances light harvesting,
and accelerates charge transfer ", Embedding Co*" within CN doubled the photocurrent and
lowered the water oxidation over potential of a PEC 7>, Ni-doped CN afforded much higher
photocurrent compared to the pristine CN electrode, which is attributed to the superior catalytic
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activity of Ni as well as increased light absorption. TAS measurements indicate that the holes
are concentrated in the Ni co-catalyst, further facilitating the charge separation within the CN
electrodes, and that holes were efficiently extracted by the electrolyte. The deposition of CoOx
onto the surface of CN is more efficient at facilitating OER than bulk doping in terms of
increasing the number of active sites, lowering the over-potential, and accelerating the interface
charge mobility [, Metal phosphides, such as CoP ¥ and NiCoP [, constitute another
potential class of OER co-catalysts. To improve both charge transportation within the absorbing
layer and sluggish OER reaction kinetics, Chen and coworkers developed a ternary hybrid gel
composed of N deficient porous CN, N-doped rGO, and NiFe-layered double hydroxide
(LDH). Hole scavengers are sacrificial materials that have suitable energy levels and fast
oxidation kinetics, thus lower the over-potential. Na>S, alcohols, and amines are some popular

hole scavengers that lead to enhanced PEC performance.
4. Summary and outlook:

PEC devices for water oxidation have been intensively investigated in the past few decades.
The balance between cost and performance is a decisive factor for commercial applications.
Although metal containing semiconductors exhibit good PEC performance, the high cost owing
to the raw materials or complicated fabrication process impedes the practical
commercialization. Metal-free g-CN is a suitable candidate which has attracted much attention
in the past several years. In this review, the basic knowledge on PEC cells is presented with

new perspective on the structure of g-CN.

As a bulk material, CN can meet the requirements of a photoanode with suitable light-
harvesting properties, stability under operational conditions, and appropriate energy band
positions. However, in practice, there is still a long way to go before CN materials can become
a real alternative to state-of-the-art semiconductors. To achieve a substantial progress in the
implementation of CN materials and to obtain efficient photoelectric devices, several important
issues should be resolved. Based on the above-mentioned considerations, a significant

advancement of this topic requires addressing the following points:

(A) Decreasing the band gap of CN: This would result in increased light harvesting and
photocurrent density. It can be achieved by optimizing the C/N ratio and the spatial

organization of the N atoms in the final material and/or by doping with heteroatoms.
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(B) Suppression of photoexcited charges recombination and efficient carrier separation and
transportation: The conductivity of electrons can be improved by replacing some C=N with

C=C bonds or by doping with heteroatoms/metals.

(C) Passivation of layer through defect formation: The chemistry of CN materials can lead to
the formation of many defects below the CB. CB electrons may be trapped in these states and
may eventually recombine with holes in the VB. In a layer, these defects may act as
recombination centers that hinder the conductivity and the final performance. Therefore, the
CN layer passivation along with better crystallinity will play an important role in the activity
enhancement. This may be achieved by recrystallization on a substrate, and by careful design

of synthetic procedure.

(D) Fast reaction kinetics at the CN/electrolyte interface and long-term stability: For most of
the recently reported high performance PEC, the best configuration often comprises a
semiconductor and OER co-catalysts (at the photoanode). However, as CN-PECs are still at
the early stage of their development, only a few works reporting the use of co-catalysts with
the CN layer have been published. There are several factors that should be considered when
integrating a co-catalyst onto a CN layer. The first issue is the nature of the contact, which
varies with different types of co-catalysts and alters the transport of charges across the
CN/electrolyte interface. Furthermore, the electronic properties of the co-catalyst must match
the VB structure of the CN for efficient hole transfer. Since most of the research thus far has
focused on CN materials for reduction reactions (for example, hydrogen and CO: reduction),
it has mainly dealt with electron transfer co-catalysts; only a few works regarding water
oxidation co-catalysts have been reported. Despite this, an already wide range of
electrocatalysts with high OER activity has emerged over the last years; thus, we believe that
suitable co-catalysts can and will be found. To evaluate the performance of CN-PECs, their
long-term stability should be studied. In this case, using both a co-catalyst and a protective

layer is possible.

(E) Gaining a fundamental understanding about photoelectrochemical, charge-separation and
transfer processes, and at a later stage their relationships with structural, chemical, and
photophysical properties: The lack of basic knowledge regarding the CN layer properties
impedes the ability to improve their PEC performance. Therefore, advanced spectroscopy

methods such as transient absorption spectroscopy, time-resolved fluorescence measurements,
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and time-resolved microwave conductivity etc. may be helpful to shed more light on the

involved photoelectrochemical processes.

To summarize, although there are many obstacles hindering the use of carbon nitride materials
in photoelectrochemical devices, we believe that their unique properties and broad chemistry
will make it possible to overcome the current difficulties and limitations. Furthermore,
developing tools for the synthesis of CN layers on substrates, together with advancements in
the understanding of the photophysical and photoelectrochemical properties, may result in their

exploitation in solar cells, light-emitting diodes, and sensors.
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Abstract

Methylene blue (MB) is a versatile electrochemical redox system with applications in
chemical sensors, electrocatalysis, biosensors, and electrochemical immunosensors.
Developing stable, redox-active, chemically modified electrodes remains a challenging
research task. In this study, we demonstrate the highly efficient immobilization and redox
functionality of MB on a biomass-derived carbon quantum dot (CQD)/cation-exchanging per-
fluoropolymer, Nafion®-composite modified glassy carbon electrode, referred to as GCE/Nf-
CQD@MB, for electrochemical application. The CQDs were synthesized using an eco-
friendly, one-step ultrasonication method with the Vasambu herbal plant (Acorus calamus).

The CQDs were characterized through various physicochemical techniques, revealing that they
17



occupy the ~5 nm hydrophilic channels of the Nafion membrane via cooperative interactions
involving n-n stacking and ionic bonding. Control electrochemical experiments using CQDs
and Nafion for MB adsorption showed weak or negligible redox responses. However, the
chemically modified electrode, GCE/Nf-CQD@MB, exhibited an excellent surface-confined
redox peak at a standard electrode potential (E°= 0.3 V vs. Ag/AgCl) in a pH 7 phosphate
buffer solution. As a proof of concept, we explored the voltammetric pH sensing capabilities

of this electrode.

Keywords: Methylene blue; Nafion; Biomass-carbon quantum dots; Surface-confined redox-

behavior; Synergic effect; pH sensor

1. Introduction

Methylene blue (MB) is a synthetic dye that has been widely used for centuries to color
cotton, silk, and wool textiles [1,2]. The excessive discharge of MB from industries into aquatic
environments poses a significant environmental threat [3]. Chronic exposure to MB and its
derivatives in humans has been linked to mutagenic [4], allergenic [5], and carcinogenic effects
[6]. Despite its environmental concerns, MB also has a long history of clinical applications (at
low dosages), particularly in medicine and microbiology [7]. Its unique properties make it a
valuable tool for various diagnostic and therapeutic procedures. Some examples include: (i)
Malaria diagnosis: MB is used to stain blood smears, allowing for the identification of malaria
parasites. The dye binds to the DNA and RNA of these parasites, making them visible under a
microscope [8], (ii) Methemoglobinemia treatment. MB can reduce methaemoglobin, an
abnormal form of haemoglobin that cannot carry oxygen, back to normal haemoglobin. This is
essential for treating methemoglobinemia, a condition characterized by a significant amount of
oxidized haemoglobin [9], (iii) Antiseptic and disinfectant: MB has been used to treat minor

skin infections, wounds, and urinary tract infections (UTIs) [10], (iv) Neurological disorders:
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Studies have explored the potential of MB in treating Parkinson's disease [11], although further
research is needed. It has been suggested that MB might improve mitochondrial function and
reduce oxidative stress [12], (iv) Algal bloom control: MB has been used to inhibit the growth
of certain algae species in water bodies [13] and (v) Food industry: MB is sometimes used as
a food coloring agent and preservative [14]. In addition to its biomedical applications, MB's
excellent proton-coupled electron-transfer activity makes it a valuable mediator for oxidation
and reduction reactions [15-17]. It has also been used as an enzyme cofactor in
bioelectrocatalytic [18-20] and bioelectrochemical immunosensors [21,22] and pH sensor [23—
26]. Developing effective MB adsorption systems for real-time applications is a challenging
research task. This study presents a vasambu-herbal plant (Acorus calamus)-derived biomass
carbon quantum dots (CQD) material/perfluoro cation exchanging polymeric membrane
(Nafion) chemically modified electrode (Nf-CQD@MB) as an efficient adsorbent for MB. Its
electron-transfer characteristics were evaluated using cyclic voltammetry (CV), and sensitive

voltammetric pH sensor was demonstrated as a model system for real-time applications.

For the adsorption of methylene blue (MB), various adsorbents have been reported in
the literature, including silica [27], clay [28], zeolite [29], carbon nanomaterials (such as carbon
nanotubes [30,31] graphite [32], graphene [33], graphene oxide [21,34]), and biomass-derived
carbons [13,35,36]. While these materials are effective for bulk adsorption applications,
extending their use to electrochemical applications can be challenging due to electrode fouling
[37]. Electrode fouling is a significant issue in MB-based chemically modified electrodes. For
example, MB adsorbed on unmodified glassy carbon electrodes (GCE/MB.ags) and oxygen-
functionalized single-walled carbon nanotubes (GCE/Nf-CQD@MB.ags) exhibited
approximately 30% fouling after only twenty continuous cycles in cyclic voltammetry

experiments at a scan rate of 100 mV/s [38,39]. To stabilize MB on electrodes, it is advisable
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to use pristine graphitic structures with a high concentration of basal planes rather than edge
planes. In this regard, reduced graphene layers linked to MB have been reported for preparing
stable MB-chemically modified electrodes [34,39]. lonic interactions between MB and cation-
exchanging perfluoro polymer membranes, such as Nafion, have also been explored [39,40].
Interestingly, in this work, a low-cost and environmentally friendly biomass carbon quantum
dots/Nafion composite modified glassy carbon electrode, designated as GCE/Nf-CQD, have
demonstrated excellent adsorption and stable electrochemical responses for MB in pH 7
phosphate buffer solutions (GCE/Nf-CQD@MB). The synergistic mechanism for enhanced
MB adsorption in these systems involves both n-n interactions on the graphitic surface and
cation-exchange interactions with the sulfonic sites of Nafion. As a model system, this work

demonstrated the application of voltammetric pH sensing.

A person's physiological, biochemical, and medicinal conditions can be significantly
impacted by their pH level. For instance, the presence of bacterial colonies and enzymes causes
the pH at chronic wound sites to shift from slightly acidic (pH 5.5) for healthy skin to basic
(pH 7.0-8.5) for damaged skin [41]. Similarly, in food preparation, the pH level indicates the
germination or inactivation of bacterial spores, protein denaturation, gelification, and the
development and death of microorganisms. Potentiometric pH probes like glass electrodes are
still the gold standard, but their precision is limited since it can be challenging to discriminate
between intended pH changes and probable drifts or errors (up to 0.02 pH units every day).
Numerous electrochemical pH sensors based on voltammetric, amperometric, and
potentiometric methods have been published in this regard [42,43]. Among these, a
potentiometric pH sensor with a bulb-tip glass electrode diameter of 1-12 mm has been utilized
a lot because of its commercial availability, quick response time, sensitivity, and selectivity.

Indeed, its suitability for some applications is limited by issues with its delicate nature, alkaline
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mistakes, instability, and probable drift [44,45]. As an alternative, pH-sensitive redox probes
have been reported, such as quinone functionalized graphitic edge-planes based voltammetric
pH-sensing  method, hydroquinone (HQ) [46,47]] and anthraquinone (AQ)
[48,49]phenanthroline-quinone [50] and methylene blue dye [23-26] etc. In this connection
design and development of simple, sensitive and stable redox-active molecular species
immobilized electrode is a challenging task. In this work, a GCE/Nf-CQD@MB showed highly
selective pH sensing in the real samples. As a proof of concept, selective Voltammetric pH

sensing was demonstrated with seven different real samples.

2. Experimental section

2.1.Reagents and materials

5% Nafion and methylene blue were purchased from Sigma-Aldrich (USA). All other
chemicals used in this study were reagent-grade and ACS-certified. Standard stock solutions
of Na,HPO4 and NaH2PO4 were combined and adjusted to pH values ranging from 2 to 12
using 0.1 M of H3PO4 and NaOH. All solutions were deoxygenated with N> gas for

approximately 15 minutes prior to each electrochemical experiment.

2.2 Apparatus

The solution pH was measured using a DKK-TOA HM-41X pH meter (Japan). The
meter was standardized with standard pH buffers of 4.0, 7.0, and 9.0. Cyclic voltammetry
experiments were conducted using a CHI 440B Electrochemical Workstation (USA). A three-
electrode system was employed, consisting of a glassy carbon electrode (GCE; 3mm diameter)
as the working electrode, an Ag/AgCl (3 M KCl) reference electrode, and a Platinum (2mm
diameter) counter electrode. The 10mL cell was purged with N2 gas. The synthesized carbon
quantum dots (CQDs) were characterized using various analytical techniques. Raman

spectroscopy was performed using a Renishaw Invia instrument (Israel) with a 785 nm laser.
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FT-IR analysis was carried out on a JASCO 4100 instrument (Japan). Transmission electron
microscopy (TEM) images were acquired using the FEITECNAI-G2 20 Twin instrument. For
TEM analysis, an aqueous suspension of CQDs and Nf-CQDs were dropped onto a Cu grid.
UV/Vis spectroscopy was performed using a Jasco V-670 spectrometer (Japan), and XRD

analysis was conducted using a Bruker D8 Advanced diffractometer (Germany).
2.3 Preparation of CQD

About 200 g of fresh vasambu (Acorus calamus) stem was bought from the local
market, cut into nearly uniform pieces, cleaned with hot, double-distilled water to get rid of
foreign material like soil, pathogens, and dried naturally in the sun for 10 to 15 days before
being powdered using the graining technique (Figure 1A). About 4 g of the vasambu powder
was dispersed in 100 ml of double-distilled water and ultrasonically treated (40 KHz) for 8
hours. A dark yellow-brown colloidal solution obtained was subjected to centrifuging for 30
minutes at 10,000 RPM to remove unreactive and heavy larger-scale particles, followed by
filtering using a 0.22 pm cellulose membrane filter. The resultant clear yellow-brown aqueous
solution (CQDs) was collected and evaluated for further characterization and electrochemical

pH sensor.

