Carbon supported nanomaterials for electrochemical

energy applications

By

Sonali Panigrahy
CHEM11201804021

National Institute of Science Education and Research Bhubaneswar,
Odisha — 752050

A thesis submitted to the
Board of Studies in Chemical Sciences
In partial fulfilment of requirements
for the Degree of

DOCTOR OF PHILOSOPHY

of
HOMI BHABHA NATIONAL INSTITUTE




Homi Bhabha National Institute

Recommendations of the Viva Voce Committee

As members of the Viva Voce Committee, we certify that we have read the dissertation
prepared by Somali Panigrahy entitled “Carbon supported nanomaterials for
electrochemical energy applications” and recommend that it may be accepted as fulfilling

the thesis requirement for the award of Degree of Doctor of Philosophy.

Chairman - ~ ; Date: |, y
/-f “ = gl A _"-’:’(V_rf")(_‘

Dr. Prasenjit Mal

G -d /C v i ; D t . o ¥ =5
uide / Convener e T e NZ t}’t{ W
Dr. Sudip %arman
Examiner - e vheYnta P 2R\ sy
— OR: PRH7EITAG MR D
ember 1 - 5] = Z i
Dr. Bidraha Bagh
Member 2- f Date:
7 L G Wty
Dr. Subhadip Ghosh 5{3\ Ly
Member 3 - Date: 2\ 3
. [[24

Dr. Dinesh Topwal

Final approval and acceptance of this thesis is contingent upon the candidate’s
submission of the final copies of the thesis to HBNI.
I/We hereby certify that I/we have read this thesis prepared under my/our direction and

recommend that it may be accepted as fulfilling the thesis requirement.

Date: ¢ \j(}‘z , 28 LM

) ,
Place: Bhubaneswar (Dr. Sudip Barman)
Guide



STATEMENT BY AUTHOR

This dissertation has been submitted in partial fulfilment of requirements for an advanced
degree at Homi Bhabha National Institute (HBNI) and is deposited in the library to be made

available to borrowers under rules of the HBNI.

Brief quotations from this dissertation are allowable without special permission, provided that
accurate acknowledgement of source is made. Requests for permission for extended quotation
from or reproduction of this manuscript in whole or in part may be granted by the Competent
Authority of HBNI when in his or her judgment the proposed use of the material is in the
interests of scholarship. In all other instances, however, permission must be obtained from the

author.

%Dn@ﬂi Fane

onali Panigrahy



DECLARATION

I, hereby declare that the investigation presented in the thesis has been carried out by me. The
work is original and has not been submitted earlier as a whole or in part for a degree / diploma

at this or any other Institution / University.

CEOV\QJU P@Wu\g@%

onali Panigrahy



List of Publications arising from the thesis

Journal Published

1.

Panigrahy, S.; Samanta, R.; Panda, P.; Mishra, R.; Barman, S. *, RuO; as promoter in
Pt-RuOs-nanostructures/carbon composite, a pH-universal catalyst for hydrogen

evolution/ oxidation reactions. International Journal of Energy Research 2022, 46,

6406-6420.

Panigrahy, S.; Mishra, R.; Panda, P.; Kempasiddaiah, M.; Barman, S. *, Carbon-
Supported Ag Nanoparticle Aerogel for Electrocatalytic Hydrogenation of
5-(Hydroxymethyl)furfural to 2,5-Hexanedione Under Acidic Conditions. ACS Applied
Nano Materials 2022, 5, 8314—8323.

Panigrahy, S.; Panda, P.; Shekhawat, A.; Barman, S. *, One-Dimensional Ni-MIL-77
Metal-Organic Framework as an Efficient Electrode Nanomaterial for Asymmetric

Supercapacitors. ACS Applied Nano Materials 2023, 6, 3825—3834.

Under Preparation

1.

Panigrahy, S.; Kempasiddaiah, M.; Samanta, R.; Barman, S. *  One-dimensional
Bismuth Nanofibers as an Efficient Cathode Material for Electrochemical CO2
Conversion to Formate. (manuscript under preparation).

Panigrahy, S.; Barman, S. *, Palladium Oxide Nanoparticle for Electrocatalytic

Oxidation of 5 (Hydroxymethyl)furfural. (manuscript under preparation).

. Panigrahy, S.; Barman, S. *, Ag-Pt Nanostructures for Electrochemical Hydrogen

Evolution and Oxygen Reduction Reaction in Alkaline medium. (manuscript under
preparation).

Panigrahy, S.; Kempasiddaiah, M.; Barman, S. *, Carbon-Supported Ag

Nanostructure for Electrochemical CO; Reduction. (manuscript under preparation).



Journals not included in thesis

Panda, P.; Mishra, R.; Panigrahy, S.; Barman, S. *, Design of Col Al3(OH)m/Carbon
Nitride hybrid Nanostructure for Enhanced Capacitive Energy Storage in Alkaline
Electrolyte. Materials Advances, 2021, 2, 7671.

Panda, P.; Mishra, R.; Panigrahy, S.; Barman, S. *, 3D Assembly of CoAI204 Spinel
Nanosheets for Energy Storage. ACS Applied Nano Materials 2022, 5, 4, 5176-5186.
Sahu, P.; Mishra, R.; Panigrahy, S.; Panda, P.; Barman, S. *, Constructing micropore-
rich nitrogen-doped carbon for high-performance supercapacitor and adsorption of
carbon dioxide. International Journal of Energy Research 2022, 46, 13556- 13569.
Mishra, R.; Panigrahy, S.; Barman, S. *, Single-Source-Derived Nitrogen-Doped Soft
Carbons for Application as Anode for Sodium-Ion Storage. Energy & Fuels 2022, 36,
6483-6491.

Mishra, R.; Panigrahy, S.; Barman, S. *, Rational Design of Sulfur-Doped Carbon with
Expanded Inter-layer Spacing toward Anode Material of Sodium-Ion Batteries. Energy
& Fuels 2022, 36, 12310-12318.

Kempasiddaiah, M.; Samanta, R.; Panigrahy, S.; Barman, S. *, Interface-Rich Highly
Oxophilic Copper/Tin—Oxide Nanocomposite on Reduced Graphene Oxide for
Efficient Electroreduction of CO2 to Formate. ACS Applied Energy Materials 2023,
6, 3020-3031.

Shekhawat, A.; Samanta, R.; Panigrahy, S.; Barman, S. *, Electrocatalytic Oxidation
of Urea and Ethanol on Two-Dimensional Amorphous Nickel Oxide Encapsulated on

N Doped Carbon Nanosheets. ACS Applied Energy Materials 2023, 6, 3135-3146.

Conferences and Presentation

1.

2.

Poster Presentation: 7th National Conference on “ Recent Advancement in Material
Science” (RAIMS-2022) (18th-19th November 2022) Department of Chemistry, Veer
Surendra Sai University of Technology, Burla Sambalpur, Odisha, India.

Poster Presentation: 36th Annual Conference of Orissa Chemical Society & National
Conference on “Advances in Materials Chemistry and Application” (AMCA-2022)
(18th-19th December 2022) Department of Chemistry, Utkal University, Bhubaneswar,
Odisha, India.

Vi



3. Poster Presentation: Emergent Materials for Energy and Environment (EMEE-2023)
(04th-05th March 2023) Department of Chemistry, IIT Roorkee, Uttarakhand, India.

%on&ﬂ PW?P&(’/%( ‘

Sonali Panigrahy

vii



Dedicated

My Family



ACKNOWLEDGEMENTS

I want to acknowledge the essential help and support from the people who have been there for
me during this journey. I'm immensely grateful to my thesis advisor, Dr. Sudip Barman, for his
invaluable guidance, unwavering encouragement, and for providing me with the independence
to explore and grow during my Ph.D. research tenure.

I am thankful to Department of Atomic Energy (DAE), India for its financial assistance

during my doctoral studies. I sincerely thank the National Institute of Science Education and
Research (NISER), Bhubaneswar, India, for providing research infrastructure, as well as the
Homi Bhaba National Institute (HBNI), India, for academic registration. I would like to thank
Dr. Prasenjit Mal, Dr. Bidraha Bagh, Dr. Subhadip Ghosh, and Dr. Dinesh Topwal, members
of my doctorate committee, for their assistance and insightful suggestions.
I extend my heartfelt thanks to my labmates, Dr. Manjunatha Kempasiddaiah, Dr. Ranjit
Mishra, Dr. Manas Kumar Kundu, Dr. Tanmay Bhowmik, Dr. Ashish Das, Prajnashree Panda,
Rajib Samanta, Biplab Kumar Manna, Sayak Roy, Manish, Pushpraj, Priya, Anirudh, Suvendu,
Debashish, Sarin, and Dev. Working and sharing the lab with you all has been a pleasure. This
journey of my Ph.D. career has been made easier by companions of my labmates, who have
created a positive atmosphere around me.

I thank all of my NISER friends, especially Sourav Ranjan Pradhan, Ayendrila Das, R.
Vijay Sankar, Subhadip Banerjee, Manisha Sadangi, Surajit Panda, and seniors especially
Sanajya Maharana and Dr. Shalini Pandey for the unforgettable moments.

Last but not least, | want to thank my family for being there for me at every turn of my life and
giving me the encouragement and confidence, I needed to fulfil my ambition of earning a Ph.D.

degree. I want to sincerely thank my parents (Mr. Harihar Panigrahy and Mrs. Runu Padhy),



my brother (Mr. Jagannath Panigrahy) for their support, patience, and ability to make me

happy. I love you all.

ﬁ% nal PMM

... Sonali Panigrahy



CONTENTS

Title Page No
Summary Xiv

List of figures XVviii
List of tables XXVi

List of schemes XXVii
Chapter 1 Overview of environmentally friendly electrochemical energy storage

and conversion methods

1.1 Abstract 28
1.2 Introduction 28
1.3 Electrochemical energy conversion 31
1.3.1 Fuel cells 33
1.3.2 Hydrogen oxidation reaction 35
1.3.3 Oxygen reduction reaction 41
1.3.4 Electrolyser 43

1.3.5 Hydrogen evolution reaction 45
1.3.6 Oxygen evolution reaction 48

1.4 Organic transformation 48
1.4.1 HMF reduction reaction 51
1.4.2 HMF oxidation reaction 56

1.5 Electrocatalytic CO> reduction reaction 61
1.5.1 Mechanism of Electrochemical CO2 Reduction Reaction 63

1.6 Energy storage system 69
1.6.1 Supercapacitor 70
1.6.2 EDLCs 72

Xi



1.6.3 Pseudocapacitors 72

1.8.2 Hybrid supercapacitor 73
1.7 Aim of the present thesis 73
1.8 Scopes and challenges of present thesis 74
1.9 References 75
Chapter 2 Comprehensive Approaches and Methodologies in Experimental

Research
2.1 Introduction 94
2.2 Materials 94
2.3 Instrumental techniques 95
2.4 References 107
Chapter 3 RuO: as promoter in Pt-RuQ2-Nanostructures/Carbon composite, a

pH-universal Catalyst for Hydrogen Evolution/Oxidation Reactions

3.1 Abstract 109

3.2 Introduction 110

33 Experimental section 112

34 Results and discussions 115

3.5 Conclusions 138

3.6 References 139

Chapter 4 Ag-Pt Nanostructures/Carbon composite for Electrochemical
Hydrogen Evolution and Oxygen Reduction Reaction in Alkaline
medium

4.1 Abstract 158

4.2 Introduction 159

4.3 Experimental section 161

4.4 Results and discussions 162

4.5 Conclusions 172

4.6 References 173

xii



Chapter 5 Carbon-Supported Ag Nanoparticle Aerogel for Electrocatalytic
Hydrogenation of 5-(Hydroxymethyl)furfural to 2,5-Hexanedione in
Acidic Conditions

5.1 Abstract 177
52 Introduction 178
53 Experimental section 181
54 Results and discussions 184
55 Conclusions 199
5.6 References 200
Chapter 6 Palladium Oxide Nanoparticle for Electrocatalytic Oxidation of
5-(Hydroxymethyl)furfural to FDCA
6.1 Abstract 210
6.2 Introduction 211
6.3 Experimental section 213
6.4 Results and discussions 216
6.5 Conclusions 223
6.6 References 224
Chapter 7 One-dimensional Bismuth Nanofibers as an Efficient Cathode
Material for Electrochemical CO2 Conversion to Formate
7.1 Abstract 228
7.2 Introduction 228
7.3 Experimental section 230
7.4 Results and discussions 234
7.5 Conclusions 245
7.6 References 246

Chapter 8 Carbon-Supported Ag Nanostructure for Electrochemical CO2
Reduction

8.1 Abstract 250

xiii



8.2 Introduction 251

8.3 Experimental section 253
8.4 Results and discussions 257
8.5 Conclusions 266
8.6 References 267

Chapter 9 One-Dimensional Ni-MIL-77 Metal-Organic Framework as An
Efficient Electrode Nanomaterial for Asymmetric Supercapacitor

9.1 Abstract 271

9.2 Introduction 271

9.3 Experimental section 274

9.4 Results and discussions 276

9.5 Conclusions 292

9.6 References 293
Summary

The increasing global energy demand and the depletion of fossil fuels have propelled
the exploration of renewable energy sources. Among various renewable energy technologies,
water electrolyzers (WEs) and fuel cells (FCs) are pivotal for energy storage and conversion.
Regenerative fuel cells involve four distinct reactions: hydrogen oxidation reaction (HOR) and
oxygen reduction reaction (ORR) in FCs stacks, and hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER) in WEs stacks. Commercial Pt/C is the most active catalyst
for HER, ORR, and HOR. However, its electrocatalytic stability, abundance, and energy
efficiency are significantly limited, which hinders the practical application of FCs and WEs
devices. In electrolyzers, various reactions such as HMF reduction, HMF oxidation, and CO>
reduction can yield value-added products. For energy storage applications, supercapacitors

bridge the gap between conventional capacitors and batteries. Our research focused on the
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synthesis of diverse carbon-supported nanomaterials and explored their activity in HER, HOR,
ORR, HMF reduction, HMF oxidation, CO> reduction reactions, and their potential as
supercapacitor materials.

RuO»-Pt/C exhibits approximately an order of magnitude higher catalytic activity for
alkaline hydrogen evolution reaction/hydrogen oxidation reaction (HER/HOR) when
compared to commercial Pt/C. Furthermore, RuO,-Pt/C also displays superior HER/HOR
performance in acidic conditions relative to commercial Pt/C. This thesis highlights the
promotional role of RuO, in RuO;-Pt/C for HOR/HER. This enhancement is attributed to
RuO>'s ability to facilitate stronger OH™ adsorption. This factor significantly contributes to the
remarkable improvement in alkaline HER/HOR via a bi-functional mechanism. The
descriptors for alkaline HER/HOR, namely, oxophilicity (OHBE) and hydrogen binding
energy (HBE), are crucial in elucidating this phenomenon. Additionally, our findings
underscore that the exceptionally high electrochemical performance is a result of interface
engineering, synergistic effects, and the porous structure of the catalyst.

The AgPt-CNx catalyst, synthesized via a two-step procedure involving NaBH4
reduction of Ag within CNx, succeeded by the electrochemical deposition of Pt in Ag-CNy,
reveals its remarkable versatility as a bifunctional catalyst, effectively facilitating both HER
and ORR. In the context of HER performance within a 1 M KOH electrolyte solution, AgPt-
CNx impressively outperforms the commercial Pt/C catalyst. Regarding ORR performance,
both AgPt-CNx and commercial Pt/C exhibit an onset potential near 0.942 V. However, the
AgPt-CNx catalyst exhibits a higher limiting current density in comparison to the commercial
Pt/C catalyst, highlighting its superior ORR performance, particularly at higher current
densities. This thesis underscores the synthesis of bifunctional catalysts, offering a novel

pathway to provide versatile solutions for a wide array of applications.
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The Ag-aerogel-CNy catalyst effectively catalysed the reduction of HMF to HD through
a 6e” and 6H" ring-opening process. This reduction process was conducted under acidic
conditions at room temperature, utilizing water as the source of hydrogen. Remarkably, the
Ag-aerogel-CNy catalyst demonstrated a high Faradic efficiency of 78% and a selectivity of
77% in the production of HD when operated at -1.1 V vs. Ag/AgCl in a 0.5 M H>SO4 solution.
The synthesized Ag-aerogel-CNx catalyst effectively mitigated the competing HER and
efficiently facilitated the hydrogenation of HMF to HD. This direct conversion of HMF into
HD opens up a novel avenue for generating valuable intermediates from biomass resources.

PdO/CNx emerged as a highly effective catalyst for the selective oxidation of HMF to
FDCA within a 0.1 M KOH solution. Remarkably, the onset potential for HMF oxidation on
the PAO/CNy catalyst was significantly lower than the potential required for the OER. The
primary product resulting from the oxidation of HMF was identified as FDCA, and an
impressive Faradaic efficiency of 78% was achieved for FDCA production using the PAO/CNx
catalyst at an overpotential of 1.4 V vs. RHE in the 0.1 M KOH solution. This efficient
conversion of HMF into FDCA presents an innovative pathway for generating valuable
chemical intermediates from biomass resources.

Ag-CNyx exhibited impressive efficacy in the reduction of CO», yielding CO as the
primary product. Notably, Ag-CNy achieved its highest Faradaic efficiency for CO production,
reaching 56.4%, at a potential of -1.4 V vs. Ag/AgCl. The study also delved into the influence
of reduction time and catalyst loading on CO production. Optimal conditions were identified
as a catalyst loading of 1 mg and a reduction time of 20 minutes. These findings emphasize the
potential of Ag-CNx as a robust catalyst for CO> reduction reactions and underscore the
significance of meticulous adjustment of experimental parameters to enhance the efficiency of

CO production.
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The electrospinning method was employed to create the Bi-BixOs-embedded CNF
matrix. This catalyst's remarkable performance is ascribed to its high porosity and substantial
electrochemically active surface area, providing an abundance of active sites for CO; reduction.
This synthesized catalyst, Bi-BixO3@NF-600, serves as a cathode material, effectively
suppressing HER and yielding formate as the primary CO; reduction product. Bi-Bi,O3@NF-
600 demonstrates efficient CO> reduction to formate with a remarkable Faradaic efficiency of
approximately 90% at -0.8 V vs. RHE. Consequently, this thesis holds the potential to pave the
way for the development of a pathway to generate value-added products through CO>
reduction, carrying significant implications for sustainable energy applications.

The synthesis of the 1D-Ni-MIL-77 composite through a straightforward one-step
solvothermal method, resulting in specific surface area of 93.48 m? g! is discussed in this
thesis. The 1D-Ni-MIL-77 electrode demonstrates a substantial specific capacitance of 1376 F
gl at a current of 1 A g'!, with an impressive 81% retention of its initial capacity even after
4000 charge-discharge cycles. In an asymmetric supercapacitor device, the 1D-Ni-MIL-
77/activated carbon (AC) combination delivers a noteworthy energy density (ED) of 25 W h
kg-1 at a power density (PD) of 750 W kg-1, maintaining 95% of its capacitance after 5000
cycles. This study presents an effective strategy for the development of one-dimensional metal-
organic frameworks (MOFs) with enhanced conductivity and a multitude of active sites,

particularly beneficial for energy storage applications.
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Chapter 1

Overview of environmentally friendly electrochemical energy storage and
conversion methods

1.1 ABSTRACT

The current chapter addresses the imperative need for converting and storing renewable,
clean energy sources, taking into account our perceptions of both existing and future
energy resources. It delves into the realm of conversion devices, including water
electrolysers and fuel cells, as well as storage devices such as supercapacitors. This
section offers a comprehensive overview of the reaction processes and Kkinetics
associated with several fuel cell reactions, including the hydrogen oxidation reaction
(HOR), oxygen reduction reaction (ORR), and key water electrolyser reactions such as
the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER).
Additionally, it covers reactions like the HMF reduction reaction (HMFRR), HMF
oxidation reaction (HMFOR), and electrochemical CO; reduction reaction. Furthermore,
the thesis briefly elucidates the reaction mechanisms and contemporary trends for these
reactions. Towards the conclusion of this chapter, the thesis outlines its objectives and
goals, setting the stage for the subsequent research and exploration in the field of energy

conversion and storage.

1.2 INTRODUCTION

Energy stands as a fundamental element in our everyday existence, playing an
indispensable role in almost every facet of human endeavour. Nonetheless, we continue
using energy for granted in some ways, even as the energy problem worsens. Despite
decades of research into alternatives, fossil fuels currently constitute more than 80% of
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worldwide energy usage (Figure 1.1).! In light of diminishing natural resources and

escalating environmental concerns, the imperative task at hand involves devising a
sustainable path for contemporary living predicated on renewable energy sources. This
endeavour necessitates the development of dependable and secure approaches for energy
conversion, storage, and utilization that can rival the traditional hydrocarbon fuels
procured from the Earth. Global energy consumption is now 14 Terawatt hours (TWh)
per year, based on the United States Energy Information Administration (US-EIA), and
is expected to nearly double by 2050.2 Fossil fuels are inefficient energy sources that will
eventually run out. Furthermore, they are the source of significant emissions of hazardous
gases that endanger human civilisation by depleting the ozone layer and adding to global
warming. As a result, the temperature of our planet rises, threatening all life on it.
Furthermore, as temperatures rise, the ice on the poles in the Arctic and Antarctica have
been steadily melting, rising sea levels.>* While the most suitable strategies may vary
depending on geographic factors and the availability of alternative energy-enabling
resources, a prominent and recommended approach involves harnessing hydrogen as an
energy carrier and employing hydrogen fuel cells as a principal method for converting
energy into electrical power. The concept of a hydrogen economy represents an
ambitious vision for a comprehensive societal system encompassing hydrogen
production, storage, and utilization on a large scale.’

After careful analysis, hydrogen emerged as a promising ideal sustainable future energy
carrier due to its excellent features.® For a long time, researchers have focused on
hydrogen as a viable energy source for the future economy. Because of hydrogen's
extremely low density, storage is a technical difficulty that must be resolved in order to

develop a hydrogen-oriented economy.”-8
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Figure 1.1. Various energy sources for global energy demand (Adopted from
Environmental science and Pollution Research 2021, 28, 49327-49342 with permission

of Spinger) !

Hydrogen is widely recognized as a promising, cost-effective, and eco-friendly fuel for
the future economy, and this recognition is grounded in its multiple virtues. Firstly, it
stands as the universe's most abundant element, constituting over 90% of all atoms.
Secondly, it boasts the distinction of being the lightest element with the highest energy
content among all known fuels. Thirdly, it is sustainable, ensuring long-term availability.
Fourthly, it is non-toxic and poses no harm to health. Lastly, in contrast to traditional
fuels like petroleum, natural gas, or coal, hydrogen serves as a clean energy carrier,
promoting environmental well-being and generating only water as the sole byproduct
during energy conversion.’ Hydrogen has an incredible energy storage capability, and

estimates suggest that the energy stored in 1 kg of hydrogen is around 120 MJ (=33.33
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kWh), which is more than double that of most conventional fuels.!” !'! Hydrogen can be

produced using both renewable like solar, biomass, hydro, geothermal and wind, and also
non-renewable like nuclear, natural gas, and coal energy sources. Once generated,
hydrogen can be stored as a versatile fuel and deployed across various applications,
including transportation, power generation systems employing fuel cells, and internal
combustion engines or turbines.'> > However, the largest source of hydrogen nowadays
is the reforming of fossil fuels (oil, natural gas, and coal), which account for 96% of total
production.'* This is far from a sustainable energy solution. However, there is a more
environmentally friendly and "green" way to manufacture hydrogen by employing water
electrolysis by using renewable energy sources.

The advancement of sustainable systems and technologies for energy generation and
storage is of paramount importance. This progress is essential for efficiently fulfilling
the energy needs of both commercial and residential sectors and mitigating the
substantial economic repercussions associated with intermittent energy sources.'” In this
chapter, our discussion will primarily revolve around two main segments: 1)

electrochemical energy conversion and 2) electrochemical energy storage.
1.3. Electrochemical Energy Conversion

Energy conversion systems are primarily composed of two fundamental components: the
electrolyser and the fuel cell. The water-energy cycle is essential and the main
technologies for advancing a sustainable electrochemical energy conversion. The
electrolyser is a crucial component designed for the conversion of electrical energy into
chemical energy. Within this device, a diverse array of chemical reactions can occur. It
operates through the process of electrolysis, wherein an electric current is applied to split

a compound, typically water, into its constituent elements, such as hydrogen and oxygen.
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This process involves a range of reactions at the electrode-electrolyte interface, including

HER and OER that take place on the cathode and anode of a water electrolysis system,
respectively.!® Conversely, the fuel cell is another pivotal component that facilitates the
conversion of chemical energy, typically stored in fuels like hydrogen, into electrical
energy. The hydrogen produced can be used as an energy carrier in a fuel cell. Fuel cells
employ the reverse process of electrolysis, with hydrogen and oxygen as reactants, to
produce electricity. In this electrochemical process, HOR occurs at the anode, and ORR
takes place at the cathode.!” These reactions contribute to the generation of electrical
energy. In essence, both the electrolyser and fuel cell are integral to energy conversion
systems, with the electrolyser focusing on the generation of chemical energy from
electrical energy, while the fuel cell centres on the conversion of chemical energy into

electrical energy.

Wakr
splilting
Electrochemical /[ e
E Electrolyzer R ction El
e
Fuel Cell nerg-y i ectl‘olyZer N,
conversion Reductiop
Reactio“
\c..__/>

T Oflanic
'ansfom-,aticm

Figure 1.2. Various aspects of electrochemical energy conversion.

HER in an electrochemical water-splitting cell entails transferring two electrons to
produce one mol of hydrogen gas. OER, on the other hand, uses a four-electron-transfer

mechanism to produce 1 mol of oxygen gas. In a fuel cell, HOR is followed by
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transferring two electrons to oxidise 1 mol of molecular hydrogen. ORR, on the other

hand, requires four electrons to travel over the anode in order to reduce one mol of

oxygen gas.'®

Renewable Energy = Vehicular and Grid
Electrolyzer Mode Fuel Cell Mode
:{20‘-1'[2*'0)2 L H,+O== H_ O
Energy In \ e =
B Regenerative (Energy Out)
Energy Conversion \

m Device )

w H, Storage
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=]
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0,
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Reaction(HOR)
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)

/ H,0 0, P
( Hydrogen Reduction =
\ Reaction(HER) _ . ’%
Q
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H.storage  Reaction(ORR)

Cathode

Figure 1.3 Diagram of an RFC illustrating its main components: Fuel Cell and

Electrolyzer.
1.3.1. Fuel Cells

An electrochemical device that can transform chemical energy into electrical energy is a
fuel cell through the catalysis of an electrochemical reaction at an electrode. Fuel cells
offer an alternative energy solution. It is crucial to note, however, that it is not strictly
necessary for the cell to be a renewable energy device until the fuel used in the cell comes
from a renewable source, that much is evident. However, it is comparable to batteries,
but compared to batteries, that are restricted in the capacity to produce energy by the
amount of chemicals they can retain, fuel cells have the ability to produce energy
constantly for as long as fuel is provided.!® By electrochemically mixing hydrogen and
oxygen, conventional fuel cells generate energy without burning. The supply of oxygen
is air, whereas water can be easily converted to hydrogen using electricity. Fuel cell
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technologies presently subject to extensive research scrutiny encompass polymer

exchange membrane fuel cells, including both proton exchange membrane fuel cells
(PEMFCs) and anion exchange membrane fuel cells (AEMFCs), in addition to solid

oxide fuel cells, alkaline fuel cells, and molten carbonate fuel cells.?’

Water has the potential to serve as a sustainable source in the electrolysis process for fuel
production, and chemical bonds can function as a means to store electrical energy. Fuel
cells consist of four essential components: a) Anode: The anode serves as the negative
terminal in fuel cells. It captures electrons generated through the oxidation of hydrogen
molecules and facilitates their movement through an external circuit. b) Cathode:
Located on the positive side of fuel cells, the cathode produces oxygen in a reduced state
and combines it with oxidized hydrogen to produce water. It is responsible for
transferring electrons back into the external circuit. ¢) Electrolyte: This component,
which can be either solid or liquid, plays a crucial role in facilitating the transfer of
electric charge among the two electrodes. d) Catalyst: Catalysts are a distinct group of
substances that accelerate the interaction between oxygen and hydrogen. Thin layers of
platinum are commonly employed as catalyst surfaces on materials such as carbon paper

or fabric.
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Figure 1.4. (a, b) A schematic diagram showing a proton exchange membrane fuel cell.
(Adopted from International Journal of Hydrogen Energy 2022, 47, 41956-41973 with

permission from ELSEVIER)

Renewable fuel cells (RFCs) are typically categorized into two groups: proton exchange
membrane fuel cells (PEMFCs) and anion exchange membrane fuel cells (AEMFCs),
depending on the composition of their electrolytes. In the standard acidic operating
environment of a PEMFC system, the protons (H) generated by electrolytes or anodic
reactions' products are transported between the anodic and cathodic compartments.?! In
an AEMFC system, hydroxyl anions are exchanged between the anodic and cathodic
compartments, and this system performs optimally under alkaline electrolyte conditions

with a higher pH level.?
Various Reactions Involved in RFCs

Within a fuel cell, hydrogen (H2) and oxygen (O2) function as the fuel and oxidant, with

the principal reactions occurring as the HOR at the anode and the ORR at the cathode."
1.3.2. Hydrogen Oxidation Reaction:

To generate renewable green electricity, hydrogen can be fed into PEMFCs, which are

ecologically benign and extremely efficient energy converters that are not constrained by
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the Carnot cycle.?* Nonetheless, an effective catalyst is indispensable for this procedure;

otherwise, it would require an extended duration and necessitate higher energy input.
While a minimal amount of precious metal platinum (< 0.05 mgp: cm2) can ensure a
reasonably satisfactory HOR performance on the anode side of proton exchange
membrane fuel cells (PEMFCs),?* the ORR occurring at the cathode side necessitates a
higher platinum loading (0.2-0.4 mgp: cm2) due to its slow kinetics.?> The limited
availability of cathodic electrocatalysts that possess both high activity and stability at an
affordable cost currently poses an obstacle to the extensive adoption of PEMFCs in
commercial applications. On the other hand, alkaline polymer electrolyte fuel cells
(APEFCs), which belong to a recently emerged category of fuel cells, are anticipated to
effectively address these issues by employing cost-effective alkaline polymer
membranes and functioning in relatively mild alkaline environments.?® Alkaline
environments offer highly active, cost-effective, and readily available transition metal
catalysts for both the ORR and OER, making alkaline membrane fuel cells (AMFCs) and
alkaline electrolyzers more promising alternatives to PEMFC-based technologies.?”-*
Another advantage of AMFCs over PEMFCs is the significantly enhanced stability of
transition metal catalysts when subjected to the fundamental conditions of the ORR and
OER.?*% In alkaline environments, the kinetics of the HOR are substantially lower by
two orders of magnitude compared to acidic conditions, even when employing
commercial Pt/C electrocatalysts. This persistent disparity presents a notable challenge
for the scientific community. Consequently, in order to achieve a substantial level of
activity, alkaline membrane fuel cells (AMFCs) require a significant quantity of platinum

(Pt) at the anode.?
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Figure 1.5. Schematic depiction of proton exchange membrane fuel cells (PEMFCs)?!

Up to this point, the advancement of AMFCs and alkaline electrolyzers has significantly
benefited from highly efficient HOR catalysts. In the pursuit of developing more
effective catalysts for the HER and HOR in alkaline membrane fuel cells and alkaline
electrolyzers, it becomes imperative to gain a comprehensive understanding of the
underlying mechanisms in basic media. Presently, there exist conflicting interpretations
for the diminished performance of HOR in alkaline environments, revolving around two
key factors:**7 (1) the role of hydrogen binding energy (HBE) and (2) the impact of
OH- adsorption on the metal (oxophilicity). In contrast, the HOR and HER occur in

acidic conditions through either the Tafel-Volmer or Heyrovsky-Volmer mechanisms.*®

39

Tafel: H, + M <> M-H,,,
Volmer: H,y-M > H" + e+ M

Heyrovsky: H,*M <>H_,-M + H" + ¢
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Consequently, the hydrogen oxidation reaction (HOR) can go through either the

Tafel-Volmer or Heyrovsky—Volmer pathways. Since the formation of Hags in both the
Tafel and Heyrovsky steps, a fundamental prerequisite for efficient HOR catalysts lies
in their substantial affinity for hydrogen chemisorption. Consequently, hydrogen binding
energy (HBE) is commonly acknowledged as the pivotal determinant influencing

HOR/HER kinetics 33 4%41,

In an alkaline environment, the reaction proceeds through the subsequent stages:

Tafel: H, + M > M-H,_,
Heyrovsky: H,*M + OH- <> H,,-M + H,0 + ¢
Volmer: H y-M + OH <> H,0 + e + M

The role of the OH- ion in alkaline environments remains ambiguous. Some researchers
have proposed that protons (H") are generated through the desorption of Had and

subsequently rapidly combine with OH™ ions to form water.*? (Figure 1.6 a, b).

H,-M& H +e+M

H*+ OH¢> H,0
HBE serves as the predominant descriptor for the HOR/HER in alkaline media within
this mechanism, much like in acidic conditions. Alternatively, there exists another
possibility in this scenario: the catalyst's surface may adsorb OH™ ions, generating OHags
species that can subsequently interact with adjacent Hags species to form a water

molecule.*

OH'+M > M-OH,,,
M-OH,, + M-H, ;. >H,0 + 2M
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Figure 1.6. (a-b) Potential reaction mechanism of the HOR in an alkaline environment

with the influence of OH™ ions in the electrolyte, and (c-d) the impact of adsorbed OHaq
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species on the catalyst surface (Adopted from Nano Energy 2018, 44, 288 with

permission from ELSEVIER).

The bi-functional mechanism regulates the interaction between Hags and OHags when the
catalyst surface has adsorbed OH- ions. Consequently, enhanced OH™ adsorption on the
surface of the catalyst causes an increase in hydrogen oxidation reaction (HOR)
performance in alkaline media.*>*® (Figure 1.6 ¢ and d). As a consequence, the primary
feature of the HOR 1in alkaline conditions is determined by either HBE or the oxophilicity
of the catalyst. When HBE and the HER/HOR performance of several monometallic
metal surfaces are graphed, it results in volcano-shaped curves, as illustrated by Y. Yan
et al.>>* Durst and his team have indicated that a higher HER/HOR performance in
conventional media could potentially be associated with a lower hydrogen binding

energy (HBE).*

Due to the reduction in the overall hydrogen binding energy (HBE), J. X. Wang et al.*

have shown that Ru-Pt core-shell nanoparticles, when compared to bulk Pt, can
substantially enhance the mass activity of the hydrogen oxidation reaction/hydrogen
evolution reaction (HOR/HER) by several orders of magnitude. While platinum's onset
potential for OH™ adsorption is inferior to that of ruthenium-platinum (PtRu), Wang and
coworkers*” have documented that the HOR activity of the PtRu composite material in
alkaline environments surpasses that of pure platinum by a factor of two. This
observation implies that the metal's oxophilicity does not appear to exert a substantial
influence on the HOR activity. As indicated by S. S. Wong et al.,* the electrical influence
exerted by ruthenium (Ru) on platinum (Pt) plays a crucial role in modulating HBE

levels, which, in turn, govern the hydrogen oxidation reaction (HOR) activity.
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Furthermore, our research team’® has recently demonstrated that in basic conditions,

bifunctional mechanism that is HBE and oxophilicity both play a significant role for
HOR in the case of Pt-(PtO,)-NSs/C composite materials. Nonetheless, as reported by D.
Strmenik et al.,*> metal oxophilicity does indeed play a notable role in dictating the
HER/HOR activity in alkaline environments. They proposed that the limited availability
of OHags species on the catalytic surface contributes to the sluggish hydrogen oxidation
reaction (HOR) in alkaline media. Furthermore, their findings indicated that the
incorporation of more oxophilic metals, such as nickel (Ni) and ruthenium (Ru), into
platinum (Pt) can potentially boost hydrogen oxidation reaction (HOR) performance

(Figure 1.6 c-d).*
1.3.3. Oxygen Reduction Reaction:

A critical cathodic half-cell process in fuel cells pertains to the electrochemical ORR.
Research into the ORR has been concentrated upon due to its significance as a pivotal
reaction within diverse electrochemical energy storage/conversion systems,
encompassing applications like metal—air batteries, fuel cells, electrocatalytic processes,
photocatalytic water splitting, and more.’®>! A delayed 4-electron transfer process with
a significant intrinsic overpotential that results from the interaction of free-energy scaling
correlations between the ORR intermediates adsorbed on catalysts defines the ORR

inherently.>?

Nanomaterials composed of platinum are efficient and long-lasting catalysts for the
ORR, yet their cost is prohibitively high for widespread large-scale implementation.>
To tackle the challenge of the elevated cost associated with platinum, two potential
solutions have been proposed: (1) enhancing the utilization or efficiency of platinum

catalysts to reduce the platinum requirement, or (2) entirely substituting platinum
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catalysts with non-precious alternatives. The latter strategy, which involves a complete

replacement of platinum with non-precious metal catalysts, is considerably more
favourable in the long-term perspective, as it directly addresses the issue of limited global
platinum supply. Simultaneously, transition metals like cobalt (Co), iron (Fe), and nickel
(Ni) have garnered significant interest due to their cost-effectiveness and have

demonstrated notable enhancements in oxygen reduction reaction (ORR) activity.>*

The study revealed that the rate-determining step in the oxygen reduction reaction (ORR)
involves the creation of Oags and a hydroxide anion, originating from the electro-splitting
of 02,445 species.” The alkaline environment proves to be an efficient system due to the
inherently swifter kinetics of the ORR in basic conditions compared to acidic conditions.
Additionally, alkaline media offer a less corrosive setting for both catalysts and
electrodes. Rapid adsorption and desorption processes involving oxygen-containing
groups like Oz, O, H2O2, OH™, and HO;™ from catalyst surfaces are necessary in alkaline
environments, Essentially, a conducive pathway allowing oxide species to move
smoothly can enhance reaction kinetics.® A significant cathodic process occurring
within fuel cells is the electrochemical ORR. The ORR is a complex multi-step, multi-
electron transfer mechanism encompassing numerous fundamental stages and

intermediate species.

The following are the steps in a reaction in an acidic medium:
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Figure 1.7. Schematic representation of direct and indirect path of ORR.

Oxygen can undergo electrochemical reduction to form water through three distinct
pathways: direct 4-electron reduction (O2 +2H>O+4e” > 40H"), direct 2-electron
reduction (O2+2H,0+2¢” = H2O+OH"), and the by formation of hydrogen peroxide
(2+2 electron reduction, (H:O+H>O+2e” = OH").>’ In the context of fuel cells, the
formation of hydrogen peroxide (H20.) is unfavourable as it can lead to the corrosion of
the membranes employed in cell fabrication. Occasionally, in non-aqueous aprotic

solvents or under alkaline conditions, an alternate pathway involves a one-electron

process that generates superoxide species (02" ).>® To mitigate the over-potential
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associated with the ORR and reduce the production of H>O», various initiatives have been

pursued to develop catalysts based on noble metals.

1.3.4. Electrolyser:

In light of concerns about contamination and global warming, investigating more
environmentally acceptable energy sources is urgently needed. Within this context, the
production of hydrogen (H») through electrolysis, powered by sustainable energy sources
like wind and solar power, emerges as a plausible strategy for shaping a future energy
landscape. This approach holds the potential for sustainable and efficient generation of
high-purity hydrogen, often referred to as "green hydrogen."> Electrolysis is the
electrochemical method employed to facilitate a non-spontaneous chemical reaction.
Within an electrolyser, electrical energy is harnessed to initiate water electrolysis, a
process that disassembles water into its fundamental components, hydrogen and oxygen
(2H20 — 2H:z + O2). An electrolyser generates exceptionally pure hydrogen suitable for
energy production. With the exception of the reversal of the anode and cathode reactions,
there exist few distinctions between an electrolyser and a hydrogen fuel cell. Hydrogen
gas is produced at the cathode in an electrolyser, whereas in a fuel cell, hydrogen gas is

consumed at the anode.

In the present era, two primary technologies exist in the domain of water electrolysis:
alkaline electrolyser and proton exchange membrane electrolyser. Among the various
devices capable of performing electrolysis, the most likely commercial methods for
producing hydrogen in the foreseeable future are PEM electrolyzers. However, the
widespread adoption of PEM electrolyzers faces challenges due to the use of noble
metals with high commercial value as electrocatalysts in their electrodes. Specifically,
platinum (Pt) is employed at the cathode for the HER, and ruthenium (Ru) or iridium (Ir)

is used at the anode for the OER.®’ Despite the initial discovery of water splitting into H»
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and Oy occurring in an acidic electrolyte, the practice of water electrolysis in basic

environments has been commercially viable for more than a century, particularly for
large-scale industrial implementations.®' Alkaline electrolysis stands as the oldest and
most established technology, having already been deployed in industrial-scale initiatives.
Nevertheless, it necessitates the use of a corrosive electrolyte, yields gases at low

pressure, and mandates a purification phase for the generated products.®

Electrolyzers, akin to batteries, possess positive (anode) and negative (cathode)
terminals, as depicted in Figure 1.7. At the negative terminal, hydrogen gas (H>) is
produced, while at the positive terminal, oxygen gas (O>) is generated (Figure 1.7). These
gases can be accumulated in empty containers for subsequent utilization. In electrolyzers,

the following reactions transpire:

Anode: 4H* + 4¢- — 2H,
Cathode: 2H,0 — O, + 4H™ + 4e-

Overall: 2H,0 (1) + 4H* + 4~ —2H, + O, + 4H* + 4e-

1.3.5. Hydrogen Evolution Reaction:

Hydrogen is regarded as one of the most environmentally friendly sources of fuel and
energy. However, the production of pure hydrogen poses a considerable challenge.
Electrocatalytic water splitting stands out as an eco-friendly method for generating pure
H, with HER taking place at the cathode. Platinum (Pt) is indisputably the catalyst with
the highest activity in acidic conditions. Nevertheless, Pt-based catalysts face significant
drawbacks such as their high cost, limited availability, and diminished stability in acidic

environments, which constrain their extensive utilization.®®> This limitation can be
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surmounted by utilizing cost-effective transition metal catalysts, alloying combinations

of transition and noble metals, or employing the minimal quantity of noble metal
essential to attain the desired activity. ® % To attain the desired level of hydrogen
production while using a minimal quantity of catalyst, it is imperative to engineer

platinum (Pt) nanostructured materials featuring diverse sizes and morphologies.

2_.

—log HER exchange current density (Acm™)

| | | | | |
100 150 200 250 300 350 400
M-H bond strength (k) mol™)

Figure 1.8. HER volcano plot correlating activity with M—H interaction energy.

As per the Sabatier principle,®® an effective catalyst for HER should exhibit an interaction
with the adsorbed H* intermediate that is neither excessively strong nor excessively

weak.%” A pivotal source of inspiration for the search of new HER catalysts is provided
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by the "volcano plots," which establish a correlation between the exchange current

density and the chemisorption energy of hydrogen on various materials. This pattern was
initially documented for metals by Trasatti in the 1970s,® with platinum (Pt) positioned
near the peak of the volcano. While platinum supported on carbon is considered the most
efficient catalyst in acidic conditions, its performance in alkaline environments is notably
lower, exhibiting a reduction in activity by two orders of magnitude.®® The reaction
chemistry implies the existence of an additional energy barrier for HER in alkaline
media, which the electrocatalyst must overcome.’® Based on experimental observations,
HER activity of a catalyst is enhanced in an alkaline environment when it incorporates
an additional active component that facilitates the water dissociation process.”! For
example, the catalyst featuring Ni(OH), decoration on platinum (Pt), as developed by the
Markovic group,* has been demonstrated to elevate the HER activity of Pt by reducing
the energy barriers associated with water dissociation. Numerous catalysts composed of
single non-noble metals or combinations of non-noble and transition metals have
garnered acknowledgment for their hydrogen evolution reaction (HER) performance in

alkaline environments.’?

The following are the HER response mechanisms:
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HER mechanism in acidic condition:

1. Volmer step: M+ H;O0" + e- - M-H_, + H,O

2. Heyrovsky step: M-H,4, + H;O"+e- > M + H, + H,0O
3. Tafel step: M-H,,, + M-H_;,, —» 2M + H,

HER mechanism in alkaline condition:

1. Volmer step: M + H,0 + e — M-H_,,+ OH"

2. Heyrovsky step: M-H,4,, + H,O +e¢-— M + H, + OH-
3. Tafel step: M-H_4 + M-H_,, — 2M + H,

M is the catalyst surface.

1.3.6. Oxygen Evolution Reaction:

The mechanism governing the OER on anode catalysts is intricate and remains a subject
of debate. The traditional OER mechanism, often referred to as the adsorbate evolution
mechanism, encompasses numerous electron-proton coupled reactions. In this
mechanism, hydroxide ions (OH") are oxidized to produce oxygen molecules and water
molecules within alkaline electrolytes.”” The anodic OER encounters a complex four-
electron oxidation process with sluggish kinetics, resulting in a significant
electrochemical overpotential (). Even the most effective OER catalysts still require an
overpotential () exceeding 300 mV for OER to occur in basic medium, leading to
substantial overall efficiency losses in water splitting.®* To gain fundamental insights
into the underlying active site for OER and to facilitate the prediction of more efficient
OER catalysts, extensive efforts have been made to establish correlations between OER

activity and specific descriptors. These descriptors include the bond energy between a
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metal and OH (M-OH),”* 7> and more.’® In order to find new and highly active catalysts,

a proper descriptor can create a volcano-like connection between OER performance and

the descriptor.

1.4. Organic transformation

Inside the electrolyser, a diverse range of chemical reactions can take place, and among
these reactions, organic transformations are one of the possibilities. In the context of an
electrolyser, organic transformations may occur when organic compounds are introduced
into the electrolyte or when the conditions within the electrolyser favour the conversion

of organic molecules.

Anode Cathode
furfural / — furfural /
HMF HMF
oxidation hydrogenation
products of ¢ wessw) products of

furfural / HMF | | furfural / HMF

v
Membrane Electrode Assembly (MEA)

Catalyst | Membrane | Catalyst

Figure 1.9. Schematic of a continuous electrocatalytic membrane reactor for

furfura/HMF oxidation at the anode and hydrogenation at the cathode, driven by
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renewable energy. (Adopted from ACS Catalysis 2016, 6, 6704—6717, with permission

from ACS)

Due to the extremely desirable end products produced by the electrocatalytic
transformation of furanic molecules, having a particular focus on 5-
hydroxymethylfurfural (HMF), it has recently been clear that this method is a promising
and scalable one for oxidation and hydrogenation processes. HMF serves as a versatile
precursor amenable to electrochemical transformation into valuable compounds.
Nonetheless, its practical industrial application faces challenges in terms of limited
catalytic activity and product selectivity. As a result, a deeper comprehension of catalytic
processes as well as a design approach for the catalyst might result in catalysts that can

convert materials completely and only into the required products.

There are mainly two reactions for conversion of HMF

1. HMF reduction reaction (HMFRR)

2. HMF oxidation reaction (HMFOR)

Oxidation products Reduction products
o
) HO, / \
o o OH
(o] (o)
HO ¢ |\ o 0
\ / = 2,5-hydroxymethylfuran 2,5-hexanedione
OH o W (DHMF) (HD)

2,5-furandicarboxylic acid 2,5-diformylfuran 0, / \
(FDCA) (DFF) A° 0. HO,
o [0}
HO. o ° 5-Hydroxymethylfurfural \ / o OH
\i/u\ o on (HMF) 2,5-dimethylfuran  2,5-dihydroxy methyl tetrahydrofuran
AN
OH HO \ J

)
maleic acid 5-hydroxymethyl-2-furancarboxylic acid [¢] OH
(MA) (HMFCA) / \
o]
° |
OH / OH

5,5'-bis(hydroxymethyl)hydrofuroin
(BHH)

(DMF (DHMTHF)
H

Figure 1.10. Different oxidation and reduction products of HMF.
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The reduction of S5-hydroxymethylfurfural (HMF) yields precursors for various

compounds, including ketones, ethers, polyesters, and polyurethanes. Notably, this
process generates high-energy-density biofuels such as 2,5-dimethylfuran (DMF), 2,5-
hexanedione (HD), and 5,5'-bis(hydroxymethyl) hydrofuroin (BHH), along with ethers
and ketones. 2,5-furan dicarboxylic acid (FDCA), 5-hydroxymethyl-2-furan carboxylic
acid (HMFCA), Maleic acid (MA), 2,5-diformyl furan (DFF), and other useful chemical
compounds are produced from oxidation of HMF and are used as precursors or

intermediates in the synthesis of polymers, chemicals, and pharmaceuticals.
1.4.1. HMF reduction reaction (HMFRR):

Thermocatalytic hydrogenation methods can be completely replaced by electrocatalytic
reduction of chemicals produced from biomass. It also serves as a means to store
renewable electrical energy in the form of chemical compounds and liquid organic
fuels.”” HMF has the potential for conversion into a diverse array of valuable compounds,
encompassing transportation fuels suitable for internal combustion, compression
ignition, and jet engines, as well as polymers and pharmaceuticals.”® Alternate
transportation fuels have received a lot of attention in recent years, including ethanol
serving as a first-generation biofuel. Concerns regarding its elevated water solubility,
diminished energy content, and competition with food resources, among other factors,
have instigated the quest for advanced biofuels.”” One promising contender is 2,5-
Dimethylfuran (DMF), a compound that can be derived from the reduction of HMF.
Historically, DMF has been synthesized through the hydrogenation and hydrogenolysis
of HMF under elevated temperatures (393-573 K) and high hydrogen pressures (6.8-62
bar)®®- 8! DMF exhibits immiscibility with water and boasts a high-octane number of 119,

along with an energy content that surpasses ethanol by 40%.%* An additional candidate
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for an alternative fuel source is methylcyclopentane, which boasts a higher octane

number and energy content compared to gasoline while also exhibiting a lower level of
hazard when compared to DMF. Recent findings have unveiled a method for
synthesizing methylcyclopentane from 2,5-hexanedione (HD), itself a reduction product
derived from HMF.® DHMF, which is another reduction product of HMF is utilized in
a variety of products, including resins, polymers, and synthetic fibres, as well as an
intermediary in drug manufacturing.3*

HO
\/@\/ou /@\/OH o
(o] (o]
2,5-dihydroxymethylfuran 5-methylfurfuryl alcohol
(DHMF) / (MFA) 2,5-dimethyltetrahydrofuran

(DMTHF)
o« L e L ()

2,5-dihydroxy methyl tetrahydrofuran 5| Hydruxymemy|furfura| 5., methy|furfura| 2,5-dimethylfuran
(DHMTHF) (5-MF) (DMF)

0.
HO OH ¢ \@/
/ \ Hydrogenolysis — 3 o .
o Dimerization ——g 2,5-dimethyl-2,3-
0 Furan ring opening —3 dihydrofuran
| / (DMDHF)
OH o o

5,5'-bis(hydroxymethyl)hydrofuroin hydroxy-2,5-hexanedione 2,5-hexanedione
(BHH) (HHD) (HD)

Figure 1.11. Various pathways for the reduction of HMF.