2.4 Modification of GCE/Nf-CQD@MB

Initially, the GCE surface was mechanically cleaned using 1 um alumina powder,
followed by washing with ethanol and water, and then electrochemically by performing ten
cycles of CV in pH 7 phosphate-buffered solution (PBS) within a potential range of -0.8 to 0.6
V versus Ag/AgCl at a scan rate of 0.05 V s™'. GCE/Nf-CQD was prepared by drop-casting 5
ML of an Nf-CQD suspension onto a pretreated GCE surface and drying at room temperature
for 5 £ 1 minutes. The Nf-CQD suspension was prepared by mixing equal volumes of 1%

Nafion and prepared CQD solutions and sonicating for 1 hour. GCE/Nf-CQD@MB was
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fabricated by performing 20 continuous cycles of CV in a 1 mM MB solution in pH 7 PBS
within a potential range of -0.8 to 0.6 V versus Ag/AgCl at a scan rate of 0.05 V s7'. After
modification, the electrode was gently washed and placed in a plain pH 7 PBS solution.
Subsequent CV analysis showed no change in peak current or peak potential, indicating the
stability of the modified electrode, which was designated as GCE/Nf-CQD@MB as shown in

Scheme 1.

A. Network structure of Nafion (Nf) membrane

B. Cartoon for the Nf

hydrophillic cluster

&3

4nm

Nafion Carbon quantum dots Methylene blue Nf-CQD@MB

Scheme 1. (A) Illustration for the Nafion® network structure and (B) is cartoon. (C) Schematic
reaction for the combination of Nafion (Nf), carbon quantum dots (CQD) and methylene blue

(NB) as Nf-CQD@MB composite system.
2.5 Real sample analysis

The crude samples of 10 ml each of spinach juice (#1), tomato juice (#2), banana pulp (#3),
baking soda (#4), and egg white (#5) were examined for pH analysis.

3. Results and discussion

3.1 Structural characterization of CQDs

The CQDs were subjected to UV-Vis spectroscopic analysis. As depicted in Figure 1B,

the sample exhibited two characteristic absorption peaks at Amax = 240 nm and 290 nm,
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indicative of the aromatic ring structure transition of n-n* and the C=0 electronic transition of
n-m*, respectively. In contrast, the control-vasambu powder failed to show defined absorption
bands, as shown in Figure 1B, curve b. This preliminary observation suggests the formation of
a sp? carbon-rich graphitic nanomaterial [16]. The functional groups of CQDs were
investigated using FT-IR spectroscopy, which revealed a series of IR peaks corresponding to
various functional groups, including -OH and -NH (3600-3100 cm™), -CN (2100 cm™), -C=0
(1630 cm'®), COO- (1520 and 1450 cm'®), C-O-C (1210 & 1150 cm™), C-N, C-S, C-O (930
cm?), and =CH (700-600 cm™) (Figure 1C) [51,52]. Raman spectroscopy of CQDs was
employed to elucidate their graphitic nature, amorphous character, distortion, and defects
(Figure 1D). CQDs displayed two prominent peaks at approximately 1330 cm™ and 1585 cm-
1 characteristic of the disorder (D) band and crystalline (G) bands of carbonaceous structures,
respectively. This suggests that the prepared CQDs possess both sp® and sp? carbon units, albeit
in varying proportions. A relatively higher graphitic-defect density was observed in CQDs, as
evidenced by the intensity ratio of the D and G bands (Ipo/lg) of 1.87 [52,53]. These findings
indicate that CQDs possess a unique graphitic structure with C-O functional groups. XRD
analysis was conducted to further assess the graphitic structure and amorphous nature of CQDs.
The XRD pattern of CQDs exhibited a broad peak at 20.89° and a relatively sharp peak at
40.5°, corresponding to the (002) and (101) planes of reduced graphene oxide, respectively.
The XRD diffractogram results suggest that CQDs consist of polyaromatic C domains
containing heteroatoms such as oxygen, nitrogen, and sulfur, surrounded by an amorphous
carbon network with varying degrees of graphitization (Figure 1F) [51,52]. TEM analysis was
performed on CQDs to corroborate the presence of the graphitic structure, amorphous nature,
and particle size. The TEM image presented in Figure 2A illustrates the uniform dispersion of
CQDs, which typically have sizes ranging from 2 to 10 nm. These particles exhibit a quasi-

spherical shape and do not aggregate. To further understand the distribution details of CQD in
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the Nafion membrane, an equal ratio of synthesized CQD and 1% Nafion membrane was mixed
and sonicated for 30 minutes, and the composite films were subjected to TEM analysis. Figures

2B-C depict the TEM images of Nf-CQD in the range
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Figure 1. (A) Schematic illustration for the Synthesis of Biomass-CQD from vasambu powder by
one-step ultrasonication method. (B) UV-Vis, (C) FT-IR, (D) Raman and (E) XRD response of
prepared CQD.

of 5 to 10 nm, where some agglomerated CQD particles in the Nafion membrane can be clearly
seen. The enlarged view (Figure 2C) shows a uniform dispersion of tiny dot-like structures and
well-adsorbed CQD particles in the Nafion membrane, resembling a filler-like molecular
arrangement in the Nafion membrane composite system. There is partial
interaction/immobilization of CQD monolayers on the surface of the Nafion membrane in the
composite system [54]. It is noteworthy that the Nafion membrane has three different channels:
a highly hydrophobic network composed of -CF»-CF»- linkages, hydrophilic sulfonic acid
chains, and sulfonic acid groups forming channels with protonated water, approximately 5 nm

in size [55][56]. Based on the TEM results, it is clear that the CQD was trapped in the

hydrophilic channels. The selected area electron diffraction (SAED) pattern of CQDs,
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confirmed the amorphous nature of the material (Supporting Information Figure S1).
Additionally, the CQDs particles displayed distinct fringes with an interplanar distance of 0.22
nm, corresponding to the surface's (100) graphite plane and the elemental analysis of prepared
CQDs were confirmed by EDAX, and it shows the presence of carbon (29.4%), Nitrogen

(8.1%), Oxygen (61.5%) and Sulphur (0.8%) as shown in supplementary Figure 1S (A-C) [54].

" Carbon
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l].°

Figure 2. TEM images of (A) CQD, (B and C) Nf-CQD.

3.2 Electrochemical properties of GCE/Nf-CQD@MB

Initial experiments were carried out using a GCE/MB in a pH 7 PBS solution. As shown in
Figure 3A, Curve a, a featureless voltage-voltammetric response in a potential window test, -
0.8 to 0.6 V vs Ag/AgCl was observed. This observation indicated that the MB is not

electrically connected with the GCE surface. Further, when GCE/MB was replaced by
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GCE/Nf@MB (Figure 3A; curve b), a feeble redox peak at the apparent standard electrode
potential, E® (Epa + Epe/2) =0.31V vs Ag/AgCl was noticed. These results show the cationic
exchange sites of Nafion are small enough to make a loading of MB and for the electrochemical
behavior. Interestingly, when the modified GCE/Nf-MB was coupled with the CQD, the
GCE/Nf-CQD@MB, a well-defined and quasi-reversible redox peak was observed (figure 3A;
curve c¢). Following the experiment, when the modified electrode was washed with water and
replaced in pH 7 PBS, redox-peak was retained without any surface fouling issues. The
calculated surface excess of the modified electrode is about 10 times higher than the surface
excess calculated with GCE/MB and GCE/Nf@MB cases. The relative standard deviation
(RSD) between the redox peak current signals of the first and twentieth CV cycles was 2.1%.
This observation denotes the appreciable stability of the MB-chemically modified electrode. It
is conceivable that the m—n interaction between the conjugated m-electrons of the aromatic
molecules and the sp? sites of carbon quantum dots, along with the ionic interaction between
the positively charged MB and the negatively charged sulfonic acid groups of Nafion,
cooperatively contributes to the enhanced loading and stabilization of MB on the Nf-CQD

matrix in this work.

The effect of Nafion loading was studied to optimize the redox behavior of GCE/Nf-
CQD@MB. As shown in Figures 3B-C, various concentrations of Nafion, such as 0.1%, 0.5%,
1%, 2%, and 5%, were prepared by dilution with ethanol. Among all, 1% Nafion demonstrated
a well-defined and higher current redox peak response, which was more favorable compared
to other concentrations. It is plausible that 1% Nafion-CQD provides the best loading to achieve

the cooperative effect of MB immobilization. Lower or higher concentrations of Nafion may
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result in either CQD or Nafion dominating, leading to poor MB adsorption and stabilization.
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Figure 3. (A) CV response of (a)GCE@MB (b) GCE/Nf@MB and (c) GCE/Nf-CQD@MB in
pH 7 PBS at 10 mV s! (B) GCE/Nf-CQD@MB at various concentrations of Nafion (0.1, 0.5, 1, 2, and
3%) in pH 7 PBS at 10 mV s™' (C) The calibration plot of Nafion concentration vs iy, (D) Effect of scan

rate of GCE/Nf-CQD@MB in a blank pH 7 PBS. Plot of (D) i, vs v (F) E, vs log(v/mV s™*).

To comprehend the electron-transfer characteristic, GCE/Nf-CQD@MB was exposed to a
CV scan rate effect in pH 7 PBS. A consistent rise in the anodic (ipa) and cathodic (ipc) peak
currents against the scan rate was observed, as can be shown in Figure 3D. The adsorption-
controlled electron-transfer characteristic of the redox system is indicated by a linear line
plotting the values of ipa and ipc against the scan rate of the redox peaks, which start at the origin
(Figure 3E). The electron-transfer coefficient (o) and heterogeneous electron-transfer rate
constant (ks) were computed using the following equations in the context of the Laviron model

method (AEp>200/n) [57]:
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SLa/SL¢ = a/1-a -(1)
log(ks) = alog(1-a) + (1-a)logo -log[(RT/ANF(V)})]-a(1-a)nFAE/2.3RT -(2)

where SL, and SL. are the anodic and cathodic slopes of a linear plot, respectively, Epa vs logv,
v is a scan rate (80 mV s !); nAE, is a peak-to-peak separation of the redox peak (200 mV); n
is the number of electrons per stoichiometric redox step; F is the Faraday (96,500C/mol)
constant, and other symbols have its significance. Figure 3F shows the plot of Epa and Epc VS
logv for the GCE/Nf-CQD@MB showing SL. and SLp values, 160 and 240 mVdec !,
respectively. Based on equation-(1), the calculated a value is 0.42. Applying the value in

equation (2), the corresponding ks value is calculated as 0.402 s™.
3.3 Voltammetric pH sensor of GCE/Nf-CQD@MB

The GCE/Nf-CQD@MB was subjected to voltammetric pH sensing applications. The DPV
response was recorded under optimized conditions: pulse width, pulse period, and step
potential were set to 0.06 mV, 0.5 s, and 4 mV, respectively. Using 0.1M H3PO4 and NaOH,
various pH solutions ranging from 2 to 12 were prepared for the DPV studies of the GCE/Nf-
CQD@MB electrode. As shown in Figure 4A, a regular shift in DPV peak potential with pH
was observed. In Figure 4B, the peak potential (E,) of DPV is plotted against pH. The slope of
this graph was -584+2 mV/pH, which is close to the ideal Nernstian value of -60 mV/pH for a
pH-responsive electrode. This suggests that an equal number of protons and electrons were
involved in the redox process, as indicated by the Nernstian-type relationship shown in the
figures. Notably, the slope of -58+1 mV/pH indicates that this device holds promise as a
biocompatible and eco-friendly voltammetric pH sensor. The modified electrode was found to

be stable for 4 weeks at room temperature (25°C), with a change in peak current value of 4.2%.
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Figure 4. (A) DPV responses of GCE/Nf-CQD@MB under different solution pHs (2-12)
and (B) Plot of E; vs pH obtained from DPV data. conditions: Pulse width- 0.06 s; Pulse
height- 0.05 V; potential step- 0.04 V.

3.4 Real sample analysis

As a proof of concept for voltammetric pH sensing, the GCE/Nf-CQD@MB electrode
was subjected to real sample pH analysis of several food samples (10 mL), including spinach
juice (#1), tomato juice (#2), banana pulp (#3), baking soda (#4), and egg white (#5) (Figure
SA-E). In a parallel experiment, the conventional pH measurement method was used to
measure the pH of the solutions. The real sample analysis data is displayed in Table 1, along
with error values from this test, which used a standard pH sensor setup. It is interesting to note
that the results from our modified GCE/Nf-CQD@MB electrode pH sensor method show less
than 2.5% error when compared with the traditional glass electrode method. These results
demonstrate an excellent opportunity for the rapid development of a voltammetric pH sensor
system utilizing low-cost biomass carbon quantum dots and methylene blue (MB), supported

by a dilute Nafion membrane.
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iy

Samples Conventional | GCE/Nf- Error
pH meter COQD@MB | (%)
1. Egg white 9.01 8.90 1.2
2. Baking soda | 8.03 7.89 1.7
3. Spinach juice | 6.81 6.75 1.0
4. Banana pulp | 4.69 4.78 1.9
5. Tomato juice | 3.71 3.6 25

E/NV vs Ag/AgCI EN s Ag/AgCl

Figure 5. DPV responses of GCE/Nf-CQD@MB with various real samples (A-E) examined for
pH measurements. #1-spinach juice, #2-tomato juice, #3-banana pulp, #4-baking soda, #5-egg
white.

Table 1. Voltammetric pH analysis of various real samples using GCE/Nf-CQD@MB and

conventional pH meter.

4. Conclusion

A biomass-based carbon quantum dots (CQDs) material was prepared using an Indian
herbal plant, Vasambu powder, through a one-step ultrasonication process in an aqueous
solution. The synthesized CQDs were characterized physicochemically using TEM, XRD, UV-
VIS, Raman, and FTIR spectroscopy. A novel chemically modified electrode, combining a
cationic exchange perfluoro polymer, Nafion, and CQDs, was developed as an efficient
platform for enhanced immobilization of Methylene Blue (MB) on the electrode surface (Nf-
CQD@MB). Under optimal conditions, the GCE/Nf-CQD@MB exhibited a persistent and
well-defined redox peak at an apparent electrode potential (E®) of 0.31 V against Ag/AgCl.
Control CV experiments using MB-loaded GCE and GCE/Nf showed either no or poor redox

response. Mechanistic insights from scan rate studies revealed that the redox peak is regulated
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by adsorption and follows proton-coupled electron transfer kinetics. Additionally, HRTEM
analysis of the Nf-CQD composite showed that the CQD particulates were embedded in the 5
nm hydrophilic channels of the Nafion membrane via n-m and ionic interactions. Pulse
voltammetry was employed to study the dynamics of the redox peak's proton-coupled electron
transfer against solution pH. A plot of peak potential versus solution pH showed a slope value
of -58 £ 2 mV/pH, confirming a Nernstian response involving equal numbers of protons and
electrons in the electrochemical reaction. In practical applications, this method demonstrated
accurate and precise voltammetric pH sensing in samples such as egg white, tomato juice,
banana pulp, spinach juice, and baking soda, yielding results comparable to those obtained
using a traditional pH meter. This study introduces a unique surface-confined, chemically
modified electrode approach for voltammetric pH sensors, effectively assessing the electron-

transfer functionality of Methylene Blue.
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Abstract:

Metal selenides have demonstrated diverse outcomes in water splitting. Cobalt di-selenide is
notable for its performance in the oxygen evolution reaction (OER). This study presents CoSe>,
pMF-R, and CoSex@pMF-R nanostructures where CoSe, was synthesized on pMF-R. The
formation of cobalt-nitrogen bonds enhances charge transfer between the glassy carbon
electrode and CoSe: active sites. The CoSe2@pMF-R catalyst exhibits a low onset potential of
1.56 V and superior electrochemical activity of 10 mAcm™ at 1.608 V Vs. RHE. The unique
compositional and structural features of the CoSex@pMF-R composite contribute to its

exceptional electrochemical performance.
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1. Introduction:

Research on the oxygen evolution reaction (OER) has intensified due to its essential role
in water electrolyzers and rechargeable metal-air batteries. Consequently, there is a pressing
need for the rational design and thorough investigation of novel electrode materials to
achieve improved electrocatalyst performance [1-5]. The OER and hydrogen evolution
reaction (HER) represent the two half-reactions integral to the water splitting process.
Noble metal oxides such as RuO; and IrO; are recognized as highly effective OER
electrocatalysts, yet their scarcity and expense limit their broader application. Thus, it is
imperative to explore affordable and readily available OER electrocatalysts while
maintaining catalytic efficiency. Recently, cobalt-based oxides and chalcogenides have
garnered significant attention for their low water oxidation overpotentials and remarkable

stability [6].

The synergistic electrochemical coupling of various components has been shown to
enhance electrocatalytic performance through the integration of selenides with secondary

active species. Selenium vacancies on the CoSe; surface facilitate the peroxidation of Co
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sites, promoting hydroxide ion adsorption and subsequent Co-OOH oxyhydroxide
formation [7-9]. The incorporation of transition metal selenides with conductive carbon
nanomaterials such as carbon nanotubes (CNTs) and graphene represent a promising
strategy to enhance electroconductivity [10-14]. Modifying the spin density and charge of
adjacent carbon atoms can significantly improve the electrochemical properties of carbon-

based nanomaterials for electrocatalysis and energy storage [15, 16].

Graphene is recognized as a suitable functional material that provides essential support for
electrocatalysts due to its high surface area, outstanding electroconductivity, and excellent
mechanical strength. Recently, Zhou et al. introduced a polymeric carbon nitride (PCN)
nanosheet-based electrocatalyst for water splitting, which efficiently catalyzes the reverse
reaction while minimizing energy consumption due to the proximity of surface electrons
and holes. These advantageous characteristics have redirected research focus toward
polymeric nitrogen-enriched materials [17, 18, 19]. Previous studies have demonstrated the
effectiveness of combining transition metal selenides with porous nanomaterials for OER,
as the pores can endure high mechanical stress and facilitate short diffusion lengths during

charge-discharge cycles [20-22].

Experimental section: Preparation of pMF-R via thermal modification at 200° C for 2 hrs
then 400 for 2 hrs in an amount (1:3) of melamine and formaldehyde, and left inside the
furnace until it adopted the room temperature, this temperature modification results as
polymeric form of melamine formaldehyde resin [23] and shown in Scheme-1. For
preparation of CoSez, 59.6 mg of CoCl2.6H20, 119.2 mg of Se powder, and 60 mg CTAB
were dissolved in 60 mL of distilled water under ultrasonic operation for 2 hours.
Subsequently, 8 mL of NoH4.2H20 was dropped in the above solution and transferred to a

Teflon-lined autoclave and kept at 140° C in an oven for 24 hrs. After filtering and washing
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with distilled water, the product was dried at 50 “C for 12 hours. Eventually, the product
was further calcined in N2 atmosphere at 400 ‘C for 2 hours. As presented in scheme 2, the
preparation of CoSex@pMF-R followed the similar procedure as CoSe», and only 60 mg of

pMF-R added during the autoclave process at 140° for 24 hrs.
3. Characterizations:

The crystalline and amorphous nature of the synthesised samples were examined by powder
X-ray diffraction (XRD) on a Rigaku Smart Lab 9 kW powder type with a wavelength of 1.514
A° . A Raman a-300, AFM SNOM spectrometer was used for recording Raman spectra. The
X-ray photoelectron spectroscopy (XPS) characterization was conducted by a K-alpha (XPS)
system. The morphologies and microstructures of samples were identified by field emission-
scanning electron microscopy, (FE-SEM) with the Nova Nano-SEM 450 [FE-SEM] and HR-
TEM with the Thermo Fisher Technai 20 G2. BET surface area and pore size were analysed by
Bellsorp Max II & Belcat-II. CHI (608C) instrument setup was used for electrochemical

studies.

H)N\ N ’ﬂ* GHOH | H H |
N j‘\ )N\H Polymerization, Heat HNTN“ N N\“/N‘ N“’NTN\ NH
SN SN NH NN =g NN N\[,,-N N\I?N ‘
H ]
I LiAH,L\N,ij How,e-NH HN.,on HN_O RLINOR
NTTN HN N__N
I .J"‘“H/]*‘N/J\NH N4L‘IN n \[cnon
\ LN’L"N’J\N’“% }
\ H H
/
~ -

——— — — — — — — — — — — — — — — — — — —

Scheme. 1. Reaction mechanism of pMF-R.
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Scheme. 2. Schematically illustration for synthesis of CoSe2@pMF-R.
4. Experimental setup for electrochemical studies:

The electrochemical properties of all samples were examined on a CHI 608C, in which a glassy
carbon electrode (GC) (0.07 cm?) was used as the working electrode, a Hg/HgO electrode (E’
= 0.098 V vs NHE) as the reference electrode, and a platinum foil (~7 cm?) as the counter
electrode. The electrocatalytic activity for OER was carried out in 1 M KOH electrolyte. Using
Nafion (5 wt%) in 495 pL of ethanol, a catalyst ink was prepared. A sonicated ink having
electrocatalyst loading (3.28 mg/cm?) was dropped onto the pre-polished GC electrode and
dried. All electrochemical data was instrumentally iR-corrected and further to reduce the
solution resistance (iR drop) between the working electrode and the cell solution, the reference
electrode was connected to the cell solution via the Luggin capillary (the KCl/ agar—agar salt
bridge). Cyclic voltammetry (CV) was carried out in 1 M KOH in potential range of -0.02 V-
1.9 V vs RHE at different scan rates (5 mV/s to 120 mV/s). Tafel polarization curves were
obtained at room temperature at 0.5 mV/s. The electrochemical impedance study (EIS) or

Nyquist plots were carried out in a frequency range of 1 mHz to 1 MHz at a certain dc-potential
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1.43V vs RHE. All measured potentials were calibrated and converted to the reversible
hydrogen electrode using equation ( Ewruey= Emgngo) + E'@mgmgo) + 0.0591 x pH ), where
Emgmngo) is the observed potential vs. Hg/HgO, pH for the 1 M KOH electrolyte found to be

13.8, and E’ng/ngo) is 0.098 V for Hg/HgO.
5. Result and Discussion:

5.1. Physicochemical Characterization:
5.1.1. pXRD:

The synthesis of pMF-R, CoSez and CoSex@pMF-R was confirmed by their powder-XRD data.
Fig. 1(a) shows the broad amorphous peak corresponds to the polymeric pMF-R peak at 20 =
26.8, is representing plane (002). The XRD of the synthesised CoSe;@pMF-R in Fig. 1(a)
composite shows a diffraction pattern comparable to that of pure CoSe; (PDF#53-0449). The
XRD peaks obtained at 20 = 24.50, 30.57, 35.20, 42.86, 44.34, 46.23, 52.45, 56.32, 63.31, and
65.75 correspond to the CoSe» facets (110), (101), (111), (210), (121), (220), (002), (031), (310)

and (122) [24].
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1(a) XRD pattern of pMF-R (*), CoSe; (PDF#53-0449), CoSe>@pMF-R particles; (b) Raman
spectra of CoSe>@pMF-R, and corresponding D (1350cm™), G (1550cm™), 2D (2790cm™)

peaks; peak at 170 cm™ represents the presence of CoSex.
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5.1.2. Raman Spectrum: The Raman spectrum of CoSe>@pMF-R is depicted in Fig. 1(c).
The (Ip/lg) = 1.14 of CoSe@pMF-R, which is showing defects for carbon (i.e. pMF-R) in
CoSex@pMF-R. The two most common peaks in Raman spectra are the D-band (amorphous)
at a frequency of 1350 cm™!, which originates from elastic scattering defects of amorphous
lattices (blue line), and the G-band (1550 cm™), which results as single-phonon emission from
tangential vibrational mode of graphitic domains define CoSe>@pMF-R crystalline nature
[25]. Due to the width of its D-band, pMF-R has a significant level of interstitial disorder.
Additionally, a weak G-band signal points to the existence of graphitic nanodomains.
Regarding pMF-R, the strength of the D-band indicates that the amorphous network is more
as compared to crystalline carbon layers and graphitic domain edges [26, 27]. This occurs
simultaneously with the 2D-broadened peak (2790 cm!), which is expected to be the result of
some defect contribution. In CoSex@pMF-R composite there is a peak (171 cm™) of CoSe>

that indicates the presence of CoSe; [28, 29].

5.1.3. FE-SEM: The morphology of CoSe2@pMF-R was identified by FE-SEM at different
magnifications. At micro level, CoSex@pMF-R was observed the particles with rough surface
like morphology with irregular distribution throughout the surface as shown in Fig. 2(a).
However, at nanoscale magnification, Fig. 2(b) (an enlarged view of Fig. 2(a)) shows flakes of
CoSez in polymeric network of pMF-R. This special structure facilitates the transfer of
electrons during oxygen evolution. Simultaneously, the structure provides a wide active surface

area, which will provide more active sites for OER [30].
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Fig. 2. FE-SEM and TEM images, (a) CoSe>@pMF-R FE-SEM image at low resolution; (b)
CoSe; grafted on the surface of pMF-R; (¢) TEM image CoSex@pMF-R ( 200 nm); (d) CoSe>
randomly distributed on the surface of pMF-R (100 nm); (e¢) SAED pattern analysis; (f) Average
Particles size; (g) HR-TEM image of CoSe: nanoparticle, exhibits lattice fringes (10 nm) and
defects.

5.1.4. TEM: Fig. 2(c) and (d) shows corresponding TEM at different magnifications. Similarly,
Fig. 2(e) showed SAED patterns, which are showing amorphous as well as crystalline nature
and showing corresponding planes. Some particles are integrated in the layered architecture,
can be seen in Fig. 2(c). The particles with an average size of 43 nm are shown in Fig. 2(f). It
is reasonable to assume that the method may successfully prevent particle aggregation and limit
CoSe; particle size, resulting in a significant electrochemical surface area of CoSe>@pMF-R.
Particularly, the hetero-interfaces have a greater number of faults and disorders, which will
result in more readily accessible active sites. Additionally, the hetero-structures have the ability

to modify the d-band centre, which is essential for improving OER performance [31]. The

identifiable lattice fringe at 0.24 nm corresponds to (211) plane of CoSe;, Fig. 1(g) [32, 33].
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5.1.5. XPS: The catalyst was investigated using X-ray photon spectroscopy (XPS) for
coordination environment and chemical state. To analyse the elements, present in
CoSex@pMF-R composite survey has done, as it can be seen in Fig. 3(a), Co, Se, C, O, and N
elements were identified; hence, the survey peaks are showing complete information on the
existence of different types of elements present in composites in different forms and at distinct
binding energy positions. The oxidation states and coordination environment of catalyst are the
parameters that determine the electrocatalyst's activity in terms of alkaline water electrolysis.
The binding states corresponds to spin-orbit coupling for Co 2p3> and Co 2p1» were revealed
by spectral analysis of the Co 2p spectra in Fig. 3(b), at 779.1 and 795.08 eV, respectively. Both
the peak of Co 2p (Co 2p32 and Co 2p12) were ahead, split into two different binding energy at
779.1 and 781.1 eV, respectively, exhibiting the Co-Se and Co-O bonds, and at 785.68 eV a
satellite peak was observed for Co 2p [34]. The Co2p1/2 peak was ahead at 795.08 eV and split
into two separate peaks at 794.58 eV and 795.78 eV due to spin-orbit coupled phenomena,
which provided the Co-N and Co?" peaks, respectively [35]. At 803.75 eV, a small, solitary
peak was found, that was oxidised cobalt owing to air oxidation [36, 37], The XPS spectrum
of Se 3d in CoSex@pMF-R was given in (Fig. 3¢), here the major peak was obtained at 59.2
eV, which corresponds to Se 3d3» [38]. Other peaks at 58.8 eV and 60.4 eV define the Se-C
[39, 40], bond formation and surface oxidation of selenium [41], and the peak at 58.8 eV
confirms the presence of the CoSe>@pMF-R composite. Fig. 3(d), demonstrates the first XPS
spectra of carbon in CoSe>@pMF-R resin, which shows three distinct peaks of carbon attached
to N and carbon itself at different binding energies. The broad peak at 284.2 eV corresponds to
the C-C bond peak in CoSe>@pMF-R composite, which is further split into two distinct peaks
at 284.2 and 284.7 eV, which correspond to the C-C and C-N peaks in the composite. The small
peak shown at 285.6 describes the C=N peak in CoSex@pMF-R composite [42]. Because of

the presence of different aromatic moieties in the precursor used to make the CoSex@pMF-R
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composite, a peak at 291.28 was observed, which corresponded to a satellite peak [43]. Now
in CoSex@pMF-R, there is a single broad peak of N-1s shown in Fig. 3(e) at 399.6 eV that has
been deconvoluted into three distinct peaks separately, in which the peaks at 399.5, 399.7, and
398.4 eV define the bond formation of the Co-N bond, the pyridinic type bond (C=N-C), and
the C-NH-C bond formation, respectively [44, 45, 46]. The peak at 399.5 gives information on

the formation of the CoSex@pMF-R composite by giving the Co-N bond in the XPS spectrum

separately.