The reduction process of HMF can undergo by different ways shown in following figure

1. Hydrogenation of aldehyde group

2. Hydrogenolysis of aldehyde/ hydroxymethyl group
3. HMF dimerization

4. Hydrogenation of furan ring

5. Ring opening of furan

Numerous conventional techniques exist for HMF reduction, but electrocatalytic
hydrogenation (ECH) has garnered considerable attention in recent years. ECH shares

similarities with thermo-catalytic hydrogenation, with a key distinction being the
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electrochemical generation of adsorbed hydrogen on the electrode surface through water

reduction (Volmer reaction), rather than hydrogen dissociation. This electrochemical
approach circumvents the substantial activation energy barrier associated with H»
dissociation, allowing ECH to operate under mild conditions without the necessity for an
external hydrogen supply or traditional hydrogenation catalysts such as Pd or Pt, among
others.®>*" The primary challenge in achieving high faradaic efficiency for HMF
hydrogenation lies in the concurrent occurrence of the competitive HER at similar
potentials. HER, as a competing reaction in ECH, consumes adsorbed hydrogen through
Heyrovsky or Tafel reactions, potentially diminishing the faradaic efficiency of ECH.
Therefore, the selection of an effective catalyst for HMF reduction, especially from the
pool of less efficient H, evolution catalysts, becomes crucial for attaining high faradaic

efficiency.
General mechanism of electrocatalytic HMF reduction reaction

The electrocatalytic hydrogenation of the aldehyde group within HMF has been
extensively investigated; however, the precise mechanism of this reaction and the
primary active species participating in it remain subjects of ongoing debate within the
scientific community.*® HMF (C¢HgO3) contains two functional groups connected to the
furan ring (-OH and -C=0) and HMF reduction is highly pH sensitive. The onset
potentials for HMF hydrogenation (-0.5 £ 0.2 V) on all metal catalysts in a neutral
environment are relatively less negative compared to those observed for the HER. HER
onset potentials range from -1 to -0.4 V vs. the reversible hydrogen electrode (Vrug) on
transition d metals and -1.5 to -1 VRrue on post-transition sp metals. Since the HMF
hydrogenation onset potentials are similar, there may not be much catalytic influence on

the first electron transfer reaction. Consequently, it can be inferred that the initial
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hydrogenation of HMF primarily undergoes directly through interactions with water

molecules present in the electrolyte under neutral pH conditions, with only minor

influence from the metal electrode.®
HMF + 2H,0 + 2e" <> DHMF + 20H"

There is a noticeable shift in the onset potentials for HMF hydrogenation towards more
positive values under acidic conditions. These potentials range from approximately -0.4
to 0 V vs. the Vrue for transition d metals and from about -0.7 to -0.25 Vrug for post-
transition sp metals.®® Furthermore, the onset potentials for HMF hydrogenation are
closely correlated with the onset of the HER under acidic conditions. It's important to
note that in acidic solution, the HER is generally more active compared to neutral or
alkaline solutions. The formation of adsorbed hydrogen (Hads) species occurs in both

acidic and neutral/basic conditions, whether the source is H+ ions or H>O.
H"+ e < Hads

H>O + ¢ < Hags+ OH"

Ring opening of furan

HD, a significant product obtained from HMF reduction, is formed through a process
that involves the reductive cleavage of the furan ring, as well as the reduction of HMF's
aldehyde and hydroxymethyl functional groups, ultimately yielding an alkane
compound. The conversion of HMF into HD necessitates the ring-opening and reduction
of both terminal functional groups, such as the alcohol and aldehyde groups, with the
consumption of 6H" and 6¢". In traditional approaches, the production of HD from HMF
requires the use of precious metals, hydrogen (H») gas, as well as elevated temperatures

and pressures.®> Y HD is a critical intermediate derived from biomass that holds versatile
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applications, serving as a precursor for various chemicals and biofuels (as depicted in

Figure 1.12). For instance, HD plays a crucial role in the efficient synthesis of
methylcyclopentane, a promising alternative fuel source (as shown in Figure 1.12).%
Beyond its significance in alternative fuels, HD serves as a precursor for synthesizing
isocarboxazid, an irreversible monoamine oxidase inhibitor (MAOI) employed in
antidepressant medications. Additionally, HD can be utilized in the production of para-
xylene, a key raw material for generating terephthalic acid, an essential component in the

production of polyethylene terephthalate (PET).

CO,Et

o
HN—HN
O0—y ) 0/'\’ HOEt, H -H,0
0
HD °

isocarboxazid
C,H, l-zﬂzo

~ )

para-xylene

MCP methylcyclopentane

Figure 1.12. Conversion and potential applications of HD.

The production of HD from HMF goes through Clemmensen reduction’! to convert
aldehyde or ketone to hydrocarbon, which consumes 4 electrons and 4 protons, and by
removing an H>O molecule. As a result, aldehyde or ketone groups are reduced to
corresponding hydrocarbons. The reductive ring opening of HMF to HD goes through a
concerted mechanism; that is, the Clemmensen reaction and acid-catalyzed ring-opening
are going through a coupled manner”. The formation of HD from 5-methylfurfural (5-
MF) is also tested . 5-MF is similar to 5-HMF, which has a furan ring and a formyl group;
however, it lacks a terminal alcohol group. The reduction showed that HD was detected
as the only product from the reduction of 5-MF. This proves lack of an alcohol group is

not affecting the reduction and ring-opening process of HMF. If the hydrogenolysis of
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HMEF occurs prior to the Clemmensen reduction, the outcome is the formation of HD, as

illustrated in the figure. Conversely, when HMF undergoes reduction without
hydrogenolysis, the Clemmensen reaction produces HHD, which keeps the
hydroxymethyl functional group from the starting material, HMF.” This reaction
contributes to the simplification of the biomass-based compound refinery by

demonstrating electrochemical ring-opening reduction of HMF.

H (o]
A HO \ / Zn o

o
5-Hydroxymethylfurfural hydroxy-2,5-hexanedione
(HMF) Clemmensen reduction (,HHD)

hydrogenesis

/\ — 0 —>)W
A° \ [ zn o

[0}
5-methylfurfural Clemmensen reduction 2,5-hexanedione
(5-MF) (HD)

Figure 1.13. Plausible mechanism of production of HD from HMF through reductive

ring opening.
1.4.2. HMF oxidation reaction (HMFOR):

Biomass represents a readily available and sustainable non-fossil carbon source with the
potential to offer the most environmentally viable alternative to conventional fuels and
organic compounds derived from fossil fuels.”” Within the array of platform chemicals
attainable through biomass conversion, 2,5-furandicarboxylic acid (FDCA) emerges as
a pivotal near-market platform chemical with the potential to serve as a viable substitute
for terephthalic acid in numerous polyesters, including polyethylene terephthalate (PET).
FDCA can also be used as an intermediary in the production of other key polymers, fine

chemicals, medicines, and agrochemicals.”® Although HMF oxidation to produce FDCA
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has been researched, the majority of reported techniques necessitate extreme

circumstances (environmental hazard chemical oxidants, elevataed air pressure, and
high temperature) as well as expensive catalysts (Pt, Au, and Pd).”* *> The energy-
intensive and expensive upgrading procedures necessitate the exploration of alternative
methods that ideally rely on cost-effective catalysts and can function under ambient
conditions. In this context, electrocatalysis stands as a favourable approach because it is
entirely regulated by electrochemical potential and eliminates the need for chemical

oxidants.”®

The use of electrocatalytic water splitting (which involves HER at the cathode and OER
at the anode) with renewable energy input has been identified as a promising method for
producing clean H; fuel.”” However, its widespread use is hampered by the high cost of
catalysts, high activation barrier, sluggish kinetics and the low total energy conversion
efficiency of OER.”® In fact, the OER which produces O, is not a valuable chemical
and is the kinetic barrier of water splitting.” As a result, replacing OER with alternative
oxidation reactions that are not only more thermodynamically and kinetically more
feasible but also capable of producing highly valued products, such as bioproducts from
biomass valorisation, is appealing. HMFOR can potentially be integrated with the HER
to produce H> with a lower energy input.'® Due to its lower standard potential of 0.3 V
vs. RHE in contrast to the OER with a potential of 1.23 V vs. RHE, the electrocatalytic
oxidation of HMF presents a thermodynamically more viable and economically
advantageous substitute to the OER.!’! As a result, substituting HMFOR for OER lowers
electrolytic cell voltage while producing more useful value-added anodic compounds
than 0,.!2 A good catalyst must, therefore, be constructed with an emphasis on
the electrocatalytic processing of HMF, encompassing both electrocatalytic oxidation
and electrocatalytic reduction, as well as pathways, mechanisms, and principles.
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Figure 1.14. Various paths for HMF oxidation reaction.

The molecular composition of HMF consists of a furan ring, an aldehyde group, and a
hydroxymethyl group, each of which has the potential for oxidation. Both the
hydroxymethyl and aldehyde groups can undergo oxidation, resulting in the ultimate
product, FDCA, featuring carboxyl groups.®® By considering the stepwise oxidation of
these functional groups, the conversion of HMF into FDCA can be readily divided into
two distinct pathways.'® Pathway 1 (indicated by the blue arrow) involves the
predominant oxidation of the hydroxymethyl group, leading to the formation of DFF, as
illustrated in Figure 1.14. In contrast, Pathway 2 (indicated by the red arrow) primarily
involves the oxidation of the aldehyde group in HMF, resulting in the generation of a
carboxyl group and the formation of the intermediate HMFCA. Subsequently, both the
aldehyde and hydroxymethyl groups in DFF and HMFCA undergo oxidation, ultimately
yielding 5-formyl-2-furancarboxylic acid (FFCA). This is then oxidised to produce its
final product FDCA. In an acid electrolyte, HMF can also perform oxidative ring-

opening to MA, as seen in Figure 1.14. (purple colour arrow).!%

Factors affecting HMFOR
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1. pH of the electrolyte

The HMFOR is strongly influenced by the OH™ concentration of the electrolyte. The
current density was dramatically increased at the same potential when the KOH
concentration was increased from 0.1 to 2 M, indicating a boost in HMFOR activity.!%
Given the heightened reactivity of the aldehyde group in a highly alkaline setting, it
predominantly attaches to the electrode's surface and subsequently engages in a further
reaction with H>O to produce a geminal diol through alkaline catalysis.!® A substantial
OH concentration in the electrolyte enhances HMFOR activity and promotes the
formation of intermediates responsible for oxidizing HMF into FDCA. Consequently, a
majority of studies have employed a 1.0 M KOH solution as the electrolyte for HMFOR,

yielding high FDCA yields.!"

However, the base-induced polymerization of HMF, which results in the creation of
insoluble humins, causes the stability of HMF to drastically decline as pH increases.'%®
HMF stability was assessed under room temperature and atmospheric pressure
conditions at both pH 13 and 14. At pH 14, the degradation of HMF becomes notable as
the HMF concentration or the duration of exposure to the pH 14 solution increases. This
suggests that pH 14 may not be a practical condition for industrial-scale processes
involving large volumes of highly concentrated HMF solutions that need to remain in
solution for extended periods. It's important to note that these stability tests were
conducted with stationary HMF solutions. The degradation of HMF through
polymerization would be accelerated under agitation, as is typical in most reaction
settings. Although complete prevention of HMF degradation was not achieved at pH 13,
the loss of HMF can be significantly mitigated, even for a 0.5 M HMF solution over an

8-hour period.”* 1% 110 The instability of HMF in alkaline solutions poses a significant
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practical challenge for selective HMFOR, as electrolytes with a pH >13 are not suitable

for assessing the catalytic activity of HMFOR.!!! This finding implies that identifying
electrocatalysts capable of performing effectively at pH<13 is necessary for the

development of practical electrochemical methods for HMF oxidation.
2. Concentration of reactant HMF

Increasing the initial HMF concentrations in the HMFOR reaction can provide a greater
number of substrate molecules for the reaction, leading to higher current densities. This
is evident from the gradual rise in current density at a constant potential, indicating
enhanced activity as the HMF concentration is increased.'!2,'!3 Elevated concentrations
of HMF, conversely, have the potential to impede the electrochemical oxidation process
due to excessive adherence to the electrode. During both direct and indirect oxidation of
HMF, HMF and OH™ adsorption transpires concurrently at the electrode's surface. An
excessive adsorption of HMF can mask active sites, hinder OH adsorption, and lead to a
reduced presence of *OH or obstruct the formation of high-valence intermediates. Both
of these consequences are detrimental to both the direct and indirect oxidation
processes.®® The correlation between the initial HMF concentration and current density
reveals that HMFOR follows a diffusion-limited reaction mechanism.''* A continual rise
in HMF concentration has been observed to decrease both the selectivity and Faradaic
efficiency (FE) for FDCA, alongside HMF conversion.!'* !> Moreover, elevating the
HMEF concentration enhances the probability of humin formation. Humins have the
tendency to adhere to catalyst surfaces, leading to catalyst deactivation and reduced
catalytic activity. The presence of humins adds complexity to the purification of the

desired product, FDCA, posing challenges in achieving high product purity.®
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1.5. Electrocatalytic CO:2 reduction reaction

With rising worldwide energy consumption and accompanying environmental issues,
particularly carbon dioxide (CO;) emissions, the development of energy systems that are
more efficient is unavoidable in order to provide reliable, affordable, and sustainable
energy to all. Through the recycling of CO2 from various sources into feedstock
materials for the production of fuels and chemicals, electrochemical CO2 reduction has
the potential to ultimately close the anthropogenic carbon cycle. The world remains
entrenched in a fossil fuel-based economy, primarily because fossil energy sources have
historically and still play a significant role in global economic expansion, technological
advancement, and the ongoing industrial revolution.!!® The excessive use of these non-
renewable fossil fuels leads to excessive CO: emissions and has significantly
impacted anthropogenic climate change.!!'”- '® Hence, the problem of an anthropogenic
carbon cycle, where humans can produce our own feedstocks and fuels from CO», has
existed for a very long time and still does now.!'!” The ability to use industrial CO> is
currently incredibly limited. The one reason for that is, the continuous reliance
on plentiful, reasonably priced fossil fuel-based oil sources for more than a century;
and another reason is that there is currently no technology that can economically replace
0il."?° There is not yet a totally sustainable system that completely recycles the CO> that
a particular system produces. Naturally, the energy needed to carry out this recycling
should essentially come from a source that does not produce its own CO»; as a result, we
must either use nuclear energy or some renewable energy (geothermal, solar, hydro,
wind, etc.) to do so. The problem discussed here only makes sense if it is implemented
without using fossil fuel-based power sources, as our power grid still significantly

depends on CO;-producing sources like coal.
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Figure 1.15. Diagram showing an instance of the anthropogenic Carbon Cycle utilizing
electrolysis technologies for a Carbon-Neutral economy (adopted from ACS Nano 2021,

15, 7975—8000, with permission from ACS)

The utilization of electrochemical CO> reduction represents one avenue for generating
renewable fuels and chemicals, but it is not the exclusive approach. Another potential
route to renewable energy is thermochemical CO> conversion. Under elevated
temperatures and pressures, CO; has the capacity to react with H», yielding long-chain

hydrocarbons through a process known as the Fischer-Tropsch reaction'?!. The primary
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challenge in creating renewable fuels and chemicals through thermochemical pathways

is the production of hydrogen from a sustainable source. Currently, ninety-nine percent
of the hydrogen available in the market is obtained from fossil fuels, mainly through
methane reforming. Water electrolysis emerges as a highly viable method for generating
renewable hydrogen. However, similar to the situation with CO» reduction reactions, the
practical production of hydrogen via electrolysis demands effective catalysts for the
HER. There is a need for research into both thermochemical and electrochemical CO2RR
approaches; however, the electrochemical technique may provide significant advantages.
The reaction could possibly be completed in a single step at ambient environmental
conditions without the use of high temperatures or pressure. Aqueous electrolyte-driven
CO> reduction will use H>O as a proton source which will not need stored H>. This
would reduce the process's infrastructure costs. CO2 reduction could be done in tiny,
portable devices, allowing for more scattered manufacturing than thermochemical

processing allows.!'!¢
1.5.1. Mechanism of Electrochemical CO:2 Reduction Reaction

Carbon dioxide is a chemically stable, non-polar molecule characterized by two double
bonds measuring 1.17 angstroms in length between oxygen and carbon atoms. In CO,,
carbon atoms exhibit a +4 oxidation state.'?? The process of converting CO; into artificial
fuels such as hydrocarbons requires a large amount of energy to start the processes.!?’
CO2 molecules are thermodynamically stable, but they exhibit slow mass transport and
reaction kinetics.'?* As a result, a single electron reduction reaction requires a large
amount of negative energy to activate, i.e., E° = 1.90 V.!%> Another notable challenge
involves the OER, which occurs at the anode during the CO2RR and involves a four-

electron process. This reaction requires substantial overpotentials to proceed, thereby
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diminishing the overall efficiency of the CO2RR.."?% 127 Moreover, the OER generates

oxygen (Oz) as a product, which lacks significant value, and it produces reactive oxygen
species (ROS) as byproducts. These ROS can potentially damage the electrolyser
membrane, leading to premature failure of the electrolyser.'?® Overall, the CO2RR's

practical cell voltage is always significantly greater than its thermodynamic potential.'?’

Anode
@00 co. ® 1.0 @o. @) co w HCOOH @ HCHO
@ CH, % C.H, @ CH,0H %cmcnzon % C;H;

Figure 1.16. Visual representation of the electrochemical CO; reduction process and

Separator Cathode

potential products produced within an electrochemical reaction cell.'*°

CO; reduction reactions can be categorized into two main types: i) single-electron
reduction reactions and ii) multi-electron reduction reactions coupled with proton
transfer. The resulting CO; reduction products fall into two primary categories: i) C1

1,131, 132 and

chemicals, including carbon monoxide, formate, formaldehyde, and methano
11) catalytic organic synthesis processes that utilize CO» as a carbon source for various

chemical compounds.'* 3% The reduction of CO; into various products involves several
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sequential steps, including the generation and transfer of electrons and protons within the

reaction. This process necessitates a more negative potential than the theoretical voltage
to initiate the reduction reaction.'*> 3¢ Qverpotential can be detrimental since it reduces

efficiency and selectivity.'’

The multi-electron transfer nature of the CO; reduction reaction is influenced by the
highly oxidized form of carbon in CO,. This complexity leads to the generation of
various products through diverse pathways (as illustrated in Figure 1.16 and detailed in
the following table, Figure 1.17), resulting in the CO2RR's limited selectivity for a single
product. 314! While numerous nanostructured materials have demonstrated remarkable

efficiency in converting COz to CO, with good efficiency, such as noble-metal

142, 143 144

nanocrystals , single-atom catalysts'*, and metal complexes'*®, the production of
more reduced multi-carbon products with greater energy density and broader usability,
such as oxygenates and hydrocarbons, remains constrained by challenges such as limited
selectivity, slow production rates, a scarcity of suitable catalyst options, and reduced

energy conversion efficiency.'*®
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Possible half-reactions of electrochemical Electrode potentials
CO; reduction (Vvs SHE) at pH 7
CO, (g) + & — *COO" ~1.90
CO, (g) + 2H* + 2e- — HCOOH (l) —0.61
CO; (g) + H,0 () + 2e” — HCOO™ (aq) + OH" ~0.43
CO; (g) + 2H* + 2e~ — CO (g) + H,0 (I) —0.53
CO, (g) + H,0 (I) + 2e~ — CO (g) + 20H- ~0.52
CO, (g) + 4H* + 2e~ — HCHO (I) + H,0 ()) —0.48
CO; (g) + 3H,0 (1) + 46 — HCHO (I) + 40H" ~0.89
CO, (g) + 6H* (I) + 66~ — CH;0H (I) + H,0 ()) ~0.38
CO; (g) + 5H,0 (1) + 66 — CH3OH (I) + 60H- —0.81
CO, (g) + 8H* + 8¢~ — CH, (g) + 2H,0 () —0.24
CO, (g) + 6H,0 () + 8™ — CH, (g) + 8OH" ~0.25
2C0, (g) + 12H* + 126 — C,H, (g) + 4H,0 () 0.06
2C0, (g) + 8H,0 (I) + 126~ — C,H, (g) + 120H" ~0.34
2C0, (g) + 12H* + 12e™ — CH3CH,OH (I) +3H,0 ()) 0.08
2C0, (g) + 9H,0 (I) + 126~ — CH3CH,OH (l) + 120H- (I) -0.33

Figure 1.17. Electrochemical potentials for CO2 reduction reactions in aqueous solutions

to generate various hydrocarbon fuels.'*°

For an extended period, scientists have been investigating the electrochemical CO2
reduction mechanism, primarily aiming to comprehend the factors that cause various
metals to yield distinct compounds.'*’'*’ There has been extensive research going on to
understand CO> reduction on different metallic electrodes.'*® Scheme 1 displays the
numerous CO; reduction paths that can be followed depending on the electrode material.
Multiple proton-coupled electron transfer (PCET) steps are involved in the
electrochemical CO; reduction reaction (¢CO2RR). To induce this uphill reaction at
sufficient rates, a large overpotential is frequently necessary. Operating at such a reduced

potential within an aqueous electrolyte, the electrochemical CO> reduction reaction
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(eCO2RR) faces the challenge of contending with the HER, which leads to decreased

efficiency in CO; conversion. The rate limiting step in CO; reduction reaction is usually
the first step, that is formation of CO,™ radical, is crucial since it decides whether the 2¢~
reduction result will be CO or formate.'>® The CO," radical intermediate has a high
energy (2.21 V vs. SCE)"*! and rapidly interacts with water (to generate formate or CO)
or anything else in solution, even another CO> molecule. When compared to the initial
step, subsequent reduction steps occur nearly instantly!?’. Stabilisation of this high
energy intermediate is thus critical to creating a rapid and energy-efficient CO; reduction
process. Metal electrodes for CO2 reduction are commonly classified into three types
depending on their ability to bind the CO," intermediate and reduce CO. Group 1
includes those metals that cannot reduce CO because they do not bind the CO>"
intermediate. Group 2 metals have the tendency to bind the CO," intermediate but are
incapable of reducing CO. Group 3 metal (generally copper) binds the CO>" intermediate
and has the ability to reduce CO. Another category of metals strongly binds hydrogen,

hence cannot reduce CO; in aqueous conditions.'?°

Group 1 metals encompass elements such as Bi, Sn, Pb, In, Cd, and Hg. These metals
exhibit such weak binding with the CO,"  intermediate that the CO> reduction process is
hypothesized to proceed through an outer-sphere mechanism, ultimately producing
formate (or formic acid) as the end product.'?® Group 2 consists of metals like Au, Ag,
Zn, and Ga, which exhibit varying degrees of binding affinity with the CO2"
intermediate but lack the capability to reduce CO'>2, hence CO is usually the main result
of CO; reduction for these metals.!?® Copper is the only metal in group 3 that is
commonly investigated for CO, reduction, binding the CO," intermediate, and can

even reduce CO'> to give higher carbon derivative products.'>
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Figure 1.18. Diverse pathways for CO: reduction and classification of various metals.