5.1.6. BET: The synthesized CoSe>@pMF-R having increased surface area is also a reason of
increased electrocatalytic activity. Initially, the surface area of pMF-R was found to be 1.4 m?
g'land for CoSe> 7.1 m? g'!'. After the formation of composite it increased up to 21.8 m? gl as

shown in Fig. 3(f).
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5.6. Electrocatalytic studies:

Prior to electrochemical studies of fresh electrocatalysts, viz., CoSe,, pMF-R and
CoSex@pMF-R, an OCP was observed in 1 M KOH. Thereafter, 10 cyclic voltammograms at
20 mVs™! were recorded in potential range of -0.02 V to 1.98 V vs RHE in order to stabilise the
electrochemical system. The nature of CV of all electrocatalysts were almost similar for CoSe>
and CoSex@pMF-R and it has been seen in other Co(OH), and CoOx films and it has been
attributed to an irreversible oxidation of Co(OH)> to Co-OOH [47]. The oxygen evolution
reaction in CoSex@pMF-R begins at a lower over potential of 1.56 V (vs. RHE), whereas the
OER in a CoSe; and PMF-R begins at a slightly higher potential of 1.62 V (vs. RHE) and 1.7
V (vs. RHE) respectively, which is indicating the composite’s better efficiency towards
electrochemical processes. Both chalcogenides coated electrodes showed better OER current,
when compared to pMF-R electrode. Similarly, from CV Fig. 4(a) it is noted that the
CoSex@pMF-R composite found to have 1.608 V vs RHE at 10 mA/cm? as represented in
which is quite high current density. Fig. 4(a) in inset, a plot between current density Vs (scan
rate)!’? found to be linear and confirmed that the reaction at electrode/electrolyte interface is
diffusion controlled. On the other hand, the ECSA is a reflection of electrocatalytically active
sites and different catalyst’s ECSA values were approximated based on the cyclic
voltammograms in the non-faradaic potential windows. As shown in Fig. 4(b), CoSe2@pMF-

R possess high Cq value of 3.0335 mF ¢cm™. The reported Cai for ideal flat GC electrode is (~
60 uF cm™) [48]. So, for R¢ (Roughness Factor) = % x 1000; and from this ECSA can be

calculated as, ECSA = (R % S); S=0.07 cm? corresponds to electrode geometrical area. Table.1
asserted calculated data of Ca, Rf and ECSA for CoSex@pMF-R, CoSe; and pMF-R. Result
showed that composite electrocatalyst has significantly high electrochemically active surface

area roughness factor as well as Cq values. Furthermore, AC impedance measurements has
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been also carried out and Nyquist plots of CoSe>, pMF-R and CoSex@pMF-R were recorded
in a wide range of frequency, 0.01 Hz to 100 kHz, at different potentials viz., before onset
potential, at onset potential and during oxygen evolution reaction. Nyquist plots (Fig. 4(c)) of
all electrocatalysts have characteristic typical curve with at least two time constants,
corresponding to high (100 kHz to ~17.4 kHz), and low (8.07 Hz-0.01Hz) frequencies, a
semicircle was observed at high frequency region corresponding to the charge transfer reaction
at electrocatalyst/electrolyte interface. This is followed by capacitive behaviour of electrode at

low frequency region. We observed three time constants in case of CoSe2@pMF-R viz., semi-

|Zim|

circle in high frequency region, finite Warburg region (11.8 mHz — 45.4 mHz), wherein Zreall

value is almost unity, and with decreased frequency the value increased from unity, thereafter
at lower frequency region the impedance response appears to be of capacitive nature (as CPE
value, frequency power n approaches to 1). In order to approximate the experimental
impedance data with the ideal or distributed impedance elements, an equivalent circuit
R(QR)W(QR) has been proposed for the composite electrode CoSex@pMF-R as shown in Fig.

4(d).
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Fig.4 (a) 10 mA cm™ reached at 1.608 V, In inset corresponding diffusion control plot at
different scan rates; (b) Cai plot for CoSe,@pMF-R, pMF-R, CoSez; (¢) Nyquist EIS plot of
CoSe>, pMF-R and CoSex@pMF-R; (d) Fitted Nyquist plots of CoSe,@pMF-R at 1.56 V vs
RHE showing circuit fitting it with parameters R(QR)W(QR); (e) Tafel slope of CoSe>, pMF-

R and CoSex@pMF-R (f) Chronopotentiometry test for 12 hrs at constant current 10 mA cm™.

On the other hand for pMF-R electrode, we have observed a finite length Warburg diffusion
element at low frequencies followed by constant-phase element (CPE) (replaced by double
layer capacitance when frequency power approaches to 1 attributed to a porous composite
electrode/electrolyte interface. Nyquist plots of pMF-R found to fitted with equivalent circuit
R(Q(RW)) and we have observed characteristic finite Warburg region (255 mHz - 66.4 mHz)
in series with CPE. It is a common feature in case of an ion intercalation into inorganic/polymer
host matrix [49, 50]. However, in case of CoSe», equivalent circuit CR(QR)(QR) does not

showed any Warburg region and thus evident non-porous electrode material.
5.6.1. Electrocatalytic activity:

The iR-corrected comparative anodic Tafel polarization curves of CoSe>, pMF-R and
CoSe@pMF-R on GC at a scan rate of 0.2 mVs™ in 1 M KOH at 25 °C have been shown in
Fig. 4(e), . Out of all, CoSe2@pMF-R shows a better electrocatalytic activity, in the potential
region up to (1.25 - 1.55 V vs. RHE). The observed value of the Tafel slope of CoSe@pMF-
R is 81.1 mV dec™! and follow electrochemical mechanistic paths in the lower potential region,
which is close to (2.303RT/2F). On the contrary, CoSe; and pMF-R have high Tafel slope
values viz., 98.1 mV dec™! and 121.3 mV dec™! , respectively, in the lower potential region. It
is noteworthy that the Tafel slope values obtained in the present study with CoSe>@pMF-R are
similar to those found in the literature [51]. In order to evaluate stability of the CoSex@pMF-

R electrocatalysts in 1 M KOH, it was examined under static current of 10 mA cm 2 for 15
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hours and the potential nearly found steady (98 %) throughout experiment and shown in Fig.
4(f). The electrocatalytic activity was estimated from the polarisation curve in terms of the
current density at overpotential (n) 640 mV. ‘n’ is the anodic overpotential, which is also known
as the formal overpotential and is determined by the relation 1= E“ — E- o201, where, E and
(Eo2/00"=0.303 V vs. Hg/HgO) are the applied potentials across the electrocatalyst 1 M KOH
interface and the theoretical equilibrium Nernst potential in 1 M KOH at 25 °C, respectively.
The observed electrocatalytic activity of the CoSe2@pMF-R at 10 mA c¢m? is compared with
the literature as given in bar graph Fig. 5(a), 5(b), (CoSe; based previously reported
electrocatalyst composite materials) and found to be on par with most of the synthesized CoSe»-

based electrocatalysts.
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Fig. 5 Comparison bar graph of (a) Tafel slope [52 - 57]; (b) Overpotential [58 - 62], of

different previously reported cobalt and selenium based electrocatalyst.

This demonstrates that the activity observed is attributable to the composite of CoSe> and
polymerised melamine formaldehyde resin (pMF-R) backbone. As it is evident from data that
mere CoSe; and pMF-R have high Tafel slope values but together their synergistic effect
facilitates facile electron transfer and provides more active sites for OER [63-65]. Further, the
increase in the electrocatalytic property of composite might be due to the presence of graphitic
domain of pMF-R (confirmed from Raman Data), pyridinic N, bonding of Co-N and Se-C

(confirmed from XPS data) [66, 67].
Conclusion:

We have synthesized CoSe> nanoparticles, pMF-R and novel CoSe>x@pMF-R composite, and
later characterized by XRD, Raman, XPS, BET, FE-SEM, HRTEM and result confirmed
synthesis of all prepared electrocatalysts and found to be in agreement with its electrocatalytic
activity. The electrochemical characterization viz., cyclic voltammetry, Tafel polarization and
electrochemical Impedance spectroscopy of all electrocatalysts showed that out of all,
composite electrocatalyst exhibited excellent electrocatalytic properties towards OER. The

electron transfer that occurs in this hybrid structure increases the density of electronic state of

52



cobalt ions by moving electrons from pMF-R to CoSe». The bonding between Cobalt ions and
intermediate species during oxygen evolution would be enhanced by optimizing the electronic
structure management of metallic Se-Co phase. Furthermore, the presence of pMF-R greatly

boosts the conductivity of cobalt di-selenide and encourages charge transfer
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nanotubes interface as a sensing platform for sulfasalazine electro oxidation
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Abstract

The significance of sulfasalazine (SSZ) as a therapeutic agent has garnered paramount
research interest in the design and fabrication of a viable sensor for the detection of SSZ.
Herein, we demonstrate a new strategy for the sensitive determination of SSZ employing single
walled carbon nanotubes decorated with Fe3O4 nanoparticles sensing platform for the first time.
The synthesized Fe3;O4 nanoparticles and the surface morphology of the developed sensor were
investigated by exerting various analytical techniques. The optimization of operational
parameters was effectuated. The developed sensor exhibited pronounced electrocatalytic
activity for the electro oxidation of SSZ in the dynamic detection range of 25 nM — 1.5 uM
manifesting noteworthy high sensitivity and phenomenal low detection limit of 18.6 nA uM!
and 1.6 nM respectively. Apparent specificity in the presence of interferents along with
remarkable stability and reproducibility were attained by the sensor. The prominence of the
developed methodology was emphasized by the determination of SSZ in pharmaceutical
formulations. Furthermore, the applicability of the developed electrode was established by
utilizing it effectually for the first time to quantify SSZ in serum sample of patients undergoing

pharmacological treatment for rheumatoid arthritis.
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1. Introduction

Rheumatoid arthritis (RA) which is a chronic autoimmune disease affecting the joints
has transpired into a discernible concern affecting the global health since decades [1, 2].
Dorothy Hodgkin who was a pioneer in X-ray crystallography and was awarded in 1964 with
Nobel Prize in chemistry had crippled hands and feet due to lifelong RA. Christiaan Barnard,
known for performing first human to human heart transplant had to end his surgical career
because of RA. Billy Bowden, the famous cricket umpire from New Zealand had the popularly
known “crooked finger of doom” signal due to his suffering from RA. In order to circumvent
the effects of RA, sulfasalazine (SSZ) is considered as a first line treatment which is on the
World Health Organization’s list of necessary medicines [3, 4]. SSZ which is an anti-
inflammatory drug belongs to the aminosalicylate category and is widely prescribed for the
cure of bowel disease [5, 6]. It is also effective in the treatment of ulcerative colitis and Crohn’s
disease [7-9]. SSZ is adequately administered for cancer treatment as it inhibits the cysteine
transporter to induce apoptosis [10, 11]. The activity of SSZ is due to the combination of
mesalazine and sulfapyridine, which are linked together by an azo bond in the moiety [12]. The
exact mechanism of action of SSZ in the physiology is still an enigma [13]. However, the
chronic use of SSZ exhibits some painful and adverse side effects such as rash, hypersensitivity,
drowsiness, arthralgia, nephrotoxicity, lymphadenopathy, liver failure and eosinophilia. It
deliberately causes semen abnormality and inferior testosterone production in men resulting to
infertility [14-17]. Hence, the quantitation of SSZ in different matrices has become
indispensable which necessitates the employment of a sensitive analytical technique.

Literature survey reveals that various conventional analytical techniques have been

used previously for SSZ detection but limitations such as onerous extraction route, exorbitant
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cost of instrumentation, necessity of trained technicians and immoderate operational cost are
associated with them [18-21]. Currently, electroanalytical techniques which are fast, facile,
selective, sensitive and cost effective are prevalent. Few attempts have been made in the past
for SSZ determination by electroanalytical techniques, but the sensors utilized exhibited high
limits of detection, narrow analytical range and low sensitivity [22-25]. Thus, in the current
investigation a nano hybrid material of single walled carbon nanotubes (SWNTs) and Fe3O4
nanoparticles along with nafion have been exploited for the first time for SSZ determination.
SWNT is one of the most propitious candidates for the modification of sensors due to its
potential features such as high electrical conductivity, remarkable electron transport capacity,
significantly large surface area and excellent mechanical strength [26-30]. Fe;O4 on the other
hand, manifests strong adsorption ability, high abundance, low mass transfer resistance,
biocompatibility, low toxicity and phenomenal magnetic and electrochemical properties [31-
34]. The escalating utilization of metal nanoparticles along with carbon nanomaterial based
electrochemical sensors has attracted cardinal attention due to their wide range of biomedical
applications including magnetic resonance imaging, DNA separation, targeted drug delivery
and various sensing platforms [35-38].

Herein, the synergetic features of SWNTs and Fe3O4 have been effectuated to form the
nanocomposite with enriched properties. The developed nano hybrid material in which Fe;O4
acts as an ideal nano-carrier evinces large surface to volume ratio, enhanced electrical
conductivity, lowest limit of detection, highest sensitivity and faster electron transfer kinetics.
The pragmatic application of the developed sensor was corroborated by the assay of
pharmaceutical formulations. The reliability was further comprehended by the selective
detection of SSZ in real sample matrix of patient serum for the first time implementing square
wave voltammetry (SWV). Augmentation in the quantitation of SSZ will commence the

inception of improved drug combinations for RA.
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2. Experimental
2.1 Chemicals and Reagents

Standard sulfasalazine sample, SWNTs (purity >99.5%) and nafion were procured from
Sigma Aldrich and used as received. Ferrous sulfate heptahydrate (FeSO4-7H>0), urea, glucose
(GLU), paracetamol (PC), ferric chloride hexahydrate (FeCls;-6H>0), potassium ferricyanide
[K3Fe(CN)s] and NaOH flakes were obtained from S.D. Fine Chemical Ltd. (Mumbai, India).
The NaH;PO4, NaHPOu, uric acid (UA), xanthine (XN), ascorbic acid (AA), dopamine (DA)
and ethanol were obtained from Merck company (Mumbai, India). 1 M phosphate buffer
solution (PBS) with the pH of 7.2 was used as a supporting electrolyte for all voltammetric
measurements. The SSZ containing tablets were purchased from a local pharmacy (Mumbai,
India).
2.2 Instrumentation

High resolution - transmission electron microscopy (HR-TEM) images were acquired
using a FEI, Tecnai G2, F30 transmission electron microscope at an accelerating voltage of 300
kV (Georgia, U.S.A). The field emission gun scanning electron microscopy (FEG-SEM)
images and the energy dispersive X-ray (EDX) spectra were obtained from Tescan MIRA 3
model, Oxford instrument (Czech Republic, Europe). Voltammetric measurements were
carried out using Metrohm system of Autolab (PGSTAT 302N) voltammetric analyzer and
interface running on GPES 4.9 software. The electrochemical cell assembled was a glass cell
containing a standard three-electrode system. The GCE (3.0 mm diameter) serving as a working
substrate, a platinum wire as the auxiliary electrode and an Ag/AgCl (3.0 M KCl) used as the
reference electrode. The potentials were recorded at an ambient temperature of 27 + 2 °C and
detailed with respect to the reference electrode. The crystal structure of synthesized material

was characterized using X-ray powder diffraction (XRD) instrument (6100, Shimadzu, India).
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Fourier transform infrared (FT-IR) absorption spectra was obtained on Shimadzu-8400
instrument (India).
2.3 Procedure

The stock solution of SSZ was prepared by dissolving adequate quantity of the
compound in few drops of 1 N NaOH to facilitate dissolution, then diluted with double distilled
water up to the mark. The optimized experimental parameters employed for SWV were square
wave frequency (f): 15 Hz, potential step (E): 4 mV, square wave amplitude (Esw): 25 mV, initial
E: 400 mV and final E: 1200 mV. The bubbling of high-purity nitrogen gas through test
solutions were done for 10 — 15 min to minimize the intervention of oxygen before recording
cyclic voltammograms (CV). The patient serum sample and normal serum samples were
obtained from J. J. Hospital, Mumbai, India. The blood samples were centrifuged following
which the supernatant blood acquired was taken for the investigation of SSZ. Tablets were
accurately weighed and crushed to a fine powder followed by dissolution in 1 N NaOH and
dilution with double distilled water up to the mark.
2.4 Synthesis of Fe3;O4 nanoparticles

For the preparation of Fe3O4 nanoparticles, FeCl3-6H>O (5.4 g) and urea (3.6 g) were
initially dissolved in water (200 mL) followed by heating at 90°C in inert conditions for 2 h
under constant stirring. FeSO4-7H20 (2.8 g) was added to the resultant reaction mixture after
cooling it to the room temperature. Finally, workup of reaction was carried out by dropwise
addition of 0.1 N NaOH until pH 10 to obtain dark black colored solution. The resulting
hydroxides were subjected to ultra-sonication in the sealed flask for 30 min. After ageing for 6
h, the precipitate was washed multiple times with double distilled water and collected using
magnet subsequently followed by drying in oven at 80 °C.

2.5 Fabrication of glassy carbon electrode
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The modification of the bare electrode was effectuated only after the surface was
cautiously polished with 0.3 micron alumina powder employing micro-cloth pads.
Subsequently, it was washed extensively with double distilled water until a mirror like surface
was attained. The sensor was fabricated by mixing 0.5 mg mL™! suspension of SWNTs in N,
N-dimethylformamide with 1 mg mL™" of Fe;O4 nanoparticles homogenized in ethanol with
1% nafion. Followed by ultra-sonication of the dispersion for 30 min, a known volume (10 pL)
was eventually dropped on the pretreated GCE surface and allowed to dry at room temperature.
The electrode thus fabricated was denoted as Fe3;O4/SWNTs/Naf/GCE and was ready for use.
3. Results and discussion
3.1 Characterization of Fe;Oq

Fig. 1A illustrates the FT-IR spectrum of synthesized Fe3;O4nanoparticles. The peaks at
3400 and 1627 cm’!, are allocated to symmetrical and asymmetrical modes of ~OH bonds
attached to the surface iron atoms. While the significant absorption peak at 579 cm™ is ascribed
to the stretching vibration mode of Fe—O bond in bulk Fe3O4sample [39]. The crystal structure
of synthesized Fe3;O4 powder was characterized by XRD pattern demonstrated in Fig. 1B. It
shows diffraction peaks at 20 values 0of 30.31, 35.67, 43.34, 53.68, 57.22 and 62.85, which have
been indexed with (220), (311), (400), (422), (511) and (440) crystal planes of Fe3;O4. The
analyzed diffraction peaks were matched well with the standard XRD pattern (JCPDS No. 65-
3107) which declared the crystallographic structure of Fe3O4 [40]. Furthermore, no additional
phases or Fe>O3 were found, suggesting the high purity of the sample with a spinel structure.
3.2 Characterization of developed sensor

The surface morphology of Fe304/SWNTs/Nat/GCE was characterized by FEG-SEM
image as depicted in Fig. 2A. It vividly indicates that the nanosized Fe3O4 are well dispersed
and surrounded by SWNTs and nafion composite, which enhances facile charge transfer. The

EDX spectrum demonstrated in Fig. 2B represents peaks for the presence of Fe, C, and O which
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manifests the successful loading of Fe30s on SWNTs. The TEM image (Fig. 2C), revealed the
well-dispersed Fe3;Os nanoparticles having average diameter of 30 nm with uniform
distribution on the SWNTs surface. The HR-TEM image displays uniform lattice fringes across
the entire Fe3O4 single crystal as showcased in Fig. 2D. The selected area electron diffraction
(SAED) pattern presented in Fig. 2E was in good agreement with XRD analysis which validate
the purity of the material. These results patently demonstrated that FesOs and SWNTs were

effectively and uniformly fabricated on the bare GCE.
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Fig. 1 (A) FT-IR spectrum and (B) XRD patterns of Fe3O4 nanoparticles.

3.3 Determination of electroactive surface area

The electroactive surface area of the bare GCE and Fe3;O4/SWNTs/Naf/GCE was
determined by utilizing chronocoulometry technique for which 5 mM K3Fe(CN)g solution in
0.1 M KCI as a supporting electrolyte was utilized. The integrated Cottrell equation was
applied:

Q =2nFAcD"? t'2 1712 + Qa1 + nFAT

where n i1s the number of electrons transferred (n = 1), A is the electroactive surface

area of the sensor in cm? and F is the Faraday constant D is the diffusion coefficient of

K3Fe(CN)g solution (7.6 x 107® cm?s™!); ¢ is the substrate concentration (M), Qa is the
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capacitive charge and nFAI¢ is the charge from the reduction of adsorbed species. The
electroactive surface area of bare GCE and Fe3;04/SWNTs/Naf/GCE was estimated by using
the slope value of Q versus t'? linear plot. The linear relationship between Q and t'’? obtained
from two different chronocoulograms, exhibited slope of 30 uC s'? and 273.6 uC s
corresponding to bare and modified GCE respectively. The comparison of electroactive surface
area at bare (0.020 cm?) and modified GCE (0.182 cm?) revealed that the functional working
area of the Fes04/SWNTs/Naf modified GCE is 9.1 times greater than that of the bare GCE.
Thus, the substantial upsurge in the electroactive surface area leads to an augmentation in the

electrochemical active sites at bare GCE.

nﬂi“ié

Fig. 2 (A) FEG-SEM image (B) EDX spectrum (C) TEM 1mage' (D) HR-TEM image and (E)
SAED pattern of Fes04/SWNTs/Naf composite.

3.4 Electrochemical characterization

13-4

In electrochemical impedance spectroscopy (EIS) the [Fe(CN)s system has been

used as a redox probe which provided valuable information about the electrode — electrolyte
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interface properties during the modification process. In a typical Nyquist plot, the semicircle
diameter corresponds to the electron transfer resistance, and the linear segment represents the
diffusion-limited process. Fig. 3A illustrates Nyquist plots for bare GCE, Fe3O04/GCE,
SWNTs/GCE and Fe;04/SWNTs/Naf/GCE in 5 mM [Fe(CN)s]>* containing 0.1 M KCI. A
semicircle with considerable diameter was noticed for bare GCE thereby implying poor
interfacial electron transfer. The modification of GCE with Fe3O4 and SWNTs respectively
revealed the reduction in the diameter of semicircle indicating an enhancement in the rate of
electron transfer of [Fe(CN)s]>*. While smallest semicircle diameter was observed for the
developed sensor due to the highest conductivity. The EIS results clearly imply that the
synergistic effect of SWNTs and Fes;O4 significantly increased the electron transfer rate
consequently escalating the conductivity of Fes04/SWNTs/Nat/GCE.
3.5 Electro-oxidation of sulfasalazine
3.5.1 Cyclic voltammetry

The voltammetric response of 500 nM SSZ at bare GCE and Fe304/SWNTs/Naf/GCE
was investigated by utilizing cyclic voltammetry. Fig. 3B exhibits the CVs of SSZ recorded at
scan rate of 25 mV s™! depicting an irreversible oxidation peak at bare and modified GCE. An
inconspicuous peak was noted at the bare electrode at ~1081 mV while the oxidation peak
distinctly shifted to ~978 mV with ~7.6 times amelioration in peak current at
Fe304/SWNTs/Nat/GCE. The notable shift in the oxidation peak potential along with
escalation in peak current evidently indicates that Fe3;O4/SWNTs/Naf/GCE provides a large
surface area for the interaction of SSZ. A feasible electrochemical reaction mechanism of SSZ
is represented in Scheme 1 wherein SSZ gives rise to phenoxy radical which eventually reacts

with water molecule in an irreversible manner to produce a diketo product.
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Scheme 1: Electrochemical reaction mechanism of sulfasalazine.

3.5.2 Square wave voltammetry

The advance SWV technique was executed for further quantification of SSZ, as it
possesses numerous advantages including selectivity, sensitivity with low background current
in comparison to CV. The SWVs recorded for 500 nM SSZ at four varied working sensors in 1
M PBS at pH 7.2 is showcased in Fig. 3C. The electrochemical response for bare GCE and
Fe304/GCE gives oxidation peak at ~1052 and ~1034 mV respectively. At SWNTs/GCE, SSZ
oxidized at ~998 mV with rise in the peak current. The peak potential at
Fe304/SWNTs/Naf/GCE corresponding to ~945 mV along with noteworthy increment in the
peak current in comparison to the rest of the sensors indicated highest sensitive response. The
voltammetric current response at Fe3O4/SWNTs/Naf/GCE is ~7.5 and ~2.8 times higher in
comparison to the bare GCE and SWNTs/GCE respectively. The results signify the supremacy
of the developed sensor over the other working electrodes for electro oxidation of SSZ.
3.6 Optimization of experimental variables
3.6.1 Effect of pH

A noteworthy effect on the peak potential and peak current has been perceived with the

change in pH. Therefore, optimization of pH is one of the crucial parameters in the
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investigation of SSZ which was effectuated at FesO4/SWNTs/Naf/GCE employing SWV. The
influence of pH ranging from 2.0 to 11.0 was investigated for the electrochemical response of
500 nM SSZ at a fof 15 Hz. It demonstrated that with an increment in the pH the peak potential
of the analyte shifted to less positive values. The E; versus pH plot was found to be linear and
is depicted as:
E, (pH2.0-11.0) =[1318.10 — 53.84 pH] mV versus Ag/AgCl

with correlation coefficient of 0.9951 with a corresponding slope of 53.84 mV pH™!. Since the
value of slope is within close range to the Nernstian equation thereby indicating that the
electrochemical oxidation involves same number of electrons and protons. The influence of pH
on the oxidative peak current of the compound was also analyzed. pH 7.2 was used as the
supporting electrolyte for further analysis because it exhibited the maximum peak current

response.
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Fig. 3 (A) Nyquist plots of different electrodes in S mM [Fe(CN)s]* solution containing 0.1 M
KCIl. (B) CVs obtained for 500 nM SSZ in PBS of pH 7.2 at (a) bare GCE and (b)
Fe304/SWNTs/Naf/GCE at 25 mVs . Voltammetric response recorded for PBS (background) at
Fe304/SWNTs/Naf/GCE (- - -). (C) SWVs obtained for 500 nM SSZ in PBS of pH 7.2 at (a) bare
GCE, (b) Fe304/GCE, (c) SWNTs/GCE and (d) Fe304/SWNTs/Naf/GCE at 15 Hz.
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3.6.2 Influence of square wave frequency
The consequence of square wave frequency in the range of 10 — 100 Hz was investigated on
the electrochemical response of SSZ. The values of oxidative peak current enhance linearly
with an increment in f'and the dependence between i, and f'can be represented by the equation:
ip (LA) =0.3989 f+3.46
having a correlation coefficient 0f 0.9992. The peak potential of SSZ was observed to be shifted
towards higher values with an increment in f at the fabricated sensor. The linear plot of E,
versus log f'can be expressed as:
E, (mV)=117.73 log f+ 810.58
with a correlation coefficient of 0.9937. This electrochemical behavior of SSZ infers that the
oxidation reaction is irreversible in nature with adsorption properties.

3.7 Concentration study

Under the optimal conditions, the electrochemical performance of the
Fe304/SWNTs/Nat/GCE was studied for the determination of SSZ at pH 7.2. The oxidation
peak current response of SSZ increased conspicuously with an augmentation in the
concentration. The current values were obtained by subtracting the background current and are
reported as an average of at least three replicate determinations with a standard deviation of
less than 3.9% for n = 3. A linearity in the working concentration range of 25 — 1500 nM is
depicted in Fig. 4 and the regression equation is as follows:

ip (LA) =0.0186 C (nM) + 0.8576
having a correlation coefficient of 0.9960. The efficacy of the proposed method can be assessed
by two significant parameters which are detection limit and sensitivity. In the present

investigation, the limit of detection was estimated to be 1.6 nM with the highest sensitivity of
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18.6 pA uM™!. Hence, the fabricated sensor corroborates remarkable electrocatalytic activity,

providing a suitable platform for the determination of SSZ.
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Fig. 4 (A) SWVs recorded for (i) PBS (background) (- - -) and (ii) increasing concentration of
SSZ (—) at Fe3s04/SWNTs/Naf/GCE. [Curves were recorded at (a) 25, (b) 50, (¢) 100, (d) 250,
(e) 500, (f) 750, (g) 1000 and (h) 1500 nM concentration in PBS of pH 7.2] (B) Corresponding
linear calibration plot.
3.8 Selectivity
Selectivity is another pivotal factor for a sensor, which was examined for the
determination of 500 nM SSZ under optimized conditions as described above. A variety of
interferents which coexist with SSZ in real samples such as glucose, ascorbic acid,
paracetamol, uric acid, xanthine and dopamine were analyzed. The investigations distinctly
reveal that even 100-fold concentration of the interfering species did not affect the quantitation
of SSZ at Fe304/SWNTs/Naf/GCE. The peak current value of SSZ was minimally altered after
the spiking of the interferents. Tolerance limit refers to the maximum content of the interfering
species which can cause a relative error less than +£5% in the detection of SSZ. The investigation
showcased that the developed sensor favorably attributed to the high selective recognition of

SSZ in biological matrix.
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3.9 Stability and reproducibility

The reliability of the developed sensor was endorsed by assessing the stability and
reproducibility at optimized conditions. The prolonged stability was evaluated by assessing the
peak current response of 500 nM SSZ at Fe304/SWNTs/Nat/GCE over the period of 30 days.
The peak current response for the first day was considered as 100% and after a period of 30
days, there was a retention of 96.88% of voltammetric current response thereby suggesting
notable longevity of the developed electrode. The reproducibility of Fe304/SWNTs/Naf/GCE
was corroborated by analyzing the same concentration of SSZ at six different sensors with
similar modification. The relative standard deviation (RSD) was acquired to be 1.06% for 500
nM SSZ that certifies the analytical reproducibility of the sensor. The intra-day current response
at FesO4/SWNTs/Naf/GCE was assessed by recording seven consecutive scans with an
unchanged concentration of 500 nM SSZ. The RSD value was estimated to be 1.88%
manifesting acceptable reproducibility of the sensor. Furthermore, the day-to-day precision of
the sensor was investigated for seven consecutive days utilizing 500 nM SSZ which indicated
a RSD value of 1.67%. Thus, the Fe3;04/SWNTs/Naf/GCE proclaims distinctive stability and
adequate reproducibility for the electro oxidation of SSZ.

3.10 Pharmaceutical analysis

The performance of the fabricated sensor was explored for the determination of SSZ in
commercial tablets which substantiates the applicability of the sensor as a potential diagnostic
tool. The tablets namely, Sazo, Saaz, and Salazar were weighed and crush into fine powder.
The stock solution was thereafter prepared by dissolving an apt amount of the respective tablet
in 0.1 M NaOH followed by filtration and dilution up to the mark. Finally, the voltammograms
were recorded at optimized conditions by taking suitable aliquots and diluting with buffer of
pH 7.2. The content of SSZ in the pharmaceutical formulations was accurately assessed via

calibration equation. The amount of SSZ found in the tablets through the proposed method
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showed variance of not more than 3.7% of RSD for n=3. Table 1 summarizes the obtained
results which were found to be in good agreement with the claimed content having relative
error less than 5% for all commercial samples. Hence, it vividly reveals that the crafted sensor
possesses remarkable recognition selectivity for the sensing of SSZ in pharmaceutical
formulations without interference of the drug excipients.