(adopted from Israel Journal of Chemistry 2014, 54, 1451-1466, with permission from

Wiley)

Although these metal classes can provide general ideas, environmental factors can
drastically influence product selectivity on a given electrode.!>® Because CO, reduction
is frequently performed in aqueous conditions, the hydrogen evolution process (HER),
which is more feasible in aqueous media for most of the metals, is in competition with
COz reduction, must also be considered. In reality, most CO> reduction catalysts are

generally chosen for their significant HER overpotentials rather than their capacity to
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catalyse CO; reduction. Sn, Pb, and Bi are frequently employed electrochemical CO>

reduction catalysts for formate production, and they consistently display notable HER
overpotentials.!>® One of the primary challenges in electrochemical CO2 reduction
reactions lies in the interaction between CO; and water. The introduction of CO2 into an
aqueous environment triggers a intricate sequence of reversible processes, as depicted in
Figure 1.18.'2° The proportions of these compounds can be modified by adjusting the pH
level, which increases the concentration of carbonate species in the solution. Although
this may seem like a straightforward method to achieve higher CO; concentrations in
aqueous solutions, it is well-established that it is dissolved CO; (referred to as CO2 (aq)
in Figure 1.18) and not carbonate species that can undergo electrochemical reduction on
metal electrodes.’>” As a result, electrochemical CO2 reduction is a balancing act
between creating an electrode material that is active enough to efficiently and rapidly
reduce COz to a specified product but inactive for competitive reactions, mainly HER.
Conducting COz reduction in an aqueous setting requires careful management of the
solution's pH, as it directly influences both the HER and the solubility of CO2. Moreover,
a comprehensive understanding of the mechanism governing CO; reduction on metal
surfaces is essential for the design of effective catalysts capable of addressing existing

challenges.
1.6. Energy storage system

The global demand for energy generation and storage using renewable sources such as
solar, wind, and hydro is primarily motivated by the extensive consumption of finite
fossil fuels. Regrettably, the intermittent availability of these renewable energy sources
renders them inadequate to meet the continually growing energy demand.!>® An analysis

of power distribution reveals that around 30% of generated energy is lost due to
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inadequate energy storage capabilities. Hence, the development of high-capacity,

superior energy storage systems (ESS) is imperative to address these issues.'”® In the
contemporary landscape, there is a growing focus on electrochemical energy devices,
particularly electrochemical capacitors (ECs) and batteries. These energy storage
systems have garnered substantial interest across industrial sectors and find application
in various domains, including automotive applications such as electric vehicles and
military usage.!® Within the different electrochemical ESS available, batteries are
particularly well-suited for applications requiring high energy density (ED), although
they may have limited capabilities when it comes to delivering high power output. As a
result, both batteries and capacitors fall short when it comes to applications that demand
both high energy and power levels concurrently. This has led to extensive research into

advanced ESS known as electrochemical capacitors (EC) or supercapacitors (SCs).!®

1.6.1. Supercapacitor

Supercapacitors, alternatively referred to as ultracapacitors, stand out as prominent
contenders amid the array of energy storage devices for forthcoming generations. Their
appeal lies in their ability to offer superior specific capacitance, high power density,
extended operational longevity, rapid charge-discharge rates, exceptional cycling

performance, cost-effectiveness, and inherent safety.'c!

In comparison to other
rechargeable batteries, supercapacitors demonstrate the capability to store energy at a
rate ranging from 10 to 100 times higher per unit volume and boast an extensive lifespan
of approximately 500,000 cycles. Moreover, unlike conventional electrolytic capacitors,
supercapacitors provide a flexible range of capacitance values, spanning from 1 to 2700

F. They are also characterized by substantially reduced equivalent series resistance,

roughly one-tenth of that observed in electrolytic capacitors, and demonstrate
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exceptional long-term stability over numerous charge-discharge cycles. Consequently,

supercapacitors serve as a valuable intermediary between traditional capacitors and
secondary ion batteries.'®> 163 Batteries can give an ED of up to 150 Wh kg, which is
approximately tenfold higher than that achievable with an EC. However, the power
density (PD) of batteries generally reaches its maximum at approximately 200 W kg™,
which signifies a power output roughly twenty times lower than that of an EC.!** There
are three distinct groups in which SC can be divided: pseudocapacitors, electrical double-

layer capacitors (EDLCs), and hybrid supercapacitors.'6

Supercapacitors

Electric
double layer

Graphene
: Hybrid >

Figure 1.19. Classification of Supercapacitors.'

Pseudocapacitors

1.6.2. EDLCs

Energy is stored through a non-Faradaic process in EDLC, where charge separation takes
place at the interface between the electrode and electrolyte. This interface is known as
the electrical double layer (EDL) or Helmholtz double layer. This ES mechanism closely

resembles the operation of conventional parallel capacitors. Moreover, it has the
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capability to store a relatively advanced amount of energy on the electrode compared to

conventional capacitors.'®* One notable feature of this process is the absence of Faradaic
redox reactions, which imparts excellent stability to EDLCs and enables them to achieve
rapid charge and discharge rates. The swift movement of ions to and from the electrodes
facilitates this highly responsive storage mechanism. Electric charges collect on the
electrode surfaces upon the application of voltage across the electrodes. As a result of
these potential differences, opposite charges are attracted to each other, leading to the
migration of ions from the electrolyte into the pores of the oppositely charged
electrodes.!6% 1% Therefore, an electrical double layer forms on the electrodes with
opposing charges, and this process occurs without significant interfacial charge transfer

between the electrode and the electrolyte in the EDLC mechanism.
1.6.3. Pseudocapacitors

Pseudocapacitors, also known as Faradaic supercapacitors, are distinguished by their
charge storage mechanism, which involves reversible Faradaic redox mechanism. This
mechanism enables the attainment of a substantial specific capacitance without relying
solely on electrostatic principles, consequently achieving a higher energy density
compared to EDLCs. During the Faradaic redox process initiated by applying voltage,
electrode materials undergo oxidation and reduction reactions, which facilitate charge
flow across the double layer and result in Faradaic current generation within the SC
cell.'®” The pseudocapacitor reaction encompasses a reversible charge transfer process
that takes place in the place of interface between the electrolyte and electrode, leading to
distinct redox peaks that can be observed in CV curves. Due to the slower nature of the
redox reaction in comparison to the formation of the electrical double layer,

Pseudocapacitors can attain an energy density nearly twice that of EDLCs. Nonetheless,
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it is important to recognize that pseudocapacitors typically display lower PD and

demonstrate reduced cyclic stability compared to EDLCs. Frequently employed
materials for pseudocapacitive electrodes encompass transition metal oxides (e.g., RuO»,

MnO,, and Fe,03), transition metal hydroxides, and conducting polymers.'®-170

1.6.4. Hybrid supercapacitor

EDLCs demonstrate remarkable cyclic stability and a notable PD, whereas
pseudocapacitors give a higher energy density and significant specific capacitance. The
concept of a hybrid SC has gained popularity as an effort to increse ED, resulting in
significantly higher specific capacitance and operating potential. This can be 2 to 3 times
greater than that of pseudocapacitors, EDLCs, and traditional capacitors, primarily due
to its asymmetric behaviour. This hybrid design combines the benefits of both electrical
double-layer capacitors and pseudocapacitors, offering an extended operating voltage

range and enhanced energy storage capacity while maintaining power density.!”!> 172

1.7. Aim of the present thesis:

(1) The design and synthesis of carbon-supported nanomaterials using diverse chemical

methodologies.

(1) Thorough characterization of the carbon-supported nanomaterials through techniques
including powder X-ray diffraction (p-XRD), X-ray photoelectron spectroscopy (XPS),

physisorption analysis, and infrared (IR) spectroscopy.

(ii1) Extensive morphological investigations of the composite materials using field-
emission scanning electron microscopy (FE-SEM) and transmission electron microscopy

(TEM).
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(iv) The application of the synthesized composite materials as electrocatalysts in various

electrocatalytic processes for energy conversion, particularly in fuel cells and

electrolyzers.

(v) Exploration of different types of electrochemical reactions, including the hydrogen
evolution reaction (HER), hydrogen oxidation reaction (HOR), oxygen reduction
reaction (ORR), as well as the reduction and oxidation reactions of 5-

hydroxymethylfurfural (HMF), and the reduction of carbon dioxide (CO»).

(vi) In-depth analysis of the mechanistic pathways governing the electrocatalytic

behaviours of various electrocatalysts.

(vii) The assessment of the ability of the material for its applications in energy storage,
particularly as cathode electrode materials for supercapacitors designed for use in

aqueous environments.
1.8. Scopes and Challenges of the Present Thesis:

The preceding discussion highlights the growing emphasis on investigating carbon-
supported nanomaterials, primarily owing to their significant applicative potential in
electrochemical energy conversion, storage, and environmental contexts. The central
theme of the present thesis centres on the systematic design, synthesis, and
comprehensive characterization of diverse carbon-supported nanomaterials.
Furthermore, it explores the various ways these materials can potentially serve as
electrocatalysts in the field of energy conversion and storage. One noteworthy
cornerstone of this thesis is the development of a facile synthetic procedure for
fabricating carbon-supported nanomaterials that exhibit highly effective electrochemical

properties. Consequently, these findings may pave the way for the development of more
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efficient and sustainable energy conversion and storage systems, contributing to the

ongoing pursuit of environmentally friendly and renewable energy solutions.
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Chapter 2

‘ Comprehensive Approaches and Methodologies in Experimental Research

2.1. INTRODUCTION

An overview of the basic principles underlying the instruments utilized in the current
thesis is provided in this chapter. Additionally, it provides a concise overview of the

experimental methodologies employed throughout the thesis.

2.2. Materials:

The precursors utilized in this thesis were acquired from commercially available
materials, without the need for further purification. Table 2.1 provides a compilation of

the chemicals employed in the thesis, along with their respective formulas.

Table 2.1. Materials employed in the experimental work, including their chemical

formulas and supplier names.

Name of Chemicals Chemical formula | Company name
Formamide HCONH:z Spectrochem
Ruthenium (III) chloride RuCls Spectrochem
Chloroplatinic acid H>PtCls Spectrochem
Sodium borohydride NaBH4 Spectrochem
40% Platinum on carbon Comm. Pt/C Sigma Aldrich
Perchloric acid HCIO4 Merck
Sulfuric acid H>S04 Merck
Sodium borohydride NaBHj4 Merck
Potassium hydroxide KOH CDH

Silver (I) nitrate AgNO:; Sigma Aldrich
Potassium sulfate K2S04 Sigma Aldrich
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5-hydroxymethylfurfural CsHsO3 Spectrochem
Boric acid H3BO4 Sigma Aldrich
Sodium bicarbonate NaHCO;3 Merck
Phosphate buffer solution PBS Merck
2,5-hexanedione CsH1002 Spectrochem
2,5-bis(hydroxymethyl)furan CsHs0O3 Cayman
Glutaric acid CsHsgOq4 Sigma Aldrich
Nickel acetate tetrahydrate C4HgNiO4 Sigma Aldrich
Sodium hydroxide NaOH Merck
Bismuth (III) nitrate pentahydrate Bi(NO3)3. SH20 Spectrochem
Polyacrylonitrile (CsH3N)n Spectrochem
N,N-Dimethylformamide CsH/NO Spectrochem
Potassium bicarbonate KHCO; CDH
Palladium (IT) chloride PdCl: Sigma Aldrich
2,5-furandicarboxylic acid CsH4Os5 Sigma Aldrich

2.3. INSTRUMENTAL TECHNIQUES

X-ray diffraction (XRD): !

X-ray diffraction (XRD) is an analytical technique used for identifying the crystalline
phases of materials. It provides valuable insights into the unit cell structure of these
materials. XRD relies on the interaction of X-rays, which have nanometre-scale
wavelengths, with the material's atomic arrangement. The X-ray source in XRD is
typically an X-ray tube, which consists of a heated tungsten filament encased in a
transparent ceramic container serving as the cathode, and a cooled copper target as the
anode. In this setup, electrons emitted from the heated tungsten filament are accelerated
toward the copper target, which is actively cooled by water. This process causes the

emission of electrons from the inner shells of copper atoms, resulting in the displacement
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of valence electrons to lower energy levels and the generation of X-rays. These X-rays

are then employed for scattering experiments in XRD. The copper source generates X-
rays with two distinct wavelengths, known as Cu Ka (A = 0.154 nm) and Cu KB (A =
0.139 nm). To ensure accurate diffraction patterns, it is crucial to use monochromatic X-
rays. This is achieved by utilizing a nickel channel to selectively emit only the K
wavelength. In XRD, a detector is employed to capture the scattered X-ray beam, which
originates from the sample's interaction with the incident X-ray beam. The angle 20 is
defined as the angle between the direction of the incoming X-ray beam and the direction

of the outgoing scattered X-ray beam. This angle is a key parameter in XRD analysis.

The determination of the angle 20 is employed to calculate the interplanar distance (d-

spacing) between two crystal planes using Bragg's diffraction equation, (Figure 2.1):

nd = 2d sinf

In this equation, "n" represents the interference order, "0" stands for the angle between
the lattice plane and the incident ray, and "A" denotes the wavelength of the incident

beam.

—@ ® ® ® o

Figure 2.1. Illustrative representation of X-ray scattering (adopted from Wikipedia).
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To obtain the X-ray spectra for this thesis, a Bruker diffractometer (DAVINCI D8

ADVANCE) was employed, utilizing Cu Ka radiation with a wavelength (A) of 0.154

nm.

Transmission Electron Microscope (TEM): >3

Transmission electron microscopy (TEM) is frequently employed to investigate a variety
of materials, including nanowires, quantum dots, and various types of nanoparticles,
along with their characteristics such as size, shape, and density in the field of materials
science. It can also be used to examine defects, composition, and structure of
semiconductors. TEM operates on a concept similar to that of a microscope, with the key
difference being the use of electrons instead of light. The instrument features an electron
gun that generates a monochromatic electron beam. Condenser lenses are responsible for
focusing this beam into a narrow, coherent stream. The condenser aperture further refines
the beam by excluding high-angle electrons. Upon interaction with the specimen, a
portion of the energy is transmitted, the extent of which depends on the thickness and
transparency of the sample. The transmitted component is then converted into an image
by the objective lens. The image is subsequently relayed down the column, progressively

magnified at each stage, through intermediate and projection lenses.

The fluorescent screen is responsible for receiving the image and emitting light.
In the image, darker regions indicate fewer electron interactions, while brighter areas
indicate more frequent interactions. Depending on the operational mode, this setup can
be useful for generating images or diffraction patterns. In the case of high-resolution
transmission electron microscopy (HRTEM), both scattered and transmitted electron
beams are utilized to create an interference pattern, revealing the sample's image. For

characterizing point defects, dislocations, and surface structures, one can analyse lattice
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imperfections and crystal structures in various materials with atomic-level precision. The

indices obtained from the selected area electron diffraction (SAED) pattern enable the
determination of crystal d-spacing, while the pattern itself provides information about
the crystallinity of the samples. According to Bragg's law, crystal planes in the sample
that are parallel to the path of the electron beam will undergo diffraction. The generation
of this diffraction pattern involves applying a Fourier transformation to the periodic
electron potential. Subsequently, the interference between these diffracted electrons and
the primary electrons leads to a back transformation, known as the inverse Fourier

transform, which ultimately produces an image.

The JEOL F200 model, operating at a voltage of 200 kV is utilized to investigate

the material morphologies in this study, we.

Field Emission Scanning Electron Microscope (FESEM):* 3

High-resolution three-dimensional morphological images are generated using
Field Emission Scanning Electron Microscopy (FESEM). In FESEM, electrons are
emitted from the cathode of the electron gun and subsequently accelerated by the anode
within a high-vacuum environment. The vacuum environment is crucial to prevent any
unwanted interactions between atoms and molecules in the column and the electron
beam, ensuring the integrity of the acquired images. Condenser lenses are employed to
tightly focus the electron beam, while a generated magnetic field facilitates its precise
back-and-forth deflection. Following this, the beam is meticulously focused onto a very
small area, typically ranging from 1 to 5 nanometres. Surface samples are systematically
scanned in a raster pattern, with emphasis on these compact regions of interest. The
interaction between a primary electron and an atom on the sample's surface leads to the

emission of secondary electrons, which are detected and utilized to construct the final
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image. The angles and velocities of these secondary electrons are intricately linked to the

surface's structural characteristics, allowing for the creation of detailed images that reveal

the surface morphology with exceptional precision.

FE-gun

LL 11

Condensor ﬂ h

InLens SE or
InLens Duo detector

Beam booster

Gemini objective

Magnetic lens

Scan coils
Electrostatic lens

Sample

Figure 2.2. Schematic diagram of FE-SEM (adopted from ZEISS).

The data employed in this thesis are derived from a FESEM manufactured by
Carl Zeiss in Germany, with the model name 'igma’.
Energy-Dispersive X-ray spectroscopy (EDS):
EDS is employed for the identification and analysis of elemental composition. EDS is an
integral component of both SEM and TEM instruments, eliminating the necessity for a
separate device. When the sample interacts with incident X-rays, it generates electron-
hole pairs. Upon applying a high bias voltage across the crystal, these electrons and holes
migrate towards opposing electrodes, producing a charge signal that is subsequently
processed. The amplitude of this signal is directly proportional to the energy of the
incident X-rays, allowing for the determination of X-ray energy based on the generated

current.
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Samples for energy-dispersive spectroscopy (EDS) analysis were obtained using the Carl

Zeiss spectrometer, manufactured in Germany, with the model name ) igma.

X-ray photoelectron spectroscopy (XPS):%’

XPS technique is used for surface analysis, allowing the collection of qualitative and
chemical data from the material. This technique provides information about the
substance's empirical formula, electronic state, and elemental composition. The X-ray
emission source that leads to photoelectron emission from the sample surface is Al K X-
rays. By measuring the photoelectron energy (binding energy) and the intensity of the
photoelectron peak, one can determine the chemical state and quantity of elements
present. It's important to note that the information obtained from XPS measurements

originates from a depth of approximately 10 nm below the surface.

Electron Energy Analyzer (0-1.5kV)

(measures kinetic energy of electrons)

N

Electron Detector
(counts the electrons)

Photo-Emitted Electrons (< 1.5 kV)
escape only from the very top surface
(70 - 110A) of the sampie

Electron
Coliection
Lens

Focused Beam of

X-rays (1.5 kV)

Electron
Take-Off-Angle

Si0, /8i°
Sample

Samples are usuaily solid because XPS Si (2p) XPS signals
requires ultra-high vacuum (<10° torr) from a Silicon Wafer

Figure 2.3. Diagram illustrating the operational concept of XPS (adapted from
Wikipedia).’

XPS measurements were conducted under ultra-high vacuum conditions using
the Kratos Axis Ultra and VG Microtech instruments, both equipped with a

monochromatic Al K X-ray source for this thesis.

Nuclear Magnetic Resonance (NMR):?
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NMR spectroscopy is a powerful analytical technique used for studying the
nuclear environments of atoms within molecules. The core instrument for NMR
spectroscopy is the NMR spectrometer. This spectrometer generates a strong magnetic
field and is equipped with various probes and detectors suitable for different types of
NMR experiments. The NMR spectrometer maintains a constant and homogeneous
magnetic field, typically generated by superconducting magnets. The Radiofrequency
(RF) transmitter is responsible for producing the radiofrequency pulses used to excite the
nuclear spins of the sample. These pulses are carefully tuned to match the resonance
frequencies of the specific nuclei of interest, such as protons (*H) or carbon-13 (*C). The
sample probe is an essential component that holds the NMR sample. It is designed to fit
within the NMR spectrometer and is equipped with a coil for transmitting RF pulses and
receiving NMR signals. Sample probes are available in various configurations to
accommodate different sample types and volumes. Achieving a homogeneous magnetic
field is crucial for obtaining high-quality NMR spectra. The spectrometer is equipped
with a shimming system that fine-tunes the magnetic field to minimize field

inhomogeneities.
In this thesis, NMR was done with Bruker 400 MHz for all the samples.

Inductive Coupled Plasma-Optical Emission Spectroscopy (ICP-OES):’

ICP-OES is an analytical method employed to identify and quantify elemental
components, making it valuable for detecting trace amounts of metals in various
substances, including food and water. It relies on a high-temperature flame with
temperatures ranging from 6000 to 10,000 K. The ICP-OES instrument comprises two
main components: the atomizer and the analyser. The inductive coupled plasma (ICP)

serves as the atomizer, while optical emission spectroscopy functions as the analyser.
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Argon gas, acting as a carrier gas, is used to transport the sample through a differential

vacuum interface in this technique. As the argon cools down, it emits emission rays.
These emission rays are directed into the optical emission chamber, where they are
separated based on their wavelengths. The element being analysed is identified by the
location of the emitted photons, while the concentration is determined by their intensity.
ICP-OES offers several advantages over other analytical methods: (a) It allows for the
simultaneous measurement of multiple elements. (b) It is less susceptible to ionization
and chemical interferences. (c) The technique boasts high sensitivity, capable of
detecting elements at the parts per billion level. (d) It provides consistent and reliable
results.

The ICP-OES analysis in this study was conducted using the Thermo Scientific iCAP
7000 Series instrument.

Electrochemical measurement: '’

All electrochemical performance tests in this study followed a conventional three-
electrode configuration, and data acquisition was conducted using an electrochemical
workstation (Autolab, Metrohm, PGSTAT 302N) as depicted in Figure 2.4. The counter
and reference electrodes employed were platinum wire/mesh and Ag/AgCl in 3 M KCl,
and Hg/HgO in 1 M KOH. The working electrode was either a glassy carbon electrode
(GC) with diameters of 3 mm or 5 mm, Ni foam and carbon cloth, depending on the
specific experiment. The GC electrode underwent a polishing process using a suspension
of alumina powder (0.3 micron) in deionized water, performed on a nylon polishing pad
(Metrohm). Subsequently, after each polishing step the GC electrode was rinsed with
deionized water and further sonicated in ethanol for two minutes. All recorded potentials
were referenced to either the reversible hydrogen electrode (RHE) or Ag/AgCl scale, and

the reported current density was normalized by the geometrical area of the working
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electrode for HER, HOR, ORR, and OER measurements. The Nernst equation, Erug =

Eagagcl + Eagaccit 0.059 pH, was employed to convert the potentials measured with

respect to Ag/AgCl to RHE. In this equation, EAg/AgCl represents the working potential,

and E%ag/aeci=0.197 at 25°C. Several commonly used techniques are outlined below:

Figure 2.4. Photograph of conventional three electrode setup of Autolab instrument. '
Voltammetry:'!

Voltammetry entails systematically varying the potential at a fixed rate while
concurrently measuring the resulting current. It is a sensitive surface technique that offers
insights into the charge exchange occurring at the interfaces between the electrode and
electrolyte. Two primary variants of voltammetry are commonly employed to elucidate
electrochemical processes:

(a) Cyclic Voltammetry (CV): In CV, the potential progresses linearly from one specified
potential (V1) to another (V2), and subsequently reverses from V2 back to V1, as

illustrated in Figure 2.5.a.
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(b) Linear Sweep Voltammetry (LSV): In LSV, the potential varies linearly between two

designated values, V1 and V2, without returning to the initial potential V1, as depicted

in Figure 2.5.b.

voltage

time

V1 ot e V1 ________________

Figure 2.5. Graphs depicting the Voltage vs. Time profiles for (a) cyclic voltammetry
and (b) linear sweep voltammetry.

Chronoamperometry (CA):

The CA technique constantly monitors the current at a constant voltage throughout time.
This method is useful for calculating the Tafel slope and assessing the stability of
electrocatalysts. It also enables for the quantitative study of data, like the total charge
passed via the electrode, by combining the current during a predetermined time interval.
Chronopotentiometry (CP):

CP is a galvanostatic technique in which the applied potential required to maintain a
constant current varies with time. CP is also employed to assess the stability of
electrocatalysts.

Galvanostatic charge discharge (GCD):

104



Comprehensive Approaches and Methodologies in Experimental Research

—_— e Chapter2
The GCD technique measures the duration of charging and discharging cycles within a

defined potential range and at a constant current. GCD is valuable for calculating specific
capacitance values and determining energy density and power density based on the
collected data.

Gas chromatography:'?

GC is a technique used for the separation and analysis of a mixture of components.
The separation occurs in a column containing a stationary phase (liquid or solid), and it
relies on the unique retention properties of each component in the mixture. GC systems
typically comprise three key components: an injector, a column, and a detector. The
column is housed in an oven and is positioned between the injector and detector.
Depending on the requirements of the samples, the oven, column, and injector can be
heated to various temperatures. A carrier gas, typically argon (Ar), flows continuously
through the column at a specific flow rate (standard cubic centimetres per minute, sccm).

To analyse the headspace of the electrochemical cell, a gas-tight syringe is used to
inject the sample into the injection port. The carrier gas then sweeps the sample through
the column. Due to their distinct retention properties, the analytes in the sample reach the
detector at different times and in separate streams. For gas phase analysis, a Thermal
Conductivity Detector (TCD) is employed, with argon (Ar) serving as the carrier gas.
The Thermo Scientific Trace 1110 GC instrument, equipped with a TCD detector and
utilizing argon as the carrier gas, was utilized for this study.