Table 1 Determination of SSZ in pharmaceutical preparations using Fe3O4/SWNTs/Naf/GCE.

Sample Stated content Detected content Error (%)
Sazo 500 mg 484.0 mg -3.20
Saaz 500 mg 512.5 mg 2.50

Salazar 500 mg 488.4 mg -2.32

3.11 Real sample assay

To demonstrate the viability of the developed method in complex biological systems,
the detection of SSZ in normal human serum and patient human serum samples was analyzed
for the first time at Fe;O4/SWNTs/Naf/GCE in physiological pH 7.2. Initially, the serum
samples were diluted 50 times with pH 7.2 to reduce the effect of matrix. The recovery studies
in the normal human serum samples displayed the absence of oxidation peak of SSZ before the
spiking of the analyte as demonstrated in Fig. SA (curve a). Thereafter, voltammograms were
obtained with standard addition of SSZ with known concentrations such as 100, 300 and 600
nM as showcased in Fig. 5A (curves b, ¢ and d). The recoveries exhibited a range of 96.36%
to 103.81% in normal human serum samples as showcased in Table 2 thereby indicating

satisfactory practicality of the proposed method.
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The serum samples of patient after 6h of administration of Salazar containing 500 mg
of SSZ were investigated. The voltammogram of patient samples in this case demonstrated a
clearly marked oxidation peak of SSZ at ~945 mV before spiking as displayed in Fig. 5B (curve
a). To confirm the oxidation of SSZ, known concentrations of 100 and 200 nM were spiked
which reflected an increase in the peak current at the identical oxidation potential as illustrated
in Fig. 5B (curves b and c). The SSZ concentration before and after spiking was calculated
using regression equation and represented in Table 2. The promising results affirm that the
developed sensing system can be employed for the preliminary detection of SSZ in clinical

diagnosis.
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Fig. 5 Voltammograms recorded at FesOs/SWNTs/Naf/GCE for (A) normal human serum

sample 1 and (B) patient serum sample 1 before and after spiking different
concentrations of SSZ.
Table 2 Concentration of SSZ in normal human and patient human serum samples at

Fe304/SWNTs/Naf/GCE at pH 7.2.

Spiked (nM) Detected (nM) Recovery (%)

Normal Human Serum
Sample 1 0.0 e e
100.0 96.36 96.36
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300.0 311.42 103.81

600.0 585.61 97.60
Sample 2 o0 e s
100.0 101.20 101.20
300.0 294.80 98.27
600.0 595.80 99.30
Patient Human Serum
Sample 1 0.0 8938 -
100.0 186.15 98.29
200.0 276.47 95.54
Sample 2 0.0 9040 -
100.0 190.15 99.87
200.0 280.50 96.59

The RSD value for determination was less than 3.4% for n=3

4. Conclusions

The present investigation utilizing the synergism of SWNTs and Fe3O4 nanoparticles as
a sensing platform accorded new feasibility for the electro-oxidative study of SSZ. Due to
enhanced electrical conductivity, remarkable electron transfer capacity, immense electroactive
surface area and strong adsorption ability, the Fe;04/SWNTs/Naf/GCE exhibited extensive
electrocatalytic activity towards SSZ oxidation. Under optimized conditions, a dynamic linear
correlation was acquired between the concentration of SSZ and its peak current response within
the calibration range of 25 — 1500 nM at the developed sensor manifesting the lowest limit of
detection (1.6 nM) and highest sensitivity (18.6 pA uM™!) reported so far by electrochemical
determination of SSZ. The developed prototype was distinctly selective for the targeted
compound in the presence of frequently existing biological analytes. The fabricated sensor was
furthermore endorsed by the quantitative determination of SSZ in varied pharmaceutical

formulations thereby augmenting its pragmatic application. The noteworthy utilitarian segment
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of Fe304/SWNTs/Naf/GCE is the adequate detection of SSZ for the first time in rheumatoid
arthritis patient serum sample. This article corroborates that the expeditious results described
herein will instigate realistic application of the crafted sensor as a robust diagnostic tool for in

vivo analysis.
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Abstract

The article has placed a short review on the photoelectrochemical splitting of water describing

the techniques involved in the evaluation of the efficiency in the catalysis process. The energy

states of the interface play important role in determining the performance of the catalysts,

electrochemical and Spectro-electrochemical techniques are well suited in the evaluation of

kinetics and thermodynamics of the interfaces during PEC processes. In addition to discuss

some pf the basic techniques, present article described the intensity modulated photocurrent

spectroscopy (IMPS) and intensity modulated photo voltage spectroscopy (IMVS). These two

techniques are applied to bismuth vanadate and hematite photoanodes in evaluating the OER

photoelectrochemical kinetics. The modulation of charge recombination and charge transfer

processes through the modification in the PEC catalysts in overall enhancement of the OER

efficiency have been presented.
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1. Introduction:

With the current development targets by various countries the global energy demand is
projected to rise by 11-18% over the present requirements by 2050. Global temperature rise
will break the ceiling the 1.5 while the carbon dioxide emission will be 18 giga tons even if the
countries meet their respective targets. To address this global issue, techniques have to evolve
for green energy production. In this regard, H> emerges as the strongest contender due to its
high energy density of 141.9MJ kg !, zero carbon emission during combustion, ease of
transport & storage, on-site utilization and integration with presently available technologies. In
the recent years among many technologies photoelectrochemical (PEC) water splitting has
evolved as a very promising technology for H, generation due to lower energy consumption,
spatial deconvolution of cathodic and anodic processes, flexibility of electrode design in terms
of band gap and band edge positions, allowing utilization of semiconductor with band gap in
the visible spectrum etc. In spite of the edges over other available technologies, being quite
recent technique, it is still in nascent stage and has not matured as an industrial technology.
Hence, proper understanding of the fundamentals of water splitting, performance evaluation of
the photoelectrodes along with molecular mechanism of the process and fine tuning the

parameters to optimize the performance are the need of present time.

The mechanism of photocatalytic water splitting over semiconductor (SC) electrode is as

follows:

Absorption of light: SC +hv (Eg) — €' + h'w €))

OER: 2H,0 + 4 h'y, — Oz +4H'(2)

HER: 2H" + 2e’s» — Ha(3)

Thus, the overall water splitting reaction: 2H>O — 2 H> + O2 AG =237.2 kI mol! (4)

The energetics of different steps of the water splitting process has been indicated in Scheme 1
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(A)

Energy

Chemical Energy
AGY= 237 kJ/mol

H,0

Scheme 1 (A) The energy level diagram depicting the energy requirements of water splitting

Process

Light absorbed by a semiconductor (SC) generates electron-hole pairs, which facilitate the
redox reactions necessary to convert water into hydrogen and oxygen at their respective surface
sites. The feasibility of these reactions depends on the energy levels of the electrons and holes
created in the SC upon photon absorption. Consequently, the catalyst must possess an
appropriate band gap (Eg > 1.23 eV) and valence band edges that align with the potentials for

hydrogen evolution reaction (HER) and oxygen evolution reaction (OER).

Photocatalysis offers the advantage of directly utilizing solar energy without relying on other
energy sources. However, only a few catalysts meet the stringent requirements for band gap
and band alignment. Finding catalysts made from low-cost, earth-abundant elements with a
high absorption coefficient in the visible spectrum is even more challenging. Moreover, since
electrons and holes are generated in the conduction band (CB) and valence band (VB) of the

same material, the high likelihood of recombination limits efficiency.

In the case of photoelectrochemical (PEC) processes, solar light serves as the primary energy
source, supplemented by a small electrical potential to enhance the efficient separation of
electron-hole pairs. This application of a low bias potential is a key distinction between
photocatalysis and photoelectrocatalysis. In PEC, water oxidation and reduction occur at
separate electrodes—photoanode and photocathode, respectively—decoupling the processes
spatially within the PEC cell. This enables the use of different catalyst materials for the

fabrication of each electrode.

The PEC approach offers significant advantages, such as relaxing the stringent requirements
for both large band gaps and precise band edge positions. Photoanodes require a valence band
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maximum

more positive than the O2/H.O potential (1.23 V on the NHE scale), while

photocathodes need a conduction band minimum more negative than the H.O/H: potential (0

V). This separation allows independent optimization of photoanodes and photocathodes to

maximize efficiency for oxygen evolution and hydrogen evolution, respectively, ultimately

facilitating overall water splitting. Additionally, the PEC route minimizes the risk of oxygen

and hydrogen mixing, a common issue in conventional water-splitting methods.

(i)

(i)

(iii)

(iv)

v)

(vi)

The water-splitting mechanism in the PEC route consists of three key steps:

Charge Carrier Generation: Solar illumination on the photoelectrode generates
electron-hole pairs.

Charge Carrier Transport: These charge carriers move from the bulk of the
semiconductor to its surface interface.

Charge Transfer to Electrolyte: The charges are transferred to the electrolyte,
facilitating the electrochemical oxidation or reduction of water.

The water-splitting mechanism in the PEC route consists of three key steps:

Charge Carrier Generation: Solar illumination on the photoelectrode generates
electron-hole pairs.

Charge Carrier Transport: These charge carriers move from the bulk of the
semiconductor to its surface interface.

Charge Transfer to Electrolyte: The charges are transferred to the electrolyte,
facilitating the electrochemical oxidation or reduction of water.

The schematic re-presentation of the PEC water splitting process is shown in the scheme 2.
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Scheme 2:

Schematic of the photo-electrocatalytic splitting of water using photocathode and

photoanode

For effective PEC water splitting, the semiconductor must meet several critical criteria:
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Band Gap: The band gap should exceed 1.23 eV to drive the water-splitting reaction,
but it must not be excessively high. A band gap above 3.2 eV is not ideal, as it falls within
the UV range, which constitutes a small portion of the solar spectrum.

Electrical Conductivity: The material must exhibit good electrical conductivity to
transport the charge carriers generated by solar absorption to the interface for subsequent
reactions.

Charge Transfer Efficiency: Once charge carriers reach the surface, they must transfer
efficiently to the water to drive the redox reactions.

Stability: The catalyst must withstand prolonged use in a reactive environment where
continuous generation of electrons and holes occurs. These reactive species can degrade
the catalyst over time, so durability is essential.

Sustainability: The catalyst should be made from earth-abundant materials to ensure
economic and environmental sustainability.

While the challenges associated with photoanodes and photocathodes are similar, there are
distinctions. Oxygen evolution, at the photoanode, is more complex than the hydrogen
evolution process occurring at the photocathode. In this article we will discuss the basic
parameters which define the photoanode performance as well as advanced techniques

which allow us to comprehend detailed mechanism and thereby design better catalysts.

. Representative  parameters in  photoelectrochemical (PEC)

measurements

The separation of charges generated by photoexcitation plays a key role in the catalysis process.

Two important efficiencies are evaluated:

Surface Charge Separation Efficiency (9¢ranfer ): This indicates the efficiency of charge

transfer at the electrode-electrolyte interface.

Bulk Charge Separation Efficiency (9¢rqsport): This reflects the efficiency of charge carrier

transport from the bulk of the material to the surface.

These are calculated using the following equations:

Ju,0
Ntranfer = — x 100 % (5)
]Na2503
]N SO
Ntrasport = #X 100 % (6)
max.
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integration of light absoption

= (7)

integration of solar light spectrum

]max.

Where, Jnay 18 calculated from the photocurrent obtained from the silicon detector. [y ¢ is
photocurrent density of the water and Jy4, 50, i the photocurrent of the oxidation of the sulfite
which is a hole scavenging agent (sacrificial agent) ensuring 100% utilization of the holes
produced for the photoanodes. For the photocathode the ethylene glycol, sodium sulphite,
mixtures of sodium sulphide and sodium sulphite, glucose and lactic acid is generally used as
the sacrificial agents.[1, 2] To evaluate the performance of the catalysis process, several
efficiency parameters are considered. One key parameter is the Incident Photon-to-Current

Efficiency (IPCE), which is calculated using the following equation:

I(C%) 1240

() T

IPCE% =

x 100 % (8)

Where J is the measured photocurrent density, Pi, is the power of the incident monochromatic
light (measured by the silicon-based detector) and A is the wavelength in nm. The IPCE
measures the efficiency with which incident photons are converted into an electrical current,
providing valuable insight into the photoelectrode's performance. IPCE % represents the ratio
of photon utilization i.e. fraction of the photons which produces photo current to the total
number of photons falling on the photoelectrode. IPCE% does not account for the photons lost
due to reflection or transmission without getting absorbed by the semiconductor
photoelectrode. A more accurate parameter for comparing photoanodes is the Absorbed
Photon-to-Current Conversion Efficiency (APCE). APCE measures the ratio of photons
generating photocurrent to the total photons absorbed by the photoelectrode, factoring in the
material's absorptivity in the visible spectrum. It provides a clearer representation of the
photoelectrode's efficiency. APCE is calculated using the equation

APCE % = IPCE/(1-10°P)x 100 )

Where OD is absorbance of the material. The measurements of IPCE and APCE provide
valuable insights into the performance of the catalysis process. Both parameters rely on the
catalytic current obtained during the process. In cases where the concentration of evolved
hydrogen is not determined, IPCE and APCE are widely accepted as reliable metrics for

comparing the efficiency of different catalytic systems.
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Finally, the solar to hydrogen efficiency (STH %) defines efficiency at which the PEC cell is
able to generate hydrogen due to the exposure of one sun light. The STH % is defined as,

(%) x (237,000 miol)

STH % =
W 2
P, (c 2) X A(cm?)

x 100 (10)

In the PEC process, the moles of hydrogen generated are normalized based on the energy input
from the solar simulator. Additionally, the Applied Bias Photon-to-Current Efficiency (ABPE)
is an important parameter used when experiments are conducted at a bias potential other than
the water-splitting redox potential (1.23 V). ABPE accounts for the electrical energy
corresponding to the applied bias by subtracting it from the total energy input during efficiency

calculations.

JH,0 x(1.23-Vpjas)

ABPE =
P

x 100 % (11)

The Faradaic efficiency (FE%) of the photoelectrodes are determined by measuring the evolved

oxygen gas using the gas chromatography measurements and using the following equation (6)

FE (%) = Q(02)/Qtotal) (6)

Where Qo2) 1s the charge equivalent to the evolved oxygen, which is determined from the
measured Oz concentration in moles from the GC measurements and converting it to charge
considering the number of holes transferred as 4. [3, 4] Qotay is the total charge passed in the

PEC cell at the specified applied potential for a predetermined amount of time.

The electronic property of semiconductor is evaluated from the Mott-Schottky measurements,
where the experiments are performed at a fixed frequency with the variation of the applied bias
potentials. The parameters like, donor density (ND) and flat band potential (VFB) are

determined from the plot of 1/C2 vs applied bias potentials in correlation with the equation 12.

1 2 (V v kBT) 12
C2  qA%eg,Np FB g (12)
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Where, C is the space charge capacitance, q is elementary charge, A is electrode surface area,
€0 vacuum permittivity (8.854x10-12 F m-1), ¢ is relative permittivity of the photoanode, V is
applied potential, kBis the Boltzmann constant (1.38x10-23 J K-1), and T is absolute
temperature. The flat band potential (VFB) indicates the extent of band bending, more is the
band bending more is the energy available for the minority carriers for the redox processes.
With these parameters, the bulk efficiency of the materials can be determined but the processes
occurring at the interface is of prime importance especially the charge transfer and charge
recombination as recombination is the major hole loss pathway. Traditional techniques can not
decouple the charge transfer and recombination process. The efficiency of the overall
photoelectrochemical response is determined by surface processes, which can be analyzed
through specific techniques. During EIS measurements, potential perturbation at the
semiconductor/electrolyte interface affects the equilibrium density of electrons and holes
within the space charge region in the absence of illumination. In contrast, at a metal/electrolyte
interface, applying potential directly impacts the Helmholtz layer, allowing potential
perturbations during EIS measurements to influence the rate constant. Additionally, variations
in light intensity over time control the generation and collection rate of non-equilibrium charge
carriers. Electrical responses measured under open-circuit conditions, where photovoltage is
fundamental, form the basis of IMVS, whereas photocurrent measurements under controlled
potential form the basis of IMPS. The perturbation in light intensity is sinusoidal, given by
equation (13) [5].

I1(t) =1,(1 + §sin(wt)) (13)

Where, 6 is the depth of modulation and /7y is the mean intensity.

86



g (o . Current or Voltage signal
|—|[C] Potentiostat
Beam Splitter LED
— LED FRA z
—— Driver o060 z

? Photodiode

Reference signal

Scheme 3 Basic experimental setup of IMPS/IMVS measurements

Intensity modulation is achieved using a frequency response analyzer (FRA) in combination
with an LED light source and a beam splitter. The light emitted by the LED is split into two
parts: one is directed into the PEC cell, while the other is sent to a high-speed Si photodiode.
The FRA generates a small-amplitude modulated sinusoidal light intensity, which is then
superimposed onto a constant intensity illumination. The modulated photocurrent, which is
sum of hole current and electron current, has same frequency as that of the light but with
different magnitude and phase. Phase shift in photocurrent in relation to sinusoidal modulation
of light intensity is measured. The model to wunderstand IMPS responses of
semiconductor/electrolyte interface was provided by Ponomarev and Peter [6, 7]

This model tells about the competition between transfer of minority charge carrier to
electrolyte(k.;) and recombination to electron in conduction band (k). The normalized transfer

function for IMPS can be represented as a function of angular frequency as in equation (14)[8]

Jphoto __ ket + iw 2 _ 1)
Jn kct+ krectiw

(14)

Where Jpnow 1s the measured photocurrent, J, is hole current, k., and k. are the pseudo-first
order charge transfer and recombination rate constants. It is important to understand that k., and
krc are phenomenological rate constants as actual rate constants would require to investigate
each elementary step involved in the water oxidation process. Now these in and out of phase
components leads to real and imaginary part of photocurrent which can be plotted as Nyquist

plot.
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The expressions for the real and imaginary photocurrents in the Nyquist plot are represented in

equation (15) and equation (16) respectively[8].

ReUphoto/jh) = (kct(kct + krec) + wz)/((kct + krec)2 + (‘)2)
(15)

Im(]photo/jh) = krecw/((kct + krec)2 + wz)
(16)

A typical IMPS plot consists of two semicircles in the positive real plane of Nyquist plot as
shown in Fig. 1b. One semicircle in negative plane of imaginary part while other in positive
plane of imaginary part. Two semicircles are resulting since phase shift associated with the
effect from recombination and of Rs,1Csc have opposite sign. Where Rsol is the series resistance,

essentially the solution resistance and Cs. is the space charge capacitance.

The frequency of semicircle in positive real half plane decreases as the series resistance of PEC
increases. In this plot, at high frequency intercept (HFI) with real photocurrent axis, the surface
recombination rate is insufficient to match the rate at which holes are produced with light
modulation. HFI provide information about hole flux moving to photoelectrode surface. The
low frequency intercept (LFI) on real photocurrent axis measure the rate at which charges are
transfers to solution for water oxidation. The ratio of Low frequency intercept and high

frequency intercept provides the Charge transfer efficiency of the process as shown in equation
(17)

kee _ LFI

Net = ket+kpee  HFI

(17)

From the Nyquist plot, frequency at which maximum imaginary photocurrent (w,r) is related

with the characteristic relaxation constant of the system by equation (18).

Wpp = kct + krec
(18)

From these two equations the rate constants for the charge transfer process and that of the

recombination process are evaluated.
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3. Illustration of application of these techniques for evaluating photoanodes

3.1 Bismuth Vanadate and 3D-Graphene Composite Photoanodes for Enhanced

Photoelectrochemical Oxidation of Water

3D graphene incorporated BiVO4 was synthesized by spin coating followed by annealing. The
synthesized photoanodes were characterized using various methods viz. XRD, UV-Vis
spectroscopy, Raman spectroscopy, SEM, XPS etc. 3D graphene inclusion aimed at enhancing
the conductivity of the material and thereby enhance the charge transport. In this regard

transient time constant evaluation provides valuable insight.
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Fig. 1. XRD pattern of SnO>/BiVO4 (black), SnO»/BiVOs /Co-B; (red), SnO2/3D-G-BiVO4
(green), Sn02/3D-G-BiVO4/Co-B; (blue)

The XRD peaks at 26.37°, 34.58°, 37.45°, 61.37° and 65.45° shows underneath ITO
(JCPDS card 41-1445) substrate. XRD peaks at 26 values of 18.46°, 28.48°, 30.10°, 34.95°
correspond to (011), (121), (040) and (002) planes of monoclinic BiVO4 (JCPDS 014-0688)
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respectively (Fig. 1). Upon incorporation of 3D-G weak peak around 25° appears indicating
the presence of 3D-G. BiVOs phase is preserved after introduction of Co-B; into the system as
no change is observed in peak positions. The XRD plots indicated that the crystallinity of the
ITO/Sn02/3D-G-BiVO4/Co-Bisample is relatively lower compared to the other three samples.

Fig.2 SEM images of (A) & (B) SnO»/BiVOa, (C) & (D) Sn0:/BiVOs /Co-Bi, (E) & (F)
Sn0,/3D-G-BiVOy, (G) & (H) Sn02/3D-G-BiVO4/Co-B;

Photoelectrochemical investigation

Photoelectrochemical investigations have been carried out for all the photoanodes
under AM 1.5 G simulated illumination using xenon lamp. The 0.5M NazSOs in borate buffer
of pH 8 has been used as electrolyte, instead of using phosphate buffer due to its corrosive
nature for BiVO4 systems. [9] Performance of the photoanodes were investigated by LSV and
chopped light voltammetry (CLV) and the results are shown in Fig. 6A & 6B. Current densities
obtained at 1.19V vs RHE for SnO2/BiVOs4, Sn02/3D-G BiVOs4, SnO2/BiVO4/Co-B; and
Sn0,/3D-G-BiVO4/Co-Bi are 0.74, 0.90, 1.23 and 1.48 mAcm? respectively. The
incorporation of 3D-G leads to an approximate 165% enhancement in PEC current,
highlighting its significant and quantifiable role in boosting the photocurrent density of the
electrodes. Furthermore, photoanodes with 3D-G exhibit high current density even at lower
applied biases, with the improvement being particularly pronounced at lower potentials.
Additionally, the shape of the LSV plot differs for samples containing 3D-G compared to those
without it.[10, 11] he presence of 3D-G has enhanced conductivity, resulting in an increased

photocurrent at lower overpotentials. In contrast, for samples without 3D-G, the photocurrent

90



remained low at lower bias potentials. However, once the bias potential (1.3 V vs. RHE) was

sufficient to drive the majority carriers back to the sink, the current increased rapidly.

Chopped light voltammetry experiments, shown in Fig. 4B, revealed a similar trend in
current density across all catalyst materials, consistent with the observations from linear sweep
voltammetry. A noticeable reduction in current was observed immediately after the light-off
stage in samples lacking 3D-G. With increase in overpotential the reduction current disappears.
The absence of the reduction current in SnO2/3D-G-BiVO4 even at lower overpotential than
that of SnO2/BiVOy4 indicates the efficient transfer of electrons towards the sink and effective
separation of e-h pair by the enhanced conductivity of 3D-G. It is worth noting that the
reduction current becomes more pronounced with the introduction of Co-B; into the system.
This supports the rationale behind incorporating Co-B; to enhance the interfacial transfer of
holes to the solution. Consequently, after the illumination is turned off, excess electrons
accumulate in Co-Bi-containing samples without 3D-G, leading to a minor reduction current.
However, this reduction current is absent when 3D-G is introduced into the Co-Bi system, as
3D-G facilitates the transfer of electrons to the sink. The current transient behaviors have
indicated the enhancement of life time of the charge carriers. The quantification of
improvement of performance to the surface charge recombination and the bulk charge
recombination has been evaluated from the measurements of the surface charge separation
(Mtransrer ) and bulk charge separation ( 1¢qsport) €fficiencies of the photoanodes using the
procedures as explained in the equations 5, 6 and 7. The results are plotted in Fig. 3A & 3B.
The N¢ransrer has been improved upon inclusion of Co-Bi in the BiVO4 sample due to the
electro-catalytic activity and efficient transfer of surface charges to the solution. Presence of
3D-G has significant enhancement in the surface charge separation process, which indicates
that 3D-G has positive role in the enhancement of surface conductivity of the material, which
resulted in the efficient transfer of holes to the solution. The variation of 7¢.4sp0r: With respect
to the applied bias potentials are also plotted and shown in Fig. 3B. The significant
enhancement of the ( Ngqspore) €specially at the lower overpotentials upon incorporation of

3D-G has the clear indication about the improvements in e-h recombination of the materials.
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The transient behavior of the photocurrent for all materials was recorded and is
presented in Fig. 4C. Upon illumination of the photoelectrode, an initial spike occurs due to
the rapid separation of electron-hole pairs. Electrons migrate toward the ITO, while holes move
toward the electrolyte interface to oxidize water. Additionally, some holes recombine with
conduction band electrons during this process.. The decay in the initial photocurrent has been
observed with the SnO2/BiVO4 and SnO2/BiVO4/Co-Bi photoanodes, whereas the decay has
been less significant with the SnO2/3D-G-BiVO4 and SnO2/3D-G-BiVO4/Co-B; photoanodes.
In order to obtain the decay profile of the photocurrent, the transient photocurrent is fitted using

the following dimensionless parameter D,
D = Iy = Ise))/Uiny — Iisey) (19)

Where ) is the photocurrent at time t, Iin) is the initial photocurrent measured at t=0 and I
is the steady photocurrent. Transient time constant (t) is defined as the time at which In(D)= -
1. [12] Transient behaviour of the photoanodes has been studied by illuminating the
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photoanodes for a short time period of 1 s at 1.19V vs RHE and the decay characteristic is
observed (Fig. 4D). Value of observed t are 0.17s, 0.19 s and 0.5 s for SnO2/BiVOs,
Sn0,/BiVO4/Co-B; and for SnO»/3D-G-BiVO4 samples respectively. While SnO./3D-G-
BiVO4/Co-Bi does not show any significant decay. Photoelectrochemical efficiency of BiVO4
remains low due to the fast charge recombination owing to numerous recombination and charge
trapping centers. Incorporation of 3D-G provide low energy pathways for the photogenerated
charges due to high electronic conductivity, thereby reducing the recombination as reflected by
the transient time constant. Lower recombination is the reason underneath the enhanced

photocurrent density.
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Fig. 4. (A) Linear Sweep Voltammetry (BBS Buffer pH 8), (B) Chopped light Voltammetry for
Sn02/BiVOs (black), SnO2/BiVOs /Co-B; (red), SnO2/3D-G-BiVOs (green), SnO»/3D-G-
BiVO4/Co-B; (blue) (C) Transient Study for SnO2/BiVOs4 (black), SnO2/BiVO4 /Co-B; (red),
Sn02/3D-G-BiVO4 (green), SnO2/3D-G-BiVO4/Co-B; (blue) , (D) In D vs Time graph for
Sn02/BiVOs (black), Sn02/BiVO4/Co-Bi (red), SnO2/3D-G-BiVO;4 (blue)

Correlation between the efficiency and wavelength is extracted from [PCE measurements and

plotted in Fig. 5 of the supporting information. IPCE of SnO2/BiVOy4 is ~20% while efficiency
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of Sn0,/3D-G-BiVO4, Sn02/B1VO4/Co-B; and Sn0,/3D-G-Bi1VO4/Co-B;are ~27%, 23% and
32% respectively.[13, 14]
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Fig 5: IPCE plot for (A) SnO2/BiVOs (B) SnO2/BiVO4/Co-B; (C) Sn0O2/3D-G-BiVO4 (D)
Sn0,/3D-G-BiVO4/Co-B;

The APCE has also been measured and the values are plotted in Fig. S4 of the supporting
information. As expected, the APCE results follow the same trend as that of IPCE. APCE
increases as the applied bias increases due to efficient e-h separation. APCE increases for
SnO2/BiVO4 as higher potential is applied. (Fig. 6) Similar pattern is seen in case of
Sn0O2/BiVO4/Co-Bi. While in case of SnO2/3D-G-BiVO4 enhancement in current is observed
due to effective separation of photogenerated charge carriers even at lower applied potential.
As Co-B; is introduced, APCE of SnO2/3D-G-BiVO4/Co-B; again increases with increase in
applied bias as new redox centers are available and activity of the co-catalyst increases with
the applied bias. The FE (%) for the samples SnO2/BiVOs, SnO>/3D-G BiVOs,
Sn02/BiVO4/Co-B;i and Sn0O2/3D-G-BiVO4/Co-B; are 87, 86, 90 and 89 respectively. The
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results thus indicate the insignificant contribution of the non-Faradaic processes in the overall

current during PEC oxidation of water.[3, 4, 15]

60 50
(A) ‘_g_‘iggggggx ( B) —@— APCE @ 0.6V
—@— APCE@1V 40 °°\ :g: QEEE g é.\gv
40 20
: :
wl i
O 20 8 20
< <
104
0+ 04
420 450 480 510 540 570 330 360 390 420 450 480 510 540 570
Wavelength (nm) Wavelength (nm)
(C) 70 -g-ﬁzgé@g-gv (D) 70 -Q@-APCE @ 0.6V
:O:APCE g 1VV 60+ 0°_° :3:2§§§ g (1)\?\/
60 - 0 00'0\
501 01 o o.o‘ojog\
o 401 \0.0,0\0\
401 X 9 Vo
: - Bof S
O 307 O .
< 9] < 20
9.
10. °‘o\° 104 .
o,
ol 900000 0] Se90888
330 360 390 420 450 480 510 540 570

360 390 420 450 480 510 540 570

Wavelength (nm) Wavelength (nm)
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Sn0,/3D-G-BiVO4/Co-B;

3.2 Application of IMPS for evaluation of hematite photoanodes

Hematite was electrochemically deposited followed by annealing. Iron hydroxide films were
deposited onto the FTO substrate from an iron precursor solution (FeCls) by applying a constant
potential of -0.2 V (versus Ag/AgCl electrode) with varying deposition times. During the
deposition process, a yellow-colored iron (III) hydroxide (FeOOH) compound was formed

according to the following reactions:
H>O02 +2e — 20H (20)

FeF*' + 30H — FeOOH + F~ + H,O 21
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As-deposited samples underwent annealing in ambient air at 550°C for 2 hours, with a
subsequent annealing step of 750°C for 10 minutes. This rapid annealing phase at elevated
temperatures facilitated the crystallization and activation of the iron oxide nanostructures,
resulting in highly activated a-Fe>Os films with optimized properties for various applications.
Photoanodes of varous thickness was synthesized to understand the effect of thickness on

charge transfer and recombination process.