Double layer capacitance:

The catalyst's Cqi was determined by analysing its CV plot, which was recorded
within a non-faradic potential window. The working electrode underwent 20 CV cycles
within a specific potential range to stabilize it before acquiring charging-discharging CV

plots at various scan rates. To calculate Cq, we plotted the linear relationship between
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current density (mA cm™) at a specific potential (RHE) and the scan rate (mF cm™).

Additionally, the materials' roughness factor (Rf) was obtained using Cq, employing the
formula Rr= Ca1/Cs, where C; represents the double-layer capacitance per unit area on an
atomically flat planar surface under the same conditions. In this case, we utilized bare
GC electrodes as the planar surface, and the Cs value for a bare GC electrode is 0.082
mF cm™.
Electrochemical Surface Area (ECSA) calculation using the Under-Potential
Hydrogen Desorption (UPD-Hades) method:
The ECSA was assessed using the hydrogen desorption peak observed in the CV plots,
with subsequent double-layer correction applied. ECSA was calculated using the
formula:
ECSA = (S/m) x (v/c)
Where:

o ECSA represents the electrochemically active surface area.

o S is the double-layer corrected area under the hydrogen desorption curve.

e m is the Pt loading on the electrode surface.

e v is the scan rate (mV/s).

e cis the required charge (0.21 mC cm™) to oxidize a monolayer of hydrogen on

the platinum surface.

This calculation allows for the determination of the ECSA based on the observed CV
data and the known charge required for hydrogen monolayer oxidation on the platinum
surface.
CO stripping measurement:'*
The electrode potential was initially maintained at 0.1 V (RHE) for the CO stripping

analysis to achieve complete monolayer adsorption of CO on the metal surface.
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Subsequently, the dissolved CO in the solution was purged using N». Following this, a

CV scan was performed at a scan rate of 30 mV/s, with the forward scan corresponding

to CO stripping under different pH conditions.
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Chapter 3

RuO: as promoter in Pt-RuO:-Nanostructures/Carbon composite, a pH-
universal Catalyst for Hydrogen Evolution/Oxidation Reactions

3.1 ABSTRACT

The development of new catalysts for Hydrogen evolution reaction/Hydrogen oxidation
reaction (HER/HOR) is of crucial importance for the commercialization of Proton-
exchange membrane/ Anion-exchange membrane based renewable technologies. The
sluggish HER/HOR kinetic (in base) and poor HER/HOR stability (in acid) of
commercial Pt/C are the main obstacles. Interface engineering in multi-component
nanostructures is a method for enhanced electrochemical performances. This chapter
discuses the interfaces-engineered RuO»-Pt/C as a pH-independent catalyst for Hydrogen
oxidation reaction/Hydrogen evolution reaction applications. The Hydrogen oxidation
reaction/Hydrogen evolution reaction activity of RuO»-Pt/C is one order magnitude
higher than commercial Pt/C in base and 2.5 fold higher in acid. It shows excellent
stability in acid and base. It exhibits excellent pH tolerant HOR behavior. The io,m of
RuO»-Pt/C in base is ~ 1833 A.g"'rupt which is 8 fold higher than commercial Pt/C. The
RuO; in RuO,-Pt/C makes it more active towards HER/HOR in base. Although it has
similar activity in acid, its basic activity is 29 fold higher than Ru-Pt-NPs/C. Hydrogen
binding energy and OH binding energy are two equivalent descriptors for HOR/HER in
base. HOR/HER activity of this catalyst in different 0.1M electrolyte decreases in the
sequence of Li"™>Na"™>K" but improved HER and decreased HOR is observed with
increasing Li* ions. The [(H20)x-AM*-(OH)ad] in double-layer influences HOR/HER
performance of RuO»-Pt/C. This catalyst has great potential for application in

PEM/AEM-based devices.
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3.2 INTRODUCTION

With rapidly increasing environmental issues and energy demand, the search for
renewable energy technologies is gaining importance recently'™. Electrolyzer is the
device for energy storage systems® and Fuel Cell is the device for energy conversion
systems® 7. In Electrolyzers, energy is stored as molecular hydrogen via Hydrogen

evolution reaction (HER) 81°

whereas, in fuel cells, the chemical energy of H, molecule
is converted into electricity through Hydrogen oxidation reaction (HOR)!" 2. The proton
exchange membrane fuel cells (PEMFCs) have very high energy and power density, high
energy conversion efficiency. Platinum (Pt) catalysts are highly active towards
HOR/HER in acidic environment'*'¢, however, poor durability of commercial (comm)
Pt/C catalyst in the acid media is the main obstacle for its commercial applications in
PEMFCs and PEMELs!”- 18, Therefore, it is important to develop new active as well as
durable catalyst for acidic HER/HOR. On the other hand, alkali exchange membrane
fuels (AEMFCs) and alkali membrane electrolyzers (AEMELSs) are considered as an
affordable alternative to PEMFCs and PEMELs because non-precious ORR!'® 2° and
OER 2% catalysts for alkaline media are available. Like acid media, Pt is also a good
catalyst for alkaline HOR/HER. However, a large amount of Pt is required for AEMFCs
or AEMELs due to its sluggish HOR/HER activity in alkaline environment® %, The
HOR or HER on Pt catalyst is 2 to 3 times lower in base than its acid media activity ’.
Thus, highly active HOR/HER catalysts for alkaline media are essential for their
application in AEMFCs and AEMELs. The HOR in acid goes through two simple steps:
the Tafel step (dissociative H> adsorption as Hag) followed by Hag oxidation into H”
ions?®. In alkaline media, 1% step is the same and the second step is either Haa combine

with OH™ from the solution or Hag combine with adsorbed OH (OHaq) to form H>O. The

two contrasting mechanisms are known for alkaline HOR - (i) Hydrogen binding energy
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(HBE) theory?®®2* and (ii) OHaa theory**3®. Understanding the alkaline HER/HOR

mechanism is crucial for the development of new HER/HOR catalysts. In recent
literatures, either HBE or OH adsorption was discussed as the sole descriptor for alkaline
HER/HOR. Several groups reported that poor HOR/HER performance was linked with
HBE of the metals in alkaline solution and indicated that HBE is a single descriptor for
HOR/HER in basic solution®” *°. The HER performance vs HBE plot of different
monometallic metals was volcano-shaped indicating that HBE is the key descriptor for
alkaline HOR/HER*. Wang et al.’! indicated HBE is the main descriptor, not
oxophilicity, based on their HOR studies of PtRu alloy catalyst in alkaline solution.
Gasteiger and coworkers 2 proposed that HBE was the main descriptor for alkaline HOR.

In contrast, Strmcnik et al.’*

proposed that OH adsorption was another descriptor for
HER when Pt was functionalized with Ni(OH),. The enhanced alkaline HER activity was
explained by a bi-functional mechanism. Koper et al.*! raised the potential of zero free
charge (pzfc) theory and mentioned that reorganization of water at the interface is a
descriptor for HER on Platinum electrode. S. Mukherjee and co-workers** proposed 2B

theory combining the bifunctional mechanism and hard-soft-acid-base (HSAB) theory

mechanism for alkaline HOR/HER behavior of Pt catalysts.

Here, in this chapter, we have discussed a simple synthesis method of RuO,-Pt/C
composite for electrochemical hydrogen oxidation and evolution reactions in various pH
solutions. The HOR/HER activity of RuO,-Pt/C is about 8-10 and 2.4 times better than
comm Pt/C in basic and acidic medium respectively. We demonstrate the role of RuO>
in RuO»-Pt/C on HBE and OH adsorption and the effect of HBE and OH adsorption on
HOR/HER performances. The RuO> acts as a promoter in the RuO2-Pt/C catalyst for
alkaline HOR/HER. We have also discussed that the HOR/HER performance of RuO»-

Pt/C is sensitive to the nature of alkali metal ions (AM") in alkaline electrolyte and also
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depends on the alkali metal ions concentration in the electrolyte solution. We have
demonstrated the role of OH adsorption on the catalyst surface (catalyst-OHaq) and in the
double layer region, [(H20)x-AM"-OHaq] species modify HER/HOR activity in alkaline

media as per HSAB theory.

3.3 EXPERIMENTAL SECTION

Materials:

Ruthenium (IIT) chloride (RuCls) 98+% assay), Chloroplatinic acid (H2PtCls, 6H>0, 38-
40% assay), sodium borohydride (NaBH4) was purchased from Spectrochem (India).
40% Platinum on carbon (comm. Pt/C), Formamide (HCONH>) was bought from Sigma-
Aldrich. Perchloric acid (HC1O4), Sulfuric acid (H2SO4, 98%) and potassium hydroxide
(KOH) was purchased from Merck (Germany). All these chemicals were used as they
received without further purification. CO, H, N> and gases (99.99 % purity) were bought
from Sigma Aldrich. Mili-Q water was obtained from ultrafiltration system (Mili-Q,

Millipore) and the measured conductivity was 35 mho.cm™ at 25 °C.

Synthesis of nitrogen-doped carbon:

First of all, nitrogen doped carbon (CNx) was formed by microwave heating of
Formamide (HCONH2), which was reported recently by our group. A 30 ml volume of
HCONH, was treated to a microwave irradiation at 180°C for 2h. Then a brown coloured
solution was formed. After that, the resulting solution was evaporated by vacuum in a
rotary evaporator at 180°C to form nitrogen-doped carbon. In the end, product was
filtrated and thoroughly washed with the help of distilled water and vacuum dried to form
a solid, dry nitrogen-doped carbon.

Preparation of the Ru-Pt-NPs/C composite:

Ru-Pt-NPs/C composite was formed by reducing ruthenium (III) chloride and

chloroplatinic acid with the help of NaBH4 followed by ultrasonic treatment. Initially,
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123 mg of chloroplatinic acid and 30 mg of ruthenium (III) chloride was dispersed well
in 5 ml water by sonicating for 30 minutes. In another beaker, 7.5 mg of as prepared of
CNx was taken and dispersed in 2 ml water by sonication in a bath-sonicator for some
time. Then two solutions are mixed together and sonicated for 30 minutes. Then with
constant sonication, 150 mg of NaBH4 was added to the mixed solution. At last, resultant
black solution was sonicated for 3 hours using the bath sonicator. A black mass
precipitated out from the solution after ultrasound treatment. The black precipitate was
collected by centrifugation at 3600 rpm for 30 minutes and washed with deionized water
& ethanol repeatedly. Then the product was kept in vacuum for drying.

Synthesis of the RuO2-Pt/C nanostructures:

After obtaining solid Ru-Pt-NPs/C product, RuO-Pt/C was synthesized by thermal
heating of Ru-Pt-NPs/C. Ru-Pt-NPs/C composite was taken in an alumina crucible and
calcinated at 450°C in a tube furnace with a temperature accuracy +2 °C for 90 minutes.
Then, it was cooled down to room temperature normally & a black solid product was
collected carefully. For comparison purpose we have synthesized RuO»-Pt/C with
different Pt, Ru ratio, only Pt-450/C, Ru-450/C and only RuO»-Pt sample without using
any carbon support, following the same synthesis procedure. This composite is termed
as RuO»-Pt.

Characterizations:

MAS-II microwave synthesizer was used for the synthesis of CNx and was bought from
SINEO Microwave Technology Company (Shanghai, China). Ultrasound treatment was
carried out by SINEO UWave-1000 (Shanghai, China) with 28 kHz frequency. Field-
emission scanning electron microscope (FESEM) system (Carl Zeiss, Germany make,
Model: > igma) was used for taking FESEM images. FESEM samples were prepared by

casting a drop on a Si-wafer and dried at air around 45°C. The powder x-ray diffraction
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pattern (p-XRD) of samples was performed by Bruker DAVINCI D8 ADVANCE

diffractometer equipped with Cu Ko radiation (A= 0.15406 nm). Transmission Electron
Microscopy (TEM, JEOL F200) operated at 200 kV, was used to investigate surface
morphology and also used to take High-Resolution TEM (HRTEM) images. For TEM
sample preparation, 10 pl solution was taken from a stock solution of 4x10° mg/l and
dried at air around 45°C. CHNS was analyzed by using Euro Vector (Euro EA analyzer
3000). XPS measurements were done by VG Microtech where monochromatic source
was Mg K, X-ray. XPS was taken from the sample deposited on Si wafer. And all the
electrochemical measurements were performed with an Electrochemical Workstation
(Autolab, Metrohm, PGSTAT 320N), equipped with rotating disk electrode (RDE). A
conventional 3 electrode system, platinum wire as a counter electrode, glassy carbon as
a working electrode and Ag/AgCl as a reference electrode were used. Smoothing was
applied in chronoamperometric responses where needed to reduce noise in
chronoamperometric measurements due to bubble accumulation. pH of the working
solution was measured before experiment using Hanna (HI 2209) pH meter.
Electrochemical measurements:

All the electrochemical measurements were performed in a conventional three-electrode
system at an Autolab 302 N electrochemical station using glassy carbon (GC) as a
working electrode, Pt wire as counter electrode and Ag/AgCl (3M KClI) as reference
electrode. The working GC electrode was polished with 1.0, 0.1 and 0.05 mm alumina
slurry on Buehler micro cloth polishing cloth. After that the electrode was rinsed with
copious water and then sonicated in distilled water about 10 min. In order to make a stock
solution for HER in IM KOH and 0.5M KOH, 1 mg of synthesized composite was
dissolved in 1 ml water. 2.5 pul of aqueous stock solution was drop-casted and evaporated

on cleaned glassy carbon electrode to prepare RuO»-Pt/C electrode. The loading of RuPt
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metal on the GC electrode was 1.425 pg. For stability measurement 10 pl 5 wt% nafion
solution was used to make the stock solution. 5 ul of aqueous stock solution (i.e 2.85 pg
of RuPt) was evaporated on GC only for potentiometric study in KOH medium. For all
the experiment, the amount of comm. Pt/C and comm. RuPt/C was also kept same for
comparison.10 pl ethanol and 10 pl 5% nafion was used to make the stock solution of
comm. Pt/C and comm. RuPt/C. By using the general formula Erue = E agagci+ E° ag/agci
+(0.059 x pH), potential obtained from Ag/AgCl reference electrode was converted to
RHE, where E%agagci = 0.1976 at 25°C (3M KCI) and E agagci is the working potential.
Before experiment pH was also measured for all electrolytes. And the HER
measurements were carried out in both basic and acidic medium after degassing with
nitrogen using LSV at a scan rate 10 mV/sec. HOR in different pH solutions was done
in a H» saturated environment with the help of linear sweep voltammetry (LSV) at a scan
rate 10 mV.sec! scan rate. For CV in different pH, 30 mv/sec scan rate was used with
Nz saturated medium. In CO stripping measurement, for full monolayer adsorption of
CO on metal surface, first the electrode potential was held at 0.1 V (RHE). Then N> was
flowed for some minutes to remove the dissolved CO from the solution. After that, CV
scan was performed at 30 mV/sec where the forward scan represents the CO stripping.
The stability of the electrode was measured by chronopotentiometric measurement by
applying constant current for certain time. AC impedance measurements were performed
in the identical system with a constant AC voltage in the frequency range 10° Hz to 10°!
Hz. Cell (solution) resistance was calculated by linearly extrapolating the intercept of
impedance spectra with real axis and this value was used for iR correction. All HOR

polarization curves in different pH were iR corrected.

3.4 RESULTS AND DISCUSSION

Morphology and characterization:
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The RuO,-Pt/C was obtained by heating of carbon-supported Ru-Pt-nano-composite
(Ru-Pt-NPs/C) at 450°C for 90 minutes in the air (the details is in experimental section).
The Ru-Pt-NPs/C was synthesized by ultra-sonication-assisted BH4™ reduction of RuCl;
and H>PtCls in the presence of N-doped carbon (N@C) support. The X-ray diffraction
(XRD) data of Ru-450/C, Pt-450/C, and RuO»-Pt/C composites were given in Figure
3.1a. These diffraction patterns were compared with standard JCPDS data of face-
centered cubic (fcc) Pt metal and rutile RuO». The diffraction peaks at 39.55, 45.99, 67.1,
and 80.9 in RuO»-Pt/C composite are assigned as (111), (200), (202), (311) crystalline
planes of fcc Pt metal (JCPDS No. 04-0802). In addition, the peaks at 28.05, 35.08, 39.6,
54.3 correspond to (110), (101), (111), (210) planes of RuO> (JCPDS No. 88-0322),
which assured the existence of RuO; and metallic Pt in RuO,-Pt/C composite. The
morphology and structure of RuO;-Pt/C were studied by Transmission Electron
Microscopy (TEM). The TEM images of RuO,-Pt/C are displayed in Figure (3.1(b-d),

S3.1(a, b)). This shows the nano-particles are supported on carbon sheets.
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Figure 3.1. (a) p-XRD of Pt-450/C, Ru-450/C, RuO»-Pt/C. (b, ¢, d) TEM images, (e)
SAED image, (f) HRTEM image of RuO»,-Pt/C, (g) XPS survey scan of RuO»-Pt/C, High
resolution XPS spectra of (h) Ru 3d/C 1s, (i) O 1s, (j) Pt 4f.

The average size of nanoparticles varies from 5 to 8 nm and they are interconnected. In
Figure 3.1e, the SAED image of RuO,-Pt/C indicates a polycrystalline nature of the
catalyst. The d-spacings, measured from the SAED image, are found to be 2.28, 1.99,
1.41 A corresponding to (111), (200), and (202) planes of Pt and 3.2,2.57, 1.71, and 1.25

corresponding to (110), (101), (210), and (320) planes of RuO; respectively. Figure 3.1f
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shows the high resolution (HR) TEM image of RuO,-Pt/C catalyst. The d spacing values
of 2.28 A and 3.2 A corresponding to the Pt (111) and RuO: (110) lattice planes
confirmed the existence of Pt and RuO»> in the catalyst. The elemental mapping images
of RuO,-Pt/C composite displayed that Pt and Ru are well dispersed over the whole
composite as shown in Figure 3.2. The p-XRD, TEM images, and elemental mapping
images of Ru-Pt-NPs/C catalyst are also given in Figure S3.2(2, 3). These suggest small
nanoparticles of Ru and Pt are dispersed on carbon sheets. The elemental mapping
suggests the uniform distribution of Ru and Pt nanoparticles. On heating of Ru-Pt-NPs/C
composite at 450°C, growth of Pt nanoparticles and formation of RuO> occurs, leads to
the formation of plenty of interfaces due to interface engineering. The interfaces among
different phases may play an important role to enhance catalytic reactions. The HRTEM
images (Figure 3.1f and S3.1(c, d)) show the abundance of interfaces that may act as
active catalytic sites for electrochemical reactions. The XPS survey scan spectrum of
RuO»-Pt/C hybrid was provided in Figure 3.1g. This indicates the presence of ruthenium
(Ru), platinum (Pt), oxygen (O), carbon(C), and little amount of nitrogen (N) atom. Nine
peaks were used to fit Ru3d/Cls XPS spectra of RuO»-Pt/C catalyst (Figure 3.1h). The
peaks at 284.0, 285.4, and 287.95 eV can be assigned to Cls peak of sp? carbon and
carbon containing oxygen based functional groups whereas peaks at 280.39, 281, and
282.2 eV can be assigned to RuO; and RuOx respectively. The Ols XPS spectrum of
RuO»-Pt/C composite was also deconvoluted into three peaks in Figure 3.1i. The Ols
peak of RuO,-Pt/C at 529.08, 530.3, and 532.4 eV are assigned to Ru-O-Ru, Ru-OH, and
H>O respectively. The high-resolution Pt4f XPS spectra of RuO,-Pt/C are shown in
Figure 3.1j. It was fitted by 7 peaks. The peaks at 70.8, 74.4 eV; 72.3,75.5eV; 73.7,76.7
eV are due to 4f72 and 415, of Pt (0), Pt (II) and Pt (IV) species respectively. The accurate

wt% of metal present in RuO;-Pt/C and Ru-Pt-NPs/C was found to be 56.3% and 58%
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respectively by ICP-OES measurements. The electrochemical property of the RuO,-Pt/C
composite was studied by the cyclic voltammetry (CV) measurements. The hydrogen
adsorption and desorption and OH adsorption or oxide formation can be explored from
the CV measurements. The Had and OHaq species are vital because these may serve as an
intermediate for many electrochemical reactions. The CV in 0.IM KOH solution of
RuO»-Pt/C shows the proton adsorption—desorption peaks below 0.4 V (Figure S3.4).
The two characteristic H-desorption peaks can be assigned to Pt (100) (at higher
overpotential) and Pt (110) (at lower overpotential) respectively. The OH adsorption and
Pt-oxidation peak of RuO;-Pt/C are also seen in Figure S3.4. The CO-stripping
experiments were used to calculate the ECSA (electrochemical Surface area) of all these
catalysts (Figure S3.5). The ECSA values of RuO»-Pt/C catalyst were found to be 101,
138 m?/gpira in 0.1M KOH and 0.1M HCIO4 whereas for Ru-Pt-NPs/C, it was 32 and
147 m?/gp¢ry in 0.1M KOH and 0.1M HCIO4 and for comm Pt/C catalyst, it was 43 and

50 m*/gpt in 0.1M KOH and 0.1M HCIO4 respectively.

(g)  Ptand Ru Overlay §(h) Overlay of all'element

————— 250 tm C 3
Rul 250 nm. o0 e

Figure 3.2. (a) STEM, (b-h) elemental mapping of RuO»-Pt/C.
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HER of RuQO2-Pt/C in different pH electrolyte:

The electrochemical HER performances of as-synthesized RuO»-Pt/C catalyst were
studied in the base as well as acid medium. The linear sweep voltammogram (LSV) with
1600 rpm and a scan speed of 10 mV/sec in three-electrode systems was used. Figure
3.3a showed the comparison of HER (current vs. voltage) curves of RuO»-Pt/C composite
with other catalysts such as comm Pt/C, Pt-450/C, Ru-Pt-NPs/C, and Ru-450/C in IM
KOH. All the curves are iR corrected expect the tafel slope. The non iR corrected HER
plots of all catalysts are also given in Figure S3.6a. As shown in Figure 3.3a and Table
3.S1, RuO»-Pt/C catalyst exhibited the best HER performance among all catalysts in 1M
KOH solution. The overpotential needed to reach 10 mA/cm? current density is only 20
mV for RuO;-Pt/C whereas the over-potentials of 73 and 86 mV are required for Ru-Pt-
NPs/C and comm Pt/C respectively. The HER Tafel slope can be obtained from log |j|
vs. overpotential plot (Figure 3.3b). The Tafel slope values for RuO,-Pt/C, comm Pt/C
and Ru-Pt-NPs/C are 33.4, 100 and 45.8 mV.dec™! respectively. This low value of Tafel
slope compared to other catalysts suggests the very fast HER kinetic with Tafel-Volmer
mechanism and desorption of hydrogen (Tafel Step) is the slow rate-determining step in
alkaline solution. The fast kinetics for HER at the RuO»-Pt/C electrode was also
demonstrated by electrochemical impedance spectroscopy (EIS) studies. The EIS of all
catalysts is compared in Figure S3.6(c, d). The R (charge-transfer resistance) value of
RuO»-Pt/C is 15.9 Q which is much lower than comm Pt/C (253 Q) and Ru-Pt-NPs/C
(30 Q). This confirmed the fast electron transfer for electrochemical reactions that is

beneficial for high electrocatalytic activity.
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Figure 3.3. The HER polarization curves for RuO»-Pt/C, Ru-450/C, Ru-Pt-NPs/C, Pt-
450/C and commercial Pt/C in (a) 1.0M KOH, (b) Tafel plot of RuO,-Pt/C, Ru-Pt-NPs/C
and comm. Pt/C in 1.0M KOH, (c, d, e) current density, MA, SA of these catalysts at
0.07 V overpotential, (f) comparison of HER stability of RuO,-Pt/C and comm. Pt/C
catalyst in IM KOH.

The current density (geometric), MA (mass activity), and SA (surface specific activity)
of all the catalysts are compared in Figure 3.3c, 3d, and 3e respectively. The current
density (J, 98.1 mA/cm?), MA (4819 mA/mg) of RuO,-Pt/C catalyst is 10 folds higher
over comm Pt/C. The SA value for RuO,-Pt/C and comm Pt/C are 4.77 mA/cm?pwry, and
1.014 mA/cm?p respectively. The stability test of RuO,-Pt/C and comm. Pt/C catalysts
were done by chronopotentiometric measurements at the current density of 10 mA/cm?

(Figure 3.3f). The RuO.-Pt/C shows almost the same potential after 40 hours of stability
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but, the 40% increase in overpotential was observed for comm Pt/C under the same
experimental conditions suggesting excellent stability of this catalyst. The RuO»-Pt/C
showed much higher stability over commercial Pt/C. After stability, we have

characterized the composite by p-XRD, TEM, SAED, and HRTEM image (Figure S3.7).
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Figure 3.4. (a) The HER polarization curves of RuO»-Pt/C, Ru-450/C, Ru-Pt-NPs/C, Pt-
450/C and commercial Pt/C in 0.5M H>SOs, (b) Tafel plot of RuO»-Pt/C, Ru-Pt-NPs/C
and comm. Pt/C in 0.5M H>SOas.(c, d, e) current density, MA, SA of these catalysts at
0.07 V overpotential, (f) comparison of HER stability of RuO,-Pt/C and comm. Pt/C

catalyst in 0.5M H>SOs4.

This shows the structure and morphology of the compound retains almost the same after

the stability test. The HER activities of RuO»-Pt/C with varying loading and varying Ru
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and Pt ratios are shown in Figure S3.8. The HER activity of the catalyst is also studied
in a different concentration of KOH solutions (Figure S3.9). This shows susceptibility of
HER activity towards OH™ concentration. The HER performance parameters such as
overpotential, Tafel slope value, etc. of RuO»-Pt/C hybrid are compared with reported
noble metal-based catalysts as given in Table 3.S3. This shows, the RuO»-Pt/C catalyst
is better or comparable to the recently reported catalysts**°. The HER behavior of RuO,-
Pt/C hybrid was also studied in acid media (Figure 3.4). The iR-corrected and non iR-
corrected HER curves of RuO2-Pt/C, Ru-Pt-NPs/C, Ru-450/C and comm Pt/C in 0.5M
H>SO4 solution are presented in Figure 3.4a and S3.6b. The Tafel slope values for comm
Pt/C and RuO»-Pt/C are 29 and 30 mV/dec respectively suggesting, the Tafel step is the
slowest (rate-determining) step (Figure 3.4b). The RuO.-Pt/C composite showed 2.4
times better activity (HER) than comm Pt/C (Figure 3.4c-e). Although the SA value of
comm Pt/C and RuO,-Pt/C are comparable, ] (167 mA.cm™) and MA (8200 mA/mg metal)
of RuO,-Pt/C is 2.4 fold higher than comm. Pt/C at 0.07V. The stability of RuO»-Pt/C

2 constant current

was studied by chronopotentiometric measurement at 10 mA.cm”
density in 0.5M H>SO4. This suggested that RuO,-Pt/C catalyst is more stable than comm
Pt/C in H>SO4medium (Figure 3.4f). The comparison table of HER parameters of RuO»-

Pt/C with other catalysts is shown in Table 3.S1 suggesting its very high activity.

pH universal HOR/HER activities of RuQO2-Pt/C catalyst:

The catalytic HOR performances of the RuO,-Pt/C catalyst were examined by using RDE
(rotating disk electrode) method. The HOR polarization curves of RuO»-Pt/C at different
rotations in H»-saturated 0.1M KOH solutions is shown in Figure S3.10a. The HOR
polarization curves reach H> mass transport controlled limiting current densities at a

certain voltage and the limiting current densities (j;) are gradually increased with the
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rotation speeds. The kinetic current density (jx) can be executed from the Koutecky-

Levich (K-L) equation (1) *.

1 1 1 1 1

—=—t—=—4+——"——= (1)

jit ik Ja jk BCo 0?2

Where the concentration of Hy is Co, the rotation speed (rpm) is ®. BCo is a constant that
relates to the diffusivity and concentration of the gas, the electrolyte kinematic viscosity,
and the no. of electron transfers in the reaction. The K-L (J;”/ vs. ® %) plot shows a
straight line that passes through the origin (Figure S3.10b). This confirmed that HOR
kinetics on RuO»-Pt/C hybrid is fully controlled by H> mass diffusion. The BCo values
of RuO,-Pt/C calculated from the plot was 0.0697 mA/(cm?(giskrpm)”’?) in 0.1M KOH,
whereas other reported®? value is (0.0678 mA/(cm?(aiscrpm) 2)). The HOR polarization
curve of RuO»-Pt/C at a rotation speed of 1600 rpm was compared with comm Pt/C, Ru-
Pt-NPs/C, Pt-450/C, Ru-450/C catalysts in H, saturated base medium with 6 pg/cm?
metal loading. The HOR branch follow Nernstian diffusion potential and we corrected

HOR diffusion overpotential by using the following equation (2)
Ndiffusion = -(RT /F) In(1 -j/j;) (2)

The kinetic current densities (jx) were calculated from the HOR polarization curves of

these different catalysts by using the first-order K-L correction (equation (3)). 3

ji = 1Gum/ Gum — 1)) (3)

Where j and jin are the measured and diffusion limited current density (mA.cm™)
respectively. Under pure diffusion condition, j¢ (maximum HOR current) is related to

HER/HOR diffusion overpotential as equation (4)
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ja=] (1 - exp( -2Fn/RT)) )]

The kinetic parameters such as exchange current density (io) and transfer coefficient (o)
of HOR/HER are generally determined from the jk vs overpotential (1) plot. These

parameters were obtained from this plot by fitting the Butler-Volmer (B-V) equation (5)

oF (a-1)F

Jr = i [e[ﬁ]n e ]ﬂ] (5)

Where the Faraday constant (F) is 96,485 C/mol, the universal gas constant (R) is 8.314

Jmol . K'!, and T (temperature) is in Kelvin.

The comparison of HOR/HER curves of different catalyst in H> saturated base media is
given in Figure 3.5a. The jk vs. potential plot and the corresponding B—V fitting of comm.
Pt/C, Ru-Pt-NPs/C, Pt-450/C and RuO»-Pt/C in 0.1M KOH solution are given in Figure
3.5b. All the fitting parameters are also given in Table 3.S2. The experimental data of
RuO»-Pt/C was fitted well by B—V fitting with 0. = 0.52 and ac = 0.48 in 0.1M KOH.
The calculated geometric exchange current density (io) of RuO»-Pt/C obtained from B—V
fitting was found to be 11 mA/cm?in 0.1M KOH (Table 3.S2). The geometric exchange
current was then normalized by surface area (electrochemical) and mass of catalyst to
obtain surface specific exchange current (io, s) and mass specific exchange current (io, m).
The calculated io,m and io,s values for RuO,-Pt/C in 0.1M KOH are shown in Figure 3.5¢
and 5d respectively. The ip,m and io,s values for RuO,-Pt/C in 0.IM KOH are 1833
mA/mgpire and 1.8 mA/cm?piry respectively. The HOR activity of RuO»-Pt/C was far
better over Pt-based reported catalysts in base media®!'~>’. For example, J. Zheng et al. ©
reported io value for Pt disk electrode was 0.21 mA.cm™in 0.1M KOH. The io,m value of
RuO2-Pt/C in 0.1M KOH is 29 and 8 fold higher than Ru-Pt-NPs/C and comm Pt/C
respectively. We also compared the MA at 20 mV of all catalysts for HOR in 0.1M KOH

solution as shown in Figure 3.5e. The HOR activity of RuO»-Pt/C catalyst in acid and
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base are almost equal suggesting pH universal behavior of RuO»-Pt/C, whereas HOR of
Ru-Pt-NPs/C is significantly different in acid and base. The HOR activity of Ru-Pt-
NPs/C in 0.1M KOH medium is 29 fold lower than RuO»-Pt/C. The comparison of HOR
activity parameters in base media is provided in Table 3.S4, this suggests that RuO,-Pt/C
is one of the best HOR catalysts. The HOR measurements of RuO»-Pt/C and Ru-Pt-
NPs/C were carried out in different buffer (pH) solutions to know the pH effect on HOR

of the catalysts.
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Figure 3.5. (a) HER/HOR polarization curves of RuO,-Pt/C, Ru-450/C, Pt-450/C, Ru-
Pt-NPs/C and comm. Pt/C in base. (b) The B-V fitting of all catalysts in base. The (c)

i0,m (MA/MEmetal) (d) 0,5 (MA/CMmetat) (€) MA (MA/Mgmerat) of all the catalysts.
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The HOR plots of RuO»-Pt/C and Ru-Pt-NPs/C in different pH solutions at 1600 rpm

rotation speed are given in Figure S3.11(a, b). Figure 3.6a and 3.6b show the normalized
HOR polarization curves of RuO»-Pt/C and Ru-Pt-NPs/C for different pH solutions. The
half-wave potentials (0.511im) of the two catalysts at various pH are compared in Figure
3.6¢c whereas overpotential at ImA/cm? for HOR and also for HER of RuO»-Pt/C and
Ru-Pt-NPs/C are plotted at various pH in Figure 3.6d. Below pH 7, the HOR/HER
activity of these two catalysts is close and the high overpotential for HOR/HER and high
0.511im of Ru-Pt-NPs/C suggested poor HOR/HER of this catalyst in alkaline media. Both
the Figures suggested that HOR activities of RuO»-Pt/C at all pH solutions are almost
equal, but HOR/HER performance of Ru-Pt-NPs/C are highly sensitive to the solution
pH and activity decreases with increasing pH. The HOR of Ru-Pt-NPs/C is more pH-
sensitive than RuO,-Pt/C and their HOR performance in 0.1M KOH solution is 29 fold

lower in comparison to RuO»-Pt/C catalyst.
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Figure 3.6. (a, b) HOR normalized curves RuO»-Pt/C and Ru-Pt-NPs/C in different pH

solutions, (¢) Comarison of potential at 0.511im vs. pH of RuO;-Pt/C and Ru-Pt-NPs/C

(d) Over-potential for HOR and HER current density of 1 mA/cm? at various solution

pH for Ru-Pt-NPs/C and RuO»-Pt/C.
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We examined the CV and CO striping experiments for RuO»-Pt/C and Ru-Pt-NPs/C at
various buffer (pH) solutions to know HOR mechanism in base. The CVs of RuO;-Pt/C
and Ru-Pt-NPs/C in different buffer (pH 1-13) solutions are presented in Figure 3.7a and
3.7b. The two Hupp peaks corresponding to Pt(100) and Pt(110) for RuO»-Pt/C and one
Hupp peak for Pt(110) of Ru-Pt-NPs/C are observed at all pH values. The position of
Hupp peaks (Epeak) for both composites moves to positive potentials with increasing

solution pH. The HBE is related to Epeak of Pt catalyst as AH = -FEpcax.
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Figure 3.7. (a, b) CVs at different pH solutions of RuO»-Pt/C and Ru-Pt-NPs/C, (¢) Epeak
(Hupp ) vs. pH plot (d, e) CO onset comparison of RuO»-Pt/C and Ru-Pt-NPs/C in 0.1M

HCIO4 and 0.1M KOH and (f) Eco vs. pH plot for Ru-Pt-NPs/C and RuO»-Pt/C.

The Epeak for Ru-Pt-NPs/C and RuO»-Pt/C were shifted linearly with a slope of 14.58
meV/pH and 14.94 meV/pH respectively (Figure 3.7c). Although the HBE of both

catalysts increase linearly, their HOR behaviors in different pH solutions are different.
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RuO»-Pt/C showed pH tolerant HOR behavior whereas Ru-Pt-NPs/C showed poor HOR

activity in base (about 30 times lower HOR activity in base than acid). The HOR of
RuO»-Pt/C in acid and base are almost equal whereas HOR of Ru-Pt-NPs/C in base is
much lower than its acid media HOR activity. In addition, HOR of RuO;-Pt/C in base is
29 times higher than Ru-Pt-NPs/C although their activities are almost the same in acid.
This pH-independent HOR of RuO»-Pt/C and pH-sensitive HOR behavior of Ru-Pt-
NPs/C, can’t be explained only with HBE. The CO stripping plots for RuO»-Pt/C and
Ru-Pt-NPs/C with a variation of pH is given in Figure S3.12 and S3.13. The CO stripping
onset comparison of these two catalysts in 0.1M HClIO4and 0.1M KOH solution is shown
in Figure 3.7d and 3.7e and corresponding CO-onset potentials of these solutions are
shown in Figure 3.7f respectively. The CO stripping curves reflect the potentials for
adsorption of OH on the catalyst. This showed that adsorption of OH™ on both composites
is increased with increasing solution pH. The RuO;-Pt/C is more oxophilic than Ru-Pt-
NPs/C. Thus, the presence of RuO2 in RuO»-Pt/C created more oxophilic (interfaces of
between RuO2/Pt) sites for OH adsorption. Adsorption of OH™ increases with increasing
the pH. The improved HOR of RuO»-Pt/C in comparison to Ru-Pt-NPs/C can be due to
very high OH adsorption of RuO:-Pt/C suggesting that OHags is another important
intermediate for HOR in alkaline solution. The OH adsorption and HBE both are equally
important for alkaline HOR/HER. We can explain enhanced HOR of RuO,-Pt/C in base
by bi-functionality ?’. The RuO; creates oxophilic sites for OH™ adsorption in RuQ,-Pt/C
while Pt and the interfaces may act as H adsorption (Pt-Haq) site. The molecular H»
dissociates at Pt sites to form Pt-Haq intermediate. In the interfaces, OH adsorption takes
place to form (Pt/Ru0O2)-OHad. Finally, Hag and OHag, two intermediates combine to
produce H>O. Like HOR, the HER performance of the RuO»-Pt/C hybrid is also

enhanced by RuO; through the bi-functional mechanism. The RuO»-Pt/C is 10 fold
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higher HER active than the Ru-Pt-NPs/C catalyst in alkaline solution. The HER/HOR of

RuO»-Pt/C catalyst in KOH, NaOH, and LiOH electrolyte solutions were studied. The
HOR/HER polarization curves of the RuO»-Pt/C hybrid in various alkali metal
electrolyte are given in Figure 3.8(a, b). The HOR as well as HER are altered with
different electrolyte although the concentrations of OH™ ions are same in all these
solutions. Several groups reported the Hupp peaks or H desorption peak of Pt catalyst are
shifted toward negative potential in different electrolyte solutions*" ®'. We have also
performed CV measurements of RuO2-Pt/C electrode in the three different electrolyte
solutions (Figure 3.8c). The Epeak (Hupp) peak of the catalyst is moved to positive
potential when 0.1M LiOH solution is changed to either 0.1M NaOH or KOH electrolyte.
This observed change of potential is due to the non-covalent interaction of hydrated alkali
metal (AM") ions with adsorbed OH (OHagq). We propose that the OH.g and AM™ are
attached to form [(H20)x-AM"-OHaq] species and there is an indication of adsorption of
AM" on either RuO: or Pt site. Hence we can write the Volmer step as (1) [AM-(H20)x]
+ H20 <> [OHag-AM"~(H20)x] + Haq and (2) [OHag-AM™-(H20)«] + ¢ <> [OH-AM"-
(H20)x]. The OHag and the OH™ are Lewis soft and hard base, whereas AM" is a hard
acid. The hard—soft-acid—base (HSAB) theory % suggested that the binding between
AM" and OH' is strong and binding between AM" and OHaq is weak. The interaction
energy between OHag and [(H20)x-AM'] in [(H20)x-AM'-OH,4] are decreased and
interaction between [(H20)x-AM'] and OH is increased in [(H20)x-AM*-OH] in the
sequence of K'<Na'<Li" because the hardness of AM" decreases in this Li™> Na"™> K"
sequence. Therefore, the interaction energy difference between [(H.0)x-AM'-OH'] and
[(H20)x-AM"-OH,4] becomes smaller in the sequence of Li™> Na™ K'. The tendency

for desorption of OHaq species is increased in this K'<Na'<Li" order.
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Figure 3.8. (a) HOR, (b) HER curves (c) CVs (inset: UPD-H region) of RuO.-Pt/C in
0.1M LiOH, NaOH and KOH solutions. (d) HOR, (¢) HER (f) CVs (inset: UPD-H

region) of RuO»-Pt/C in LiOH containing different amount of Li" ions.

Thus, the HER of RuO»-Pt/C hybrid is increased in the sequence of KOH<NaOH<LiOH,
(Figure 3.8b). The improved HER property of RuO>-Pt/C in alkaline solution is probably
due to the existence of [(H20)x-AM"-OH,4] species in the electrochemical double layer
region. This indicated that the HER activity enhancement can be achieved with an
increasing number of [(H20)x-AM*-OH.q4] and this is possible by increasing either AM*
ions /OHag or AM" ions and OHaqd both. The high HER of RuO»-Pt/C composite relative
to Ru-Pt-NPs/C catalyst can be explained based on the existence of more number of OHaq
species in the electrode surface and [(H20)x-AM"-OHaq] in the double layer region. The
HER/HOR activity of RuO>-Pt/C in an electrolyte solution containing different Li" ions

concentrations was also examined. The HER of this RuO»-Pt/C hybrid improved when
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the concentration of Li* ions was increased. The amount of [(H20)x-AM'-OHaq] in the
electrochemical double layer increased with Li* ions concentration. Thus, the number of
modified (RuO2/Pt)-OHa.q bonds increased which enhances HER activity of RuO,-Pt/C
due to the presence of more Li* ions in the solution. The HOR behaviour of the RuO,-
Pt/C composite is also strongly influenced when different concentrations of Li* ions are
present. The HOR and HER curves of RuO»-Pt/C in 0.1M LiOH containing different Li*
ions concentrations are given in Figure 3.8d and 3.8e respectively. The HOR limiting
current density of RuO»-Pt/C catalyst decreased when the amount of Li" ions in solution
increased. This indicates HOR performance of this composite is diminished due to the
presence of Li" ions. As shown in Figure 3.8a, the HOR performance of RuO»-Pt/C is
increased in the sequence of KOH< NaOH< LiOH. We can explain this behaviour based
on 2B theory. The HOR/HER mechanism on RuO,-Pt/C electrode in alkaline solution

involving [(H20)x-AM"-OHaq] species is provided in Figure 3.9.

Figure 3.9. HER and HOR mechanism of RuO;-Pt/C for alkaline medium.
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The [(H20)x-AM*-OHaq4] species in the double layer region modifies the property of OHag

and the (Pt/Ru02)-OH,q4 binding energy is changed by AM" ions as [(H20)x-AM -OHaq]
species formed. The AM " ions help desorption of OHag into the bulk; AM" ions cause the
weakening of (Pt/Ru02)-OHa¢ bond as per HSAB theory. The weakening effect of
(Pt/RuQ3)-OHaq bond by K ions is highest, whereas this weakening effect in Li" ions
solution is small. The higher HOR activity of RuO»-Pt/C in LiOH solution in comparison
to KOH solution is now explained. The CO-stripping experiments in the different
electrolyte are shown in Figure S3.14 (a-c). The CO stripping onset potential is shifted
toward a negative direction when 0.1M KOH solution is replaced with 0.1M LiOH
electrolyte. This indicated that desorption of OHaq was affected by AM™ ions. It was
reported®® that HOR performance of Pt/C catalyst was declined when Li" ions
concentration was increased whereas the HOR remained same for the bimetallic catalyst
of Pt and another oxophilic metal such as Ir, Ni, Ru. The Ha¢ and OHag, both the
intermediates compete for the same catalytic site in Pt/C. Reduction of HOR

performance of Pt/C with the increment of Li" ions was reported.

Potential (V vs RHE)

Potential (V vs RHE)

— 3.0 12
£ (a) 101 (b) () o
< e —~ 9
g 1.5 £ 1) °.'E
2 Q o °
@ —— Pt-450/C E ‘é 6/ e
o 0.0 ——27wt%RuinRuO,-Pt/C | ~ 0.1 @ Pt-a50/C £ /
=] ——7wt%RuinRuOPUC | = : 27 % RuIn RO PUC | J o
-t wt% Ru in RuO -|
e —— 11 wt% Ru in RuO_-PtIC @ 11wtk R mu Pt 3
2 —— 17 wt% Ru in RuO,-PtIC 0.011 ® 17 wt% Ru in Rud,PYC ®
8 -1.54 — 45 wt% Ru in RuO,-Pt/C @ 45wt% Ru in RuO,-PtiC
0.00 005 0410 0.15 002 000 002 004 0 15 30 45

wt% of Ru in catalyst

Figure 3.10. (a) HOR plots of RuO-Pt/C with different wt% of Ru, and (b) their

corresponding Butler-Volmer, (c) io (mA/cm?) vs. wt% of Ru in RuO»-Pt/C in 0.1M

KOH.
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But in the case of bimetallic Pt-catalysts, OHaq and Haq adsorb on oxophilic metal and Pt
metal sites respectively, thus HOR performance remained unaltered in different Li" ions
concentrations. The Hupp peak intensity of RuO»-Pt/C in LiOH solution with increasing
Li" ions does not decrease (Figure 3.8f) indicating that adsorption of Li" ions is not taking
place on electrode surface. We observed that HOR of RuO-Pt/C is reduced when Li"
ions are increased in the solution. The interfaces between Pt/RuQ: are active sites for the
intermediates (OHag and Haq), thus OHagq and Hag generally compete for these active sites
(interface of RuOy/Pt) in RuO»-Pt/C. The CO onset potential of CO stripping curves with
increasing concentration of Li" ions is shifted towards the positive side indicating that
Li" ions make destabilization of the OHaq. The OH™ adsorption in RuO»-Pt/C was delayed
due to the weakening of the (Pt-Ru0,)-OHaq bond, induced by AM" ions. This hinders
the removal of Haa and HOR performance of RuO>-Pt/C thus decreases. We also
measured the HOR of RuO»-Pt/C hybrid with different amounts of Ru loading (Figure
3.10a) and their corresponding butler-volmer plots were given in Figure 3.10b. The HOR
performance of RuO;-Pt/C is enhanced when Ru wt% in RuO»-Pt/C is increased and the
HOR activity is highest when Ru loading in RuO»-Pt/C is 11wt%. A small amount of
RuO> enhances the electrochemical HOR/HER activity of RuO»-Pt/C dramatically. The
RuO> acts as a promoter in RuO2-Pt/C for HOR/HER in alkaline electrolytes. The
exchange current density (io) is plotted against wt% of Ru in the catalyst in Figure 3.10c.
We have also done Hupp (CV) and CO stripping experiments of RuO»-Pt/C in alkaline
media (Figure 3.11(a, b)). Epecak (UPD-H), and Eonset (CO) is plotted against wt% of Ru
in the catalyst in Figure 3.11 (c, d) respectively. This suggests the catalytic activity of
RuO»-Pt/C is increased up to a certain Ru loading in the catalyst, after that it decreases

gradually.
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Figure 3.11. (a, b) CVs and CO-stripping voltammogram of RuO,-Pt/C with different
wt% of Ru HOR, (¢) ) Epeak (UPD-H) vs. wt% of Ru in RuO»-Pt/C, (d) CO onset potential
vs. wt% of Ru in RuO»-Pt/C, (e) ip (mA/cm?) vs. CO onset potential of RuO,-Pt/C, () io
(mA/cm?) vs. Epeak (UPD-H) or CO onset potential of RuO,-Pt/C.

The 1o vs. Eonset, and 1o vs. Epeak or Eonset plot is volcanic type as shown in Figure 3.11 (e,
f) suggesting that OHaq and Haq are two main descriptors for alkaline HOR. The optimal
HBE and OHBE are probably the main characteristic of a good electrocatalyst for
alkaline HOR/HER. The RuO: in RuO2-Pt/C helps to form more Pt/RuOz-OHaq
intermediates and the Pt/RuO2-OH,q4 bonding is altered by [OHai—AM'-(H,0)x] species
leading increase of HOR/HER in alkaline media. The RuO»-Pt/C catalyst is a three-
component composite where every component has different roles: Pt metal offers the
catalytic sites for Haq intermediate and RuO: created catalytic sites for OHaq intermediate
and carbon layer is a conducting support. The strong synergistic interactions among three

components in RuO2-Pt/C could be one of the reasons for its superior electrochemical
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activity. We have done electrochemical EIS measurements of different catalysts. The EIS
Nyquist plot of RuO»-Pt/C, Physical mixture, Pt-450/C, and Ru-450/C was shown in
Figure 3.12a. The charge transfer resistance (Rct) of RuO»-Pt/C, Pt-450/C, Ru-450/C, and
their physical mixture are 15.9,31.4, 311, and 889 Q respectively. The Rt value of RuO»-
Pt/C is much lower than that of either Pt-RuO, or carbon support. This indicated that

strong interaction between three components (catalyst-support) exists in RuO»-Pt/C

catalyst.
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Figure 3.12. (a) Nyquist plots of RuO»-Pt/C, Pt-450/C, Ru-450/C, Physical mixture and
CNXx, (b) their HER comparison plots.

This synergistic interaction was again proved by electrochemical HER studies of these
three compounds (Figure 3.12b) showing that HER activity of RuO»-Pt/C is much better
in comparison to Pt-450/C, Ru-450/C, or their physical mixture. The high ESCA of
RuO»-Pt/C could also be another reason for the high electrochemical activity of the
catalyst. The ESCA values of RuO»-Pt/C are 138 and 101 m*g in acid and base
respectively, these values are much higher than that of commercial Pt/C. The high

surface of this catalyst is probably originated from the presence of plenty of interfaces

137



RuO: as promoter in Pt-RuO:-Nanostructures/Carbon composite, a pH-universal Catalyst for
Hydrogen Evolution/Oxidation Reactions

B Chapter 3

and its porous morphology. The TEM images showed that RuO»-Pt/C composite is
composed of plenty of interfaces and defects which generally act as active sites for
catalytic reactions. There is also some nitrogen atom present in this RuO»-Pt/C composite
and the interaction between N atoms and proton helps to improve charge transfer kinetics

leading to the improvement of catalytic activity.

3.5 CONCLUSIONS:

In summary, we demonstrated a two-step method for the synthesis of interface
engineered RuO»-Pt/C hybrid. This RuO-Pt/C showed one order magnitude higher
alkaline HER/HOR activity compared to comm Pt/C. The HER/HOR activity of RuO»-
Pt/C in acid is also higher than comm Pt/C. We demonstrated that RuO; acts as a
promoter in RuO»-Pt/C for HOR/HER. The RuO; offers stronger OH" adsorption and
[(H20)x-AM"-OH,q] in the double layer region that plays a significant role in the
dramatic enhancement of alkaline HER/HOR through the bi-functional mechanism. The
oxophilicity (i.e. OHBE) and HBE are descriptors for alkaline HER/HOR. We also
demonstrate that the very high electrochemical behavior is due to the interface
engineering, synergistic effect, and porous structure of the catalyst. The excellent
HER/HOR performance and stability of RuO»-Pt/C is making this catalyst a future active

catalyst for renewable energy technologies.
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Figure S3.1. (a, b) TEM images, (¢, d) HRTEM images of RuO»-Pt/C (yellow lines show

the interfaces of the composite).
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Figure S3.2. (a) p-XRD, (b, ¢) TEM images, (d, ¢) HRTEM images, (f) SAED image of

Ru-PtNPs/C sample showing the presence of ultra-small Pt, Ru nanoparticles.
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Figure S3.5. ECSA calculation from CO stripping: (a, b, ¢) CVs of RuO»-Pt/C, Ru-Pt-

NPs/C and comm. Pt/C in 0.1M HClO4 and (d, e, f) CVs of RuO,-Pt/C, Ru-Pt-NPs/C and

comm. Pt/C in 0.1M KOH respectively.
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Figure S3.6. (a) Non iR corrected HER activity of RuO,-PtC, comm. Pt/C and Ru-Pt-
NPs/C and other catalyst in 1.0M KOH, (b) Non iR corrected HER activity of RuO>-
Pt/C, comm. Pt/C and Ru-Pt-NPs/C and other catalyst in 0.5M H2SOs4, (¢, d) Nyquist

plots of Comm Pt/C and RuO»-Pt/C, Ru-Pt-NPs/C at 10 mV overpotential respectively.
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Figure S3.7. (a) p-XRD comparison of RuO,-Pt/C after and before stability, (b) TEM

image, (c¢) SAED image, (d) HRTEM image of RuO»-Pt/C after stability.
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Figure S3.8. (a) HER activity of RuO.-Pt/C with different loading, (b) HER activity of

RuO,-Pt/C with different Ru, Pt ratio.
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Table S3.1. Different HER parameters of RuO»-Pt/C, comm. Pt/C and Ru-Pt-NPs/C

catalysts in 1.0M KOH and 0.5M H>SO4 solutions.

Solution Catalyst Overpotential Current SA MA Tafel slope
: 2 -1
(mV) At . den5|t\_/2 (mAcm”,)  (Amg’) (mV/dec)
(10 mA.cm ) (mA.cm )
0.5M Commercial 39 69* 6.277* 3.39* 29
H,SO, Pt/C
RuO2-Pt/C 34 167* 5.944* 8.2% 30
Ru-Pt-NPs/C 41 57.4* 1.918* 2.82* 31
1.0MKOH Commercial 86 9.5% 1.014* 0.467* 44
Pt/C
RuO:-Pt/C 20 98.1* 4.77* 4.819* 24
Ru-Pt-NPs/C 73 11.29% 1.274* 0.554* 42
*at n=-0.07 V.
B o) “g 801(b) —~20](c) e
Q (.! ) o g’) o q 64
< <L 2 . £
£ 100, E 431 o "é 1.5 g £
E é‘ ] [2) E : o ? - 2
2 2004 —¢¢ 2 304 = g 1.0 g - ch
o =——CN,_ o = D [T &
Q —ptiC ° & S z ®
- - =] © g & o 24 a
S -300. ——Ru-Pt-NPSIC £ 154 & w 05{ % =
g ——Ru0_PHC = @ S
3 3 o = 0.0 o 0
06 -04 -02 00 0.2 0.1V ' 0.1V 01V
Potential (V vs RHE)
0.00
Ty (e) — () — RuO_PHC
] R T oo —PC
u0-PtIC 5 .
36 mVidec al
£ -0.041 @
e =3
& T -0.24
£ -0.08{ PtC E
8 108 mVidec Ru-Pt-NPs/C 8
<) 100 mV/dec o)
a [
i} -0.4 r r v v
01%% 0.5 1.0 0 5 10 15
log litmA.cm™ | Time (h)

Figure S3.9. (a) HER activity of RuO,-Pt/C, comm. Pt/C and Ru-Pt-NPs/C in 0.5M

KOH. (b) Geometric current density (¢) MA (d) SA of RuO»-Pt/C, Ru-Pt-NPs/C and
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commercial Pt/C (e) Tafel plot of RuO,-Pt/C, Ru-Pt-NPs/C and comm. Pt/C for 0.5M

KOH (f) Chronopotentiometric stability of RuO,-Pt/C, commercial Pt/C at 10 mA.cm™.
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Figure S3.10. (a) HER/HOR polarization curves (going positive direction) RuO»-Pt/C in
0.1M KOH solution saturated with H, (~1 atm) with different rotation speeds at a scan

rate of 10 mV/s, (b) corresponding K-L plot.

Table S3.2. Kinetic parameters of RuO»-Pt/C, Comm. Pt/C and Ru-Pt-NPs/C catalyst

extracted from the Butler-Volmer fitting for acid and base solutions.

Compound Solution Exchange Mass Surface Specific Anodic Cathodic
Cur.rent. Specific exchange tran.sfer tran-sfer
density (!o) exchange . coefficient coefficient
- Current i
(mAcm ) Current, 0,s (a) (ar)
(mAmgPt ) (mAcmRuPt- )
RuO,-Pt/C  0.1M KOH 11 1833 1.8 0.52 0.48
Ru-Pt- 0.1M KOH 0.4 63 0.06 0.5 0.5
NPs/C
Commerci 0.1M KOH 1.45 230 0.5 0.52 0.48
al Pt/C
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Figure S3.11. (a, b) HOR plots of RuO»-Pt/C and Ru-Pt-NPs/C in different pH.

470.1M HCIO,, pH=1.1 J\.\ j
0 "1 L V
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
NA
£  sfoamnupo, ph=1 -2_3__/-\
L o] — o A
< -4 L] — L] L] L] L] L] L]
Y 0.2 0.4 0.6 0.8 1.0 1.2 1.4
——
>
=
(7, 6 0.2M H3P04 + KOH, pH=5.61
c —
g L ——=
o 00 0.2 0.4 0.6 0.8 1.0 1.2 1.4
c
@
= 8J02MH.PO_+ KOH, pH=9.47
: 4 qY- 3 4 y =J. S
& _2: ¢
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
34 0.1M KOH, pH=12.7 ‘/—\
0+ £ —
-3 . . . . . . .
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Potential (V vs RHE)

Figure S3.12. CO stripping voltammogram of RuO,-Pt/C catalyst in different pH

solutions.
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Figure S3.13. CO stripping voltammogram of Ru-Pt-NPs/C in different pH solutions.
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Table S3.3. Comparison of HER activity of RuO,-Pt/C catalyst in alkaline medium

with other reported catalysts.

Electrolytes  Catalyst Over potential  Tafel slopc References

Catalyst loading  (mV VsRHE) vs (mV/dec)
(ug em?) current density
(mA em?)
P-Ru/C 1 M KOH 30 31 (10 mA cm?) 105 ACS Catal. 2020,
10, 11751-11757
PtRu NCs/BP 1 M KOH 14.8 22 (10 mA cm?) 19 ACS Catal. 2019, 9
(ir corrected) 10870-10875
PtRu NCs/BP 1 M KOH 14.8 22 (10 mA cm™) 19 ACS Catal. 2019, 9
10870—10875
PtNi-O 1M KOH 5.1 39.8 (10 mA cm?) 78.8 J. Am. Chem. Soc.,
2018, 140, 9046.
Pt-Co(OH)/CC 1 M KOH 390 32 (10 mA cm) 70 ACS Catalysis,
2017, 7, 7131
Pt 1 M KOH 16 65 (10 mA cm™) Nat. Commun.
NWs/SLNi(OH): 2015, 6, 6430.
Pt:Ni2NWs-S/C 1 M KOH 15.3 50 (10 mA cm-2) - Nat. Commun.
2017, 8, 14580.
CoOx@CN 1 M KOH 232 (10 mA cm?) J. Am. Chem. Soc.
2015, 137, 2688.
Porous Pd-CNx 1 M KOH 43 180 (5 mA cm™) 150 ACS Catal.2016,6,
1929.
Ru@C:N 1 M KOH 285 17 (10 mA cm?) 38 Nature Nanotech.,
2017, 12, 441
1D-RuO2-CNy 1M KOH 12 95 (10 mA cm?) 70 ACS Appl. Mater.
Interfaces 2016, 8
(42), 28678.
RuP:@NPC 1 M KOH 233 52 (10 mA cm?) 69 Angew. Chem. Int.
Ed., 2017, 129,
11717
Rh nanosheets 1M KOH 15 37 (10 mA cm™) 74.7 Chem. Mater. 2017,
RhNSs (iR corrected) 29, 5009.
Rh concave 1 M KOH 15 66 (10 mA cm?) 117.7  Chem. Mater. 2017,
tetrahedra (iR corrected) 29, 5009.
(Rh CTs)
Rh tetrahedra (Rh 1 M KOH 15 64 (10 mA cm?) 79.5 Chem. Mater. 2017,
THs) (iR corrected) 29, 5009.
Pt-Ru0:C 1 M KOH 1.425 20 (10 mA cm?) 41 This work
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Table S3.4. Comparison of HOR activity of RuO,-Pt/C catalyst in alkaline medium

with other reported catalysts.

Catalyst Catalyst Exchange o ECSA  Exchange References
loading  currentic  (A/gmea) (m%/g)  current
(ugem™  (mA/cm?) (mAcm™
2disk) metal)
PtRu/Mo,C—-TaC 13 1.3 403 +£25 739 0.28+0.02 ACS Catal. 2021,
at 25 mV 25 mV at 25 mV 11, 932-947
Pto.2sRu.75/N-C 3.5 - 1654 117.3 1.41 Adv. Mater.
Interfaces 2020,
2000310
P-Ru/C 6.06 430 56 0.72 ACS Catal. 2020,
10, 11751-11757
Pt/C 203 49.4 0.41 Small 2019, 15,
1903057.
Pt7Rus ~20 ~49 ~10.0 0.49 ACS Catal. 2016,
6, 3895-3908
PdO-RuO,/C 3.55 522 102 Chemsuschem,
2021,
https://doi.org/10.
1002/cssc.202100
200
Pd/CuNWs 12.5 330 32.6 1.01 J. Eclectrochem.
Soc., 2015,
162(8), F849-
F853
Ruo.20Pto.80 7.09 696 49.0 1.42 J. Phys. Chem. C
2015, 119,
1348113487
Acid treatment- 10 474 25.1 1.89 J. Am. Chem.
PtNi/C Soc. 2017, 139,
5156-5163
Pt/Cu NWs 16 650 35.9 2.1 J. Am. Chem.
Soc. 2013, 135,
13473—-13478
PtNb/NbOx-C 20 360 45.0 0.8 ACS Catal. 2017,
7, 49364946
Pt-RuO2/C 6 11 1833 101 1.8 This Work.
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Ag-Pt Nanostructures/Carbon composite for Electrochemical Hydrogen
Evolution and Oxygen Reduction Reaction in Alkaline medium

4.1 ABSTRACT

The persistent challenge within catalyst development revolves around the intricate task
of designing and fabricating catalysts that not only deliver exceptional performance but
also exhibit prolonged stability in two vital electrochemical processes: the Hydrogen
Evolution Reaction (HER) and the Oxygen Reduction Reaction (ORR). In this chapter,
we have discussed about the synthesized catalyst, AgPt-CNy, that emerges as a promising
bifunctional solution, catering to both HER and ORR applications. Notably, AgPt-CNx
outperforms the benchmark commercial Pt/C (Comm Pt/C) catalyst in terms of activity
for both the HER and ORR. The AgPt-CNx catalyst demonstrates an impressively low
overpotential of 78 mV vs RHE for achieving a current density of 10 mA cm™ in the
HER while the Comm Pt/C catalyst requires a higher overpotential of 126 mV vs RHE.
Furthermore, the ORR onset potentials for both AgPt-CNx and Comm Pt/C are observed
at 0.942 V. Nonetheless, the AgPt-CNy catalyst exhibits a higher limiting current density
than the Comm Pt/C, signifying superior ORR performance, particularly at higher current
density. The Koutecky-Levich analysis yields an electron-transfer number of 4.02 for
AgPt-CNy, affirming a direct four-electron reduction pathway during ORR. The
bifunctional attributes of AgPt-CNx make it a compelling alternative for integration into
fuel cells and electrolyzers, potentially supplanting the conventional Comm Pt/C

catalyst.
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4.2 INTRODUCTION

The escalating global energy requirements have incentivized scientists to explore
alternative devices for energy conversion and storage.' The hydrogen evolution reaction
(HER) and the oxygen reduction reaction (ORR) play pivotal roles in various renewable
energy technologies, including water electrolyzers, fuel cells, and metal-air batteries.>*
Traditional electrocatalysts, such as those based on platinum (Pt) and its alloys, exhibit
drawbacks like high expenses and limited stability, despite their low overpotential and
rapid reaction kinetics.> ® Consequently, there is a pressing need to tackle the formidable
task of designing cost-effective, enduring, and bifunctional electrocatalysts that display

exceptional activity for both HER and ORR, even though it presents a substantial

challenge.

Hydrogen is regarded as one of the most promising fuels, and electrochemical water
splitting provides a method for producing high-purity hydrogen under mild conditions.’
Proton exchange membrane fuel cells (PEMFCs) exhibit remarkable characteristics such
as high energy and power density, as well as high energy conversion efficiency. Pt
catalysts are known for their strong activity in the HER within an acidic environment.®°
However, the limited durability of commercial Pt/C catalysts in acidic media presents a
major hurdle to their widespread use in PEMFCs and proton exchange membrane
electrolyzers (PEMELSs).!? Consequently, it is imperative to develop novel catalysts that
offer both high activity and long-term stability for HER in acidic conditions. On the other
hand, alkali exchange membrane fuel cells (AEMFCs) and alkali membrane electrolyzers
(AEMELs) have emerged as cost-effective alternatives to PEMFCs and PEMELSs. This
is primarily due to the availability of non-precious catalysts for the ORR'! 12 and oxygen

evolution reaction (OER)!? that are suitable for alkaline environments. Like acidic media,

Pt exhibits strong catalytic performance in HER within alkaline environments.
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Nevertheless, the sluggish nature of HER on Pt catalysts in alkaline environments
necessitates a significant quantity of Pt for AEMFCs and AEMELSs.'? In fact, Pt catalysts
demonstrate 2 to 3 times lower activity for HER in alkaline conditions compared to their
performance in acidic media.'* Hence, it is imperative to develop highly active catalysts
specifically tailored for HOR/HER in alkaline environments to enable the practical

implementation of AEMFCs and AEMELs.

The commercialization of fuel cells has faced significant challenges due to the inherent
sluggishness of ORR, instability of catalysts, and the elevated cost associated with noble-
metal catalysts.!> !® The rate-determining step in ORR was discovered to involve the
formation of Oags and a hydroxide anion derived from the electrochemical splitting of
O3 .ds species.!” The alkaline medium proves effective due to the inherently faster kinetics
of ORR in alkaline media compared to acidic conditions. Additionally, an alkaline
medium offers a less corrosive environment for catalysts and electrodes.!® Rapid
adsorption/desorption processes involving oxygen-containing species such as O, OH",

0>, HO, and H,0» are necessary at the catalyst surfaces in an alkaline medium.”

Here, in this chapter, we have discussed the electrochemical deposition of Pt in Ag
supported on CNx (AgPt-CNx) that can act as bifunctional electrocatalyst for hydrogen
evolution reaction (HER) and oxygen reduction reaction (ORR). The presence of
nitrogen doped carbon sheets provides support and durability to the catalyst. The
synthesized AgPt-CNy catalyst shows less overpotential and excellent durability
compared to Commercial Pt/C (Comm Pt/C) to reach 10 mA cm™ current density in 1 M
KOH. The potential required to reach 10 mA cm™ current density for AgPt-CNx is 78 mV
vs RHE, whereas for Comm Pt/C catalyst the overpotential required is 126 mV vs RHE.
The prepared catalyst showed excellent durability for HER up to 24 hours. The limiting

current density for ORR, is higher in the case of AgPt-CNy catalyst than Comm Pt/C
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catalyst. The O, reduction kinetics for AgPt-CNx follow a direct 4 electron reduction

pathway. The prepared bifunctional catalyst can be used in various application to reduce

the over usage of Comm Pt/C.

4.3 EXPERIMENTAL SECTION

Materials

Formamide (HCONHD>), silver (I) nitrate (AgNO3, 99+% assay), chloroplatinic acid
hexahydrate (H2PtCls - 6H20), potassium hydroxide (KOH) and sodium borohydride
(NaBH4) were bought from Sigma Aldrich. Sulfuric acid (H2SO4, 98%) was bought from
Merck (Germany). These materials were used exactly as they were received, with no
further purification. Sigma Aldrich supplied Ar gas (99.99% purity) and O> gas. Milli-Q
water was prepared using an ultra-filtration system (Milli-Q, Millipore), and the

measured conductivity at 25 °C was 35 mho.cm™.
Synthesis of N-doped carbon (CNx)

The synthesis of CNx was done by following our existing method?’. A brown-colored
solution was produced after microwave heating 30 mL of formamide (HCONH>) for two
hours at 180°C. A rotating evaporator operating at 180°C evaporated the collected
solution. Finally, vacuum drying was used to produce solid N-doped carbon after

washing with distilled water.
Synthesis of the AgPt-CNx composite

The Ag-CNx composite was synthesized through a series of steps. Initially, 46 mg of
silver (I) nitrate was introduced into 5 mL of deionized water and subjected to 30 minutes
of sonication using a bath-sonicator. Simultaneously, 5 mg of as-prepared CNx was
dispersed in 2 mL of deionized water through 10 minutes of sonication. A homogeneous

mixture was achieved by combining the two solutions mentioned above, followed by an
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additional 30 minutes of sonication. Subsequently, 50 mg of NaBH4 was added to the

mixture, and the entire solution was subjected to an additional 2 hours of sonication. The
resulting dark solution was centrifuged at 1600 rpm and then thoroughly washed with
deionized water and ethanol. The black precipitate obtained was collected and
subsequently dried under vacuum conditions for further utilization. The prepared Ag-
CNix was coated into a GC and this modified GC has undergo electro reduction of H2PtCls
in PBS solution (pH = 7.4) by potential cycling for 10 cycles by sweeping the potential
from -1 Vto 1 V vs Ag/AgCl followed by chronoamperometry at-0.6 V vs Ag/AgCl for

300 second to prepare AgPt-CNy.

4.4 RESULTS AND DISCUSSIONS

Morphology and characterization

( a) ——AgPt-CN,
— CC(PDF 01-087-1526)
—— Pt (PDF 01.087-0644)
—— AgPt (PDF 01-077-6657)

Intensity (a.u.)
CC
AgPt (111), Pt(111)
AgPt (200), Pt (200)
AgPt (220), Pt (220)

L 1]
20 30 40 50 60 70
20 (Degree)

Pt (111)
0.23A

AgPt (111)

Figure 4.1. (a) p-XRD pattern of AgPt-CNy, (b, c, d, €) TEM images, (f) HRTEM images

of AgPt-CNy.
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The structural analysis of AgPt-CNx was conducted via powder X-ray diffraction (p-
XRD), as depicted in Figure 4.1a. The p-XRD analysis provides valuable insights into
the structural composition of the catalyst, facilitating a precise understanding of its
crystalline nature and properties. The observed peak at 26° can be attributed to the
presence of the carbon cloth (CC) substrate?!, which is consistent with reference data
from standard JCPDS (PDF 01-087-1526). Additionally, the diffraction peaks observed
at 39.14°, 45.5°, and 66.32° in the AgPt-CNx composite correspond to the (111), (200),
and (220) crystalline planes of both Pt and AgPt. These findings align well with reference
data from standard JCPDS (PDF 01-087-0644) and (PDF 01-077-6657), respectively.
The morphological analysis of AgPt-CNx was conducted using Transmission Electron
Microscopy (TEM). Based on the TEM image given in Figure 4.1(b-e), it can be observed
that small particles are decorated in CNy sheet. The average diameter of the nano particle
were ranging from 20 to 50 nm. The high-resolution transmission electron microscopy
(HR-TEM) image of AgPt-CNx is illustrated in Figure 4.1f. This image reveal a distinct
d-spacing value of 0.23 A, which corresponds to the (111) lattice plane of elemental Pt

and the d-spacing value of 0.22 A corresponds to the (111) lattice plane of AgPt.
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Figure 4.2. (a) STEM image , (b) overlay image, (c-f) elecmental mapping images of AgPt-
CN..

Figure 4.2(a, b) depicts scanning transmission electron microscopy (STEM) image and
overlay image, while Figure 4.2(c-f) provides elemental mapping of AgPt-CNx. These
images reveal the homogeneous dispersion of atoms and the notable presence of Pt, Ag,
Nitrogen, and Oxygen within the composite material. The STEM images offer detailed
insights into the structural characteristics of the composite, while the elemental mapping
confirms the even distribution of various elements, emphasizing the substantial presence

of Pt, Ag, Nitrogen, and Oxygen throughout the material.
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HER studies on the AgPt-CNi catalyst in alkaline medium
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Figure 4.3. (a) Non-iR corrected HER polarisation curve of AgPt-CNy, Comm Pt/C and Ag-
CNy in 1 M KOH, (b) Tafel plots of AgPt-CNy and Comm Pt/C, (¢) current density and (d)

mass activity of catalysts at -0.3 V.

The hydrogen evolution reaction (HER) proceeds relatively slowly in alkaline
conditions, which poses a hindrance to the efficient production of hydrogen through
water splitting. This is because an additional energy input is required for the dissociation
of water molecules, as represented by the equation: H2O + ¢ — H* + OH". In other
words, in alkaline media, more energy is needed for the electrolysis of water molecules
before hydrogen can be generated, making the process less efficient.”? HER activity of
AgPt-CNy is investigated in 1 M KOH solution, where a catalyst-coated carbon cloth (1
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cm? area) served as the working electrode, platinum wire functioned as the counter

electrode, and Ag/AgCl acted as the reference electrode. The Linear Sweep Voltammetry
(LSV) polarization curve of AgPt-CNy is obtained in alkaline medium and it is compared
with Comm Pt/C and Ag-CNx (Figure 4.3a). The overpotential required to reach 10 mA
cm? current density for AgPt-CNy is 78 mV vs RHE, for Comm Pt/C catalyst 126 mV
vs RHE whereas for Ag-CNy the value is 547 mV. In an alkaline medium, the HER
proceeds through two critical stages: 1. The Volmer step, which involves the dissociation
of water and the formation of hydrogen intermediates. 2. The desorption of these
hydrogen intermediates to produce H> gas. The determination of the rate-determining
step (RDS) for HER can be achieved using the Tafel slope. According to Butler-Volmer
kinetics, the RDS can be identified as either the Volmer step, Heyrovsky step, or Tafel
step based on the Tafel slope values. Specifically, when the Tafel slope measures 120
mV/dec, the RDS is the Volmer step; when it is 40 mV/dec, it's the Heyrovsky step, and
when it's 30 mV/dec, it's the Tafel step.?® Prior to the adsorption of the intermediate H*,
the catalyst needs to overcome the relatively stronger covalent H-O-H bond, a process
known as the Volmer step. Because of the substantial energy barrier for water
dissociation, achieving a slow HER requires a substantial loading of Pt/C.>* This
increased loading substantially escalates the overall cost of the catalyst. The tafel slope
value obtained from Figure 4.3b for AgPt-CNy (85.7 mV dec™!) is lower than that of
Comm Pt/C (100.8 mV dec™!) that indicates HER kinetics occurs faster on the catalyst
AgPt-CNx. The current density value at -0.3 V for all the catalysts is shown in Figure
4.3c. The value of current density for AgPt-CNx at -0.3 V is obtained to be 67.56 mA cm’
2 and for Comm Pt/C the value obtained to be 37.52 mA cm™ whereas for Ag-CNy the
value is 3.54 mA cm?. The mass activity of AgPt-CNx and Comm Pt/C at the same

potential is calculated (Figure 4.3d) and the values obtained are 540.48 mA mgp! and
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312.66 mA mgp! respectively. This showcases the superior catalytic performance of
AgPt-CNyx in driving the HER, making it a promising candidate for various

electrochemical applications.
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Figure 4.4. (a) Chronopotentiometry stability plot of Comm Pt/C and AgPt-CNx in 1 M

KOH, (b) Cyclic stability of AgPt-CNy in 1 M KOH.

In order to assess the long-term stability and practical utility of the synthesized AgPt-
CNx catalyst for HER, its durability was systematically examined using a
chronopotentiometry experiment. This experiment aimed to provide a thorough
evaluation of the catalyst's performance and stability over an extended period of time.
The stability curve, as illustrated in Figure 4.4a, was recorded while maintaining a
constant current density of 10 mA cm for a duration of 24 hours in 1 M KOH electrolyte.
Notably, this plot reveals only a minimal increase in overpotential even after the
extensive 24-hour testing period. In stark contrast, when the commercial Pt/C catalyst
was subjected to the same experimental conditions, a significant increase in overpotential
was observed. This discrepancy underscores the exceptional stability of the AgPt-CNx

catalyst compared to the commercial Pt/C catalyst, demonstrating its superior
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performance and robustness under prolonged electrochemical conditions. The cycling

stability of AgPt-CNx was assessed by subjecting it to 5000 cycles in a 1 M KOH
electrolyte, shown in Figure 4.4b. Remarkably, after this extensive cycling, the increase
in overpotential at a current density of 10 mA cm™ between the first and 5000™ cycle was
merely 10 mV. This depicts the catalyst's exceptional durability and robust performance

over repeated cycling.
ORR studies on AgPt-CNx catalysts in alkaline medium

The electrocatalytic performance of the AgPt-CNy catalyst in the ORR was evaluated
through a series of experiments. Cyclic voltammetry (CV) was employed to investigate
the ORR activity in both Ar and O»-saturated electrolytes, as depicted in Figure 4.5a.
These experiments were conducted using a Rotating Disk Electrode (RDE) setup in a 0.1
M KOH solution. In this setup, a catalyst-coated Glassy Carbon (GC) electrode was
served as the working electrode, platinum wire served as the counter electrode, and
Ag/AgCl functioned as the reference electrode. The CV recorded in the O»-saturated
electrolyte reveals a reduction curve around 0.9 V, distinct from the one obtained in the
Ar-saturated electrolyte. This observed increase in current at the specified potential
signifies the catalyst's good activity, confirming its efficiency in ORR process.
Furthermore, the ORR activity of the AgPt-CNyx catalyst was investigated using LSV
polarization curves. The LSV analysis involved sweeping the potential within the range
of 1.1 to 0.5 V vs. the RHE, as illustrated in Figure 4.5b. These results were then
compared with those obtained using Commercial Pt/C as a reference. Notably, both

catalysts exhibited a similar onset potential at approximately 0.942 V.
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Figure 4.5. (a) CV curve of AgPt-CNy and Comm Pt/C in Ar and O, saturated electrolyte, (b)
ORR polarization plots in O, saturated electrolyte, (¢) current density, (d) mass activity plot at
0.8 V vs RHE, and (d) tafel plots of AgPt-CNx and Comm Pt/C in 0.1 M KOH, (e)

chronoamperometric response of AgPt-CNy at 0.85V vs RHE.

However, it is worth highlighting that the AgPt-CNx catalyst demonstrated a higher
limiting current density compared to the Comm Pt/C catalyst. This enhanced
performance suggests that the AgPt-CNy catalyst excels in terms of ORR activity,
especially at higher current densities, positioning it as a promising and efficient candidate
for electrochemical applications. The current density of AgPt-CNx catalyst and comm
Pt/C at 0.8 V vs RHE was obtained to be 4.53 and 3.417 mA cm respectively (Figure
4.5¢c). Similarly, the mass activity of the AgPt-CNx catalyst and comm Pt/C at 0.8 V vs
RHE was calculated by normalizing kinetic current and is presented in Figure 4.5d. At
this potential, the mass activity of AgPt-CNx was determined to be 2.5368 mA mgp!,

while comm Pt/C exhibited a value of 1.99 mA mgp'. This measurement provides
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insights into the catalyst's intrinsic activity and efficiency in promoting ORR at the
specified potential. The kinetics of the ORR were further explored using Tafel analysis,
a valuable technique for assessing reaction kinetics. The Tafel plot, which reflects the
relationship between overpotential and current density, is indicative of reaction kinetics.
A lower Tafel plot value signifies faster reaction kinetics. In the case of the AgPt-CNx
catalyst, the Tafel slope value was determined to be 102 mV/dec, while for comm Pt/C,
the Tafel slope value was 122 mV/dec, as shown in Figure 4.5¢.2°> The lower Tafel slope
of AgPt-CNx than comm Pt/C, indicates that the ORR proceeds more favourably on this
catalyst, affirming its superior catalytic performance in facilitating ORR process. In
addition to its noteworthy catalytic activity, AgPt-CNx demonstrates significant stability.
When subjected to chronoamperometry in a 0.1 M KOH solution (Figure 4.5f), the
catalyst displayed notable stability, maintaining a nearly constant current for up to 4
hours, signifying its enduring performance. This stability is a crucial characteristic for

long-term electrocatalytic applications.
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Figure 4.6. (a) LSV polarization curve for ORR of AgPt-CNj at different rotation in O, saturated

0.1 M KOH and (b) corresponding K-L plot.
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Figure 4.6a presents the ORR LSV polarization curves for AgPt-CNx at various rotation

speeds. The limiting current density observed at higher overpotentials is primarily
governed by diffusion and the increased transport of oxygen at the electrode surface. As
the rotation speed increases, the limiting current density also increases, reflecting
enhanced oxygen mass transport facilitated by the dynamic electrode rotation. Figure
4.6b illustrates the Koutecky-Levich (K-L) plots, showcasing the inverse current density
(") as a function of the inverse square root of the rotation speed (o'/2) at different
potentials. The linear nature of these K-L plots is indicative of a first-order reaction rate
for the reduction of 0..2° This reveals that the oxygen reduction reaction proceeds at a
rate consistent with a first-order reaction. The Koutecky-Levich equation, which can be

expressed as follows, is used to model, and analyse electrochemical kinetics:*’

1 1 1

Ju Jx Ja
Where jiis limiting current density, jk is kinetic current density and jq is diffusion current
density. The Levich equation can be used to calculate the total number of electrons

transferred during the oxygen reduction process.
Ja=0.62 nFDo;?3 v % Cor w'?

Where n value gives the total number of electrons that transferred during the reduction
process, F indicates Faraday constant (96485 C/mol), v (0.01 cm?/s) indicates the
kinematic viscosity of the electrolyte, Doz (1.9 x 107> cm?/s) indicates the bulk diffusion
coefficient of oxygen in the electrolyte, ® indicates the angular velocity of the working
electrode and Coz (1.2 % 107% mol/cm?) indicates the concentration of oxygen dissolved
in the electrolyte. The K-L plots presented in Figure 4.6b exhibit a good degree of
linearity, underscoring the first-order dependency of the O: reduction process. This
linearity reflects a consistent relationship between key parameters, supporting the notion
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of first-order kinetics for O2 reduction on the AgPt-CNy electrocatalyst.”® To further

elucidate the reaction mechanism, the slope of these K-L plots is utilized to calculate the
electron-transfer number. For AgPt-CNy, this calculation yields a value of 4.02. This
finding signifies that a four-electron process predominantly governs the ORR on the
AgPt-CNy electrocatalyst. In other words, the reduction of O: proceeds via a direct four-
electron pathway on this catalyst.2> These results obtained from RDE measurements are
of significance for fuel cell applications. A four-electron reduction pathway is highly
favourable in the context of fuel cells, as it allows for the efficient conversion of oxygen
into water, contributing to enhanced electrocatalytic performance and overall efficiency

in fuel cell technologies.

4.5 CONCLUSIONS:

The AgPt-CNx catalyst, synthesized through a two-step process involving NaBH4
reduction of Ag in CNx followed by electrochemical deposition of Pt in Ag-CNx,
demonstrates its versatility as a bifunctional catalyst for both the HER and ORR. In the
HER performance in a 1 M KOH electrolyte solution, AgPt-CNx exhibits superior
activity compared to the commercial Pt/C catalyst. This is evidenced by the lower
overpotential required to reach a current density of 10 mA cm™. Specifically, AgPt-CNx
requires an overpotential of 78 mV vs RHE, while the commercial Pt/C catalyst requires
a higher overpotential of 126 mV vs RHE. Furthermore, the excellent stability of the
AgPt-CNx catalyst is confirmed through a chronopotentiometry experiment conducted at
10 mA cm™ over 24 hours, where only a minimal increase in overpotential is observed.
The ORR performance of AgPt-CNx and commercial Pt/C showcases an onset potential
around 0.942 V. However, the limiting current density of the AgPt-CNy catalyst surpasses
that of the commercial Pt/C catalyst, indicating superior ORR activity, especially at
higher current densities. The electron-transfer number calculated from the K-L plot is
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4.02 for AgPt-CNx, demonstrating a direct four-electron reduction pathway for the ORR

on this catalyst. This study demonstrates the synthesis of bifunctional catalysts, that can

provide a new route to offer versatile solutions for various applications.
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Carbon-Supported Ag Nanoparticle Aerogel for Electrocatalytic
Hydrogenation of 5-(Hydroxymethyl)furfural to 2,5-Hexanedione in Acidic
Conditions

5.1 ABSTRACT

A growing interest in the electrochemical conversion of biomass-derived compounds is
attributed to the extremely high sustainability of this process, which has the potential to
generate value-added products and renewable electricity from biowastes. Design and
synthesis of a high surface area interconnected porous network of metal nanomaterials
are desirable for their application in the field of catalysis. In this chapter, the synthesis of
carbon-supported Ag nanoparticle aerogel (Ag-aerogel-CNx) for electrocatalytic
hydrogenation of 5-(hydroxymethyl)furfural (HMF) is studied. The conversion of HMF
to 2,5-hexanedione (HD) via ring-opening using ambient pressure and temperature is
demonstrated. Here, water is used as the hydrogen source and silver is used as the metal
catalyst, which eliminates the use of H> gas and the conventional method of
hydrogenation that uses high pressure and temperature, which makes this reduction
process more practical and efficient to produce HD. We investigated the most favorable
potential for high faradic efficiency and provided a plausible reduction path from HMF
to HD. The production of HD is strongly dependent on cathode potential and the nature
of the electrolyte. The tuning of cathodic potential can give high Faradic efficiency and
suppress the other undesired byproducts like H>. High faradic efficiency of 78% and
selectivity of 77 % are observed for the conversion of HMF to HD on Ag-aerogel-CNx
at-1.1 V vs. Ag/AgCl in 0.5 M H2SOq. This direct 6 electron reduction of HMF to HD

can provide a new route to produce valuable intermediates from biomass.
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5.2 INTRODUCTION

As petroleum reserves diminish and global climate change becomes more prevalent,
sustainable fuel production pathways must be developed, such as biomass-derived

carbohydrates!'™.

Biomass has emerged as a superior alternative because of its
renewability and the possibility of generating a vast number of compounds, many of
which have similar or improved properties*. One class of dehydration products is the
furan compounds that have a high potential to produce fuels and chemicals. Among all,
5-hydroxymethylfurfural (HMF) is one of the essential intermediates for biomass
conversion, produced through dehydration of hexoses, primarily glucose and fructose®.
HMF can be derived from cellulosic matter, which is the most abundant organic material
on earth and can generate a wide variety of important chemicals, including polymers,
pharmaceuticals, and transportation fuels®’. HMF can undergo many reactions® such as

0 etherification?, dimerization'' and reductive amination'?. The

reduction’, oxidation'
reduction of HMF can produce a lot of different chemicals through many routes, which

have vast applications in various fields.

There are many conventional methods for reducing HMF, but electrocatalytic
hydrogenation (ECH) is receiving significant attention'*"'>. ECH is similar to thermo-
catalytic hydrogenation, but the key difference is that the adsorbed hydrogen on the
electrode surface is electrochemically generated by water reduction (Volmer reaction)
rather than the H» dissociation. So the large activation barrier for H» dissociation can be
avoided, and ECH can proceed under mild conditions without the need for external
hydrogen supply and conventional hydrogenation catalysts like Pd, Pt, etc. However,
hydrogen evolution reaction (HER), being the competitive reaction of ECH that
consumes adsorbed hydrogen through Heyrovsky or Tafel reaction can lower the faradic

efficiency of ECH.
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The ECH of HMF can produce several products like 2,5-bis(hydroxymethyl)furan

(BHMF), 2,5-Dimethylfuran (DMF), Hydroxy-2,5-hexanedione (HHD), and HD, which
has numerous applications. There have been studies on the reduction of HMF to BHMF,
where the most common reaction observed is the reduction of aldehyde to alcohol® ! 16-
22 Benito et al. reported the conversion of HMF to BHMF on AgCu bimetallic
nanoparticles with more than 80% selectivity and almost 100% conversion'®. Li et al.
reported HMF hydrogenation to BHMF on Ag/C with a yield of 85% and a faradic
efficiency of 96.2%°. HD is another primary HMF reduction product, which can be
obtained by the ring-opening reaction of HMF. Although, very few reports exist for the
production of HD by reducing both aldehyde and alcohol groups followed by ring-
opening. Choi et al. reported the direct conversion of HMF to HD using zinc as the
catalyst and obtained faradic efficiency and selectivity of 72.4% and 81.6%,
respectively?. In order to form HD from HMF, it has to go through ring-opening and
reduction of both terminal functional groups like alcohol and aldehyde group using 6H"
and 6e”. The conventional conversion of HD from HMF uses precious metals, H> gas,
and high temperature and pressure** 2°. HD is a vital biomass intermediate that can be
used as a versatile intermediate to generate various chemicals and biofuels (Figure 5.1).
Methylcyclopentane, a promising alternative fuel, can be efficiently produced from HD?®
(Figure 5.1). Apart from the applications of HD in alternative fuels, it can be used to
synthesize isocarboxazid, an irreversible monoamine oxidase inhibitor (MAOI) that is
used as an antidepressant. Similarly, para-xylene can be produced from HD, which is

used as a precursor for producing terephthalic acid for polyethylene terephthalate (PET).
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Figure 5.1. Conversion and potential use of HD.

Metal aerogels are unique solid materials with high porosity, extremely low density, and
high surface area. It shows high electrical conductivity and catalytic properties?’. They
carry the combined physical and chemical properties of both macroscale and nanoscale
materials integrating the behavior of different constituents in a single material, which
makes aerogels more suitable in several applications like sensors, piezoelectrics,
thermoresistors, and catalysis®®. The first aerogel was discovered by Kistler in 1931%°
and since then extensive research has been going on to synthesize various aerogels.
Several reports are there for the synthesis of silica aerogels®’, carbon aerogels®!, metal
oxide aerogels*?, organic-inorganic hybrid aerogels**, and metal chalcogenide aerogels®*.
For example, Leventis and co-workers synthesized various metallic aerogels of metals
like Co, Ni, Cu, and Fe through nanosmelting of metal oxide-polymer hybrid
composites**-*8, While Eychmuller and coworkers reported the preparation method of
multimetallic, bimetallic and monometallic noble metal aerogels (Pd, Pt, Ag, Au) and its
application in electrocatalysis®®. Reports on carbon-supported metallic aerogels for
electrocatalytic applications are still to be explored. Silver is known as a poor catalyst
for HER and shows better activity for electrocatalytic HMF reduction. Carbon-supported
silver nanoparticles have been reported to have an intrinsically higher activity than bulk
silver®®. Choi et al. have studied the impact of HMF-metal interaction on the

electrochemical reduction pathways of HMF on silver to demonstrate the representative
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behavior of silver with a high selectivity towards the hydrogenation and discussed that

the interaction between silver surface and HMF is very weak. Therefore, the changes in
the intramolecular bond lengths in adsorbed HMF relative to free HMF are minimal,

which is the optimum condition for hydrogenation??.

Here, in this chapter, we have demonstrated the synthesis of carbon supported Ag
nanoparticle aerogel for electrocatalytic hydrogenation of HMF to produce HD at
ambient temperature and pressure using water as the hydrogen source. The pH-dependent
behavior and potential-dependent behavior of the catalyst were examined. The reduction
involves direct conversion of HMF to HD without producing DMF using 6H" and 6¢".
The most favorable reduction of HMF involves reduction of aldehyde to alcohol that is
HMF to BHMF. However, this study shows a reductive ring opening of HMF to produce
HD by reducing both aldehyde and alcohol. The optimal HD production in terms of
faradic efficiency is 78% at -1.1 V in 0.5 M H2SO4. The high faradic efficiency is

sensitive to the nature of the electrolyte and the cathodic potential.

5.3 EXPERIMENTAL SECTION

Materials:

Copper foil was purchased from MTI. Silver (I) nitrate (AgNOs3, 99+% assay), sodium
borohydride (NaBH4), formamide (HCONH>), potassium sulfate (99+% assay) were
purchased from Sigma Aldrich. Sulfuric acid (H2SO4, 98%) was purchased from Merck
(Germany). 5-hydroxymethylfurfural (99+% assay) and 2,5-hexanedione (98+% assay)
were bought from Spectrochem (India). 2,5-bis(hydroxymethyl)furan (BHMF) was
purchased from Cayman Chemical Company. All these chemicals were used as they were
received without further purification. Ar gas (99.99 % purity) was bought from Sigma
Aldrich. Milli-Q water was obtained from an ultra-filtration system (Milli-Q, Millipore)
and the measured conductivity was 35 mho.cm™ at 25 °C.
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Preparation of N-doped carbon:

N-doped carbon (CNx) was synthesized according to our previously reported method®.
30 mL of Formamide (HCONH>) was subjected to microwave heating at temperature of
180°C for 2h which then formed a brown-colored solution. The collected solution was
evaporated by a rotary evaporator at a temperature of 180°C. Lastly, solid N-doped
carbon was obtained by filtration followed by washing using distilled water and vacuum

drying.
Synthesis of the Ag-aerogel-CNx composite:

Ag-aerogel-CNx composite was prepared by reducing silver (I) nitrate using NaBH4
followed by ultrasonic treatment. At first, 46 mg of silver (I) nitrate was added in 5 mL
of deionised water and sonicated for 30 minutes using a bath-sonicator. On the other side,
5 mg of as-prepared CNx was dispersed in 2 mL of deionised water by sonicating for 10
minutes. A homogeneous mixture was obtained by mixing the above two solutions and
sonicated for 30 minutes. At last, 50 mg of NaBH4 was added to the above mixture and
sonicated for additional 2 hrs. The obtained black solution was centrifugated at 1600 rpm
and then repeatedly washed with deionized water & ethanol. The black precipitate was

collected and dried under vaccum for further use.
Electrode Preparation:

Copper foil (1 cm x1.5 cm) was used as a current collector to prepare the cathode. To
clean the Cu foil, the foil was first washed with 2-propanol and water, then treated with
1 M HCI for 1 minute to remove any oxide layer on the surface followed by washing
with water for further use. The stock solution for HMF reduction was prepared by adding

1 mg of Ag-aerogel-CNx powder to 1 mL of Millipore water and sonicated for 30 minutes.
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300 puL of aqueous stock solution was drop-casted and evaporated on cleaned Cu foil (1

cm x1 cm) to prepare Ag-aerogel-CNy electrode.

Electrochemical measurements:

LSV were performed in a conventional three-electrode system at an Autolab 302 N
electrochemical station using Ag-aerogel-CNx on a Cu foil as a working electrode, Pt
wire as counter electrode and Ag/AgCl (3M KCl) as reference electrode without stirring.
For LSV, 0.02 M HMF is added in 0.5 M H2SO4 and the potential is given from 0 to -1.2
V (RHE). For constant potential reduction, a divided H cell is used where the cathodic
and anodic compartment is separated by Nafion membrane. By using the general formula
Erie = E agagcl + E® agagar + (0.059 x pH), potential obtained from Ag/AgCl reference
electrode was converted to RHE, where E®ag/agci=0.1976 at 25°C (3M KCI) and E ag/agci

is the working potential. Before experiment pH was also measured for all electrolytes.
Calculation of TOF:

The TOF is now calculated using the following two assumptions;

Assumptions: (a) Every metal atom present on the electrode are involved in HMF

reduction reaction.

(b) It is the lower limit of the TOF value.

The TOF per active site for HMF reduction reaction was calculated by the following
equation:

TOF (s =x=(J *S)/ (z* F * n)

J = current density (mA/cm?) at particular overpotential ( = - 1.1 V), S = Geometrical
surface area of the working electrode, F = Faraday’s constant (96485.3 coulomb/mol), z

= the no. of electron involved in the HMF reduction process, where z = 6 for HD, n =

Number of moles of active site on the electrode.
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Characterizations:

Field-emission scanning electron microscope (FESEM) system (Carl Zeiss, Germany
make, Model: )igma) was used for taking FESEM images. FESEM samples were
prepared by casting a drop on a Si-wafer and dried at air around 45°C. The powder x-ray
diffraction pattern (p-XRD) of samples was performed by Bruker DAVINCI D8
ADVANCE diffractometer equipped with Cu Ko radiation (A= 0.15406 nm). NMR
spectra were collected by Bruker Avance 111 400 MHz NMR spectrometer. Transmission
Electron Microscopy (TEM, JEOL F200) operated at 200 kV, was used to investigate
surface morphology and also used to take High-Resolution TEM (HRTEM) images. For
TEM sample preparation, 10 pL solution was taken from a stock solution of 4x10~ mg/L
and dried at air around 45°C. CHNS was analysed by using Euro Vector (Euro EA
analyser 3000). XPS measurements were done by VG Microtech where monochromatic
source was Mg K, X-ray. XPS was taken from the sample deposited on Si wafer. And all
the electrochemical measurements were performed with an Electrochemical Workstation
(Autolab, Metrohm, PGSTAT 302N), equipped with rotating disk electrode (RDE). A
conventional 3 electrode system, platinum wire as a counter electrode, carbon cloth as a
working electrode and Ag/AgCl as a reference electrode were used. Smoothing was
applied in chronoamperometric responses where needed to reduce noise in
chronoamperometric measurements due to bubble accumulation. pH of the working

solution was measured before experiment using Hanna (HI 2209) pH meter.

5.4 RESULTS AND DISCUSSIONS

Morphology and characterization

The Ag-aerogel-CNx was synthesized by a simple ultra-sonication-assisted BH4
reduction of AgNOj in the presence of CNx support (details in experimental section). The

X-ray diffraction (XRD) pattern of Ag-aerogel-CNx composite is shown in Figure 5.2a.
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The diffraction peaks at 38.4°, 44.6°, 64.6°, and 77.6° in Ag-aerogel-CNx composite are

assigned as (111), (200), (220) and (311) crystalline planes of fcc Ag metal, and the
obtained data is well matching with the standard JCPDS data of fcc Ag metal (PDF 01-
071-4612). The surface area and porosity highly influence the electrocatalytic activity of
a catalyst. Large surface area and high porosity are the most desired properties of an
electrocatalyst. Figure 5.2b shows nitrogen adsorption/desorption isotherm of Ag-
aerogel-CNy. The specific surface area value was calculated to be 44 m? g! via analysis

of the isotherm by the Brunauer—Emmett—Teller (BET) method.
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Figure 5.2. (a) p-XRD of Ag-aerogel-CNx, (b) Nitrogen adsorption/desorption isotherm,

(c) Pore size distributions (d, e, f) SEM images of Ag-aerogel-CNy.

The BET surface areas of the noble metal aerogels are in the range of 32—168 m? g ™! %8,
The pore size distribution of Ag-aerogel-CNx is given in Figure 5.2c. The pore size
distribution was calculated by the density functional theory (DFT) method. XRD pattern

and nitrogen adsorption/desorption isotherm of CNx are provided in supporting
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information. The diffraction peak in the XRD pattern of CNx at around 26.8° can be
assigned to (002) plane of graphitic carbon (Figure S5.1a). The specific surface area of
CNy from nitrogen adsorption/desorption isotherm was calculated to be 7 m? g”! by BET

method (Figure S5.1b).
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Figure 5.3. (a, b, c) TEM images, (d) SAED image, (e, f) HRTEM image of Ag-aerogel-
CNx.

The morphological characterization of Ag-aerogel-CNx was studied by Field emission
scanning electron microscopy (FESEM) and Transmission Electron Microscopy (TEM).
SEM images of Ag-aerogel-CNy are displayed in Figure 5.2 (d, e, and f). From the SEM
images, it is seen that quasi-one-dimensional nanochains are formed. These one-
dimensional extended nanochains are interconnected to form three-dimensional network-
like structures with a large number of open pores making the Ag aerogel porous. SEM-
EDX elemental mapping analysis of Ag-aerogel-CNy is provided in Figure S5.2. The

wt% of Ag metal present in Ag-aerogel-CNy