The photoanodes were characterized by XRD, UV-Vis and Raman spectroscopy. For PEC
efficiency evaluation LSV, CLV, EIS, Mott-Schottky, transient photocurrent, IMPS was carried
out. The obtained results revealed varying current densities at 0.6 V, indicating the efficiency

of the photoelectrode under different conditions. Specifically, current densities of 0.53 mAcm”
2.0.71 mAcm, 0.89 mAcm?, 0.42 mAcm™?, and 0.21 mAcm™ were observed for 0.807 um,
0.903 pum, 1.00 um, 1.12 um and 1.38 um, respectively. Notably, the photoelectrode fabricated
with 1.00 um displayed the highest photoelectroactivity among the tested conditions. The

relevant PEC performance are plotted in fig 6.
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Figure 6 (a) Linear Sweep Voltammetry (b) Chopped light Voltammetry (c¢) Linear Sweep
Voltammetry (Sulphite) (d) Nyquist Plot at 0.6V (e) Bode plot (f) Mott Schottky Plot of 0.807
um (black), 0.903 pm (red), 1.00 um (green), 1.12 pm (blue), 1.38 pm (sky blue)
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To gain deeper insight into the intricate relationship between the material properties and the
charge transfer dynamics in the prepared electrodes, a detailed IMPS analysis was performed.
The IMPS analysis model relies on linear circuit equations to describe surface state charging,
charge transfer, and recombination processes at the solid-electrolyte interface (SEI). However,
it is important to recognize that the model is built on specific assumptions. First, it presumes
that bulk recombination dominates over surface charge recombination. Second, it assumes that
surface recombination takes place within the timescale of IMPS measurements, with light
modulation exerting no influence on band bending in the space charge region. The IMPS
spectra, when plotted as a function of potential is spread over the fourth and the first quadrant
with a real x axis and imaginary y axis similar to Nyquist plot. Simple way of reading an IMPS
plot is to correlate the intersection on the real axis with improved charge transfer efficiency.
Additionally, the diameter of the upper arc represents charge recombination process.
Diminishing upper arc at more positive potentials, indicates a reduction in the charge

recombination process.

The IMPS data is modelled using simple equivalent circuit. The semicircle in the upper
quadrant corresponds to a time constant formed by the series resistance and the bulk
capacitance. The corresponding high frequency intercept on the real axis is given by equation
(22).

Rs

HFI = (1+ -~
R

HF

)— 1
(22)

At the Low frequency limit, the LF capacitor is blocked, and the LF resistor acts like an extra

series resistor, giving the LF intercept on the real axis as given by equation (23)

LFI = (1 + =251 (1)

HF

our and oL are related with different characteristics constants which are presented in equation

(23).

wyr = (RsCpur) ™ 5 wrp = (RppCrp)™? (24)

In case of hematite IMPS spectra is recorded at different potential values plotted as fig. 8 and
a noticeable trend is observed. With increase in potential the intersection on real axis shifted
towards higher value and upper arc was smaller. While the former signifies better charge

transfer the latter signifies lesser recombination, which can be explained on the basis that with
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potential increase the driving force for photogenerated charge separation is stronger. Another
trend was noticed across the samples, the sample of 1 uM had the longest real axis intersection

and smallest upper arc.
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Figure 8 IMPS spectra of (a) 0.807 pm, (b) 0.903 pum, (c) 1.00 pm, (d) 1.12 um, (e) 1.38 um
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Even though with increasing thickness the light harvesting efficiency and number of charge
carriers were better but the very intrinsic property of the material namely, the hole diffusion
length limits the utilization of the charge carriers and they heavily recombine, limiting the
efficiency of the thicker samples. Thus, for hematite of optimum thickness would have best

efficiency.
1. Conclusion:

By these two representative examples one can have a clearer picture of the parameters
important for evaluation of photoanodes. Along with the basic studies parameters like transient
time constant and its physical meaning with respect to charge carrier dynamics is also focused.
Theory of advanced techniques like IMPS has been thoroughly discussed along with
interpretation of the IMPS plots and application of the same for evaluating charge transfer and

recombination rate.
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INTRODUCTION

We introduce ourselves as one of the Leading Dealers, Importers & Stockiest of Laboratory Glasswares, Chemicals &
Scientific Instruments, ESTABLISHED SINCE 1952, an if you give us a chance by registering your firm in your
Vendor's list and send us your Regular Valued Enquiries, from time to time, we assure you to give you our most
competitive rates, backed by our services, for the available items.

We specialize and maintain regular stock of the following items

Quartz and Silica tubes, rods, wools, boats, beakers, crucibles, plates, disc, etc
All sizes of Agate Mortar & Pestles, Basins, etc

All sizes of Laboratory Teflon materials, Silicon tubings

High Purity Alumina wares such as crucibles, tubes, trays, boats, etc

Quartz Single and Double distillation apparatus

Digital balances (Analytical, Top-loading, Industrial, etc)

Silver & Platinum Paste
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High purity metals such as: Platinum, tungsten, tantallum, molybdenum in the form of foils, wires powders
etc.
» Chemicals / Solvents /Speciality Chemicals / Biochemicals / Kits / Antibodies

We also deal in the following:

# All types of Laboratory Instruments such as Ovens, Incubators, Hot Plates, pH Meters, Ultrasonic baths, Water
Baths, Water Stills, Gas Flow Meters, BOD Incubators, Furnaces, Constant Temperature Water Baths,
Microscopes, Karl Fisher Apparatus, Autoclaves, Gas Generators, KBR Hydraulic Press, Portable & Oil-sealed
Vacuum Pumps

» All types of Imported Instruments such as Spectrophotometers, Viscometers, Weighing Balances, Pocket pH

Meters, Digital Conductivity Meters, Portable pH/mV/Temperature Meter, Dissolved Oxygen Meter

Rotameters of all types

Whatman Filter Papers, Membrane Filters, Syringe filters, Nylon Filters, Butter Papers, etc

Borosil / Duran / JSil / JSGW Glasswares

Test Sieves & Sieve Shaker

Spares for GC & HPLC Systems

Ice Flakers, Deep freezers, Refrigerators, Microwave Oven

Laminar Air Flow, Bio-safety Cabinet, Fume Hoods

Hydrometers, Thermometers with certificate

Tarsons Make Labware Products
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Oil & Petroleum Products

Major Principal Companies : Mettler Toledo, TCl, Sigma, Thermo, Meck Millipore, Tarsons, Abdos, Athena, NEB,
CST, Santacruz, R&D Systems, Eppendorf, Kubota, Avantor, Promega, Bioxcell, Invivogen, Himedia, ElabScience,
Epigentek, Veego, Cayman, MPBio, GE (Cytiva), Labman/Wensar, Heidolph, Aczet, Bandelin, Sartorius, Brand,
Qiagen, Rocker, Starna, Remi, Mltenyi, Chromotek, Bioassay, Wheaton, Moltox, Medchem Express, TargetMol,
Horizon Discovery (Dharmacon), Biolegend, Roche, Hanna, TechResource, Waters, Polylab, Lovibond, Sujay,
White-Westinghouse, Novita, Ika, Brookfield, Licor, Exciton, Cambridge Isotope, Spectrum (Repligen), Tedpella,
Combi-Blocks, Advent, Axygen, Corning, Falcon, Laxbro, Hellma, Shimadzu, PerkinEelmer, Becnhmark, Borosil,
ISil, Klasspack, JSGW, Ibidi, Matrix, Metalab, Shanti Scientific, PolyScience, TRC, Technics, Trident, Cole-Parmer,
Micro Scientific, Oscacr, Eltek, Electrolab, Jayant, Contech, Schott-Duran, Toshniwal, Systronics, Gilson,
Kasablanka, Hamilton, BioRad, Labindia, Leimco, Rescholar, Star, Horiba, Amber, Genaxy, Strem, & many more
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Utilising the power of small to make BIG changes

Scanning Electron

g Microscope

Raman Spectrometer

Confocal Laser

Scanning Microscope

| Confocal Raman
Microscope

X-Ray Microscope

www.alfatechservices.com
@ +91-11-4053 8906 | +91-98711 48188 | +91-99712 40643 Al e e e e G

SEM-EDS | micro-Raman | X-Ray CT | Nano-indentation | CLSM | Aerosol Spectrometer | Dust Monitors
Nanoparticle Sizers & Counters | Onboard Vehicular Emission | Heavy Metals in Air Monitor | Bio-aerosol Air Monitor

Micro- and Nano-
Indentation System [=1%3% ]
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Electrochemistry and more!

Metrohm India Private Limited is a subsidiary of Metrohm
AG, Switzerland, world leader in lon Analysis. Metrohm is a
renowned name in lon Analysis and is the only company to
offer the complete range of lon Analysis Instrumentation -
Titration, lon Chromatography and Voltammetry. We also
have world class pH/lon/Conductivity meters/
Electrochemical instruments, Spectroscopy and Stability
Measuring Instruments in our comprehensive product
portfolio.

Metrohm Autolab sets the standard for electrochemistry instrumentation. Metrohm Autolab creates instruments that
are suitable for most application areas including: corrosion, energy, environmental, sensors, and solar. Our customers
may not always be electrochemists, but they are engaged in fundamental and applied research harnessing the power
of electrochemistry for further understanding. They are driven to understand and improve electrochemical processes

with the ambition to deliver new materials with superior properties and future possibilities.

With an Autolab potentiostat/galvanostat and NOVA software there are no limits to where your research can go.
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Our electrochemistry portfolio ranges from portable instruments to modular systems for full flexibility and

D

multichannel workstations allowing a number of experiments to be performed simultaneously.
e Compact/Modular Line potentiostat / galvanostat instruments
e Multichannel instruments with up to 12 channels
e Spectroelectrochemical measurements combining electrochemistry and UV-Vis, Vis-NIR or Raman spectroscopy
in one measurement

e Screen-printed and interdigitated electrodes

Metrohm India Private Limited

Metrohm-SIRI Towers, 3&4, Fourrts Avenue, Annai Indira Nagar

Okkiyam, Thoraipakkam, Chennai - 600097, India. n MeirOhm
Ph: +91 44 40440440 | Customer support: +91 44 40440444

For details, e-mail us at info@metrohm.in or visit us at www.metrohm.in Indl(l Private Lid.
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Heavy Water Board, Mumbai
Department of Atomic Energy
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Nuclear & Special Grade TATANR fAATIEF NMR Solvents
Heavy Water (CDClI,; Acetone-d6; DMSO-d6;

Acetonitrile-d3 etc.)

tﬁ%ﬂmru@ Potassium Metal

Supporting
Fast Breeder | Heavy Water

Reactor & Allied
Products
Programme
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Societal . i
TR Nuclear Solvents for Extractive
CUEER D ER IR Initiatives Ml Solvents Metallurgy

Activities

Nuclear Grade Sodium

Environment | Technological
Initiatives

Materials for Healthcare
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Development of Novel Equipment,
Materials & Processes and
Engineering Services
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Deuterium Depleted Water for
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ﬂﬂﬂ HAATAT Flue Gas Conditioning

9T STl I Rain Water Harvesting

www.hwb.gov.in
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Your Partner in Scientific Needs
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Electrochemistry Optronics, Inc.

@ 1SS Zwick / Roell

UV-VIS-NIR Spectroscopy

ocean Fluorescence Spectroscopy G 2 V
Insight
Raman Spectrometer i
TGA-DTA/ DSC % J.A. Woollam Co.
] w ipsometry Solutions
Electrochemical X Atomic Force Microscope e
Energy Science
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SPECTRA VISTA ‘ S G Solar Simulator
CORPORATION i/ > lyncée tec™

Impedance Spectroscopy

Io A S I Particle Size Analyser
PRODUCTS, inc. . nn
Spectroradiometer Wi

‘ﬂ,ebasto Hyper Spectral Imaging

Feel the Drive FT-IR Spectrometer ® 'amggg
ﬁ 29 591'6 oM Battery Research &
KEP TECHNOLOGIES Fue" Ce" E L- c E l L

Nano Science / MEMS electrochemical test equipment
FILMETR’CS K Nanoindenters //. g SEMIPROBE”

I11A rpany

We also do customized solutions to meet specific application needs, sample measurements, instruments rentals

SINSIL INTERNATIONAL PVT. LTD.

Regd. Office: 165, Parishram Park, Vadodara — 390 016, Gujar
HO: G4/G8, Phase-8, Brahmand Annex, Thane (W), Mumbai — 400

Hotline: 98330 11933, 91674 04043 ||

ww.sinsilintern
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Bringing Tomorrow's Technology Today
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Bringing Tomorrow’s Technology Today
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light is our profession

COMPex Pulse Laser
Most stable Excimer Deposition Chamber
laser
Applications : Applications :
« PLD — Pulsed Laser . EY Applications
Deposition . Pt ALD on nanotubes

« Thin Wafer Processing for photocatalysis

B
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®

Atomic Layer
Deposition System
BENEQ TFS 200

Applications:
. Al203 on barrier
applications
. HfO2, Si02 and SiN
for semiconductor
applications

Pulsed Dye Laser
LiopStar

Applications:
. Laser-induced
fluorescence: LIF
« Light detection and
ranging: LIDAR

. NANOMAGNETICS
. INSTRUMENTS

L Litron Lasers

CSHERENT

@IJk LIGHT
CONVERSION

Litron LPY Series
High Energy Laser

Vibrating Sample
Magnetometer

Applications :
. OPO Pumping
. Dye Laser Pumping
« Spectroscopy

Applications :
. Measurement of
Magnetisation “M” with
Applied field “H”

. LIBS . Measurement of
. LIDAR Magnetisation “M” with
. LIDT Temperature “T”

. Laser Shock Peening

ASTRELLA

Femtosecond Amplifier

Applications:

» Time-resolved
Spectroscopy
Multidimensional
Spectroscopy
THz Spectroscopy
fs Micromachining

HARPIA :
SPECTROMETER

Applications:

. Transient absorption
and reflection in bulk
and microscopy

« Multi-pulse transient
absorption and
reflection

@ www.laserscience.co.in

e info@laserscience.in

@ +91 77100 12972

m laserscienceservices
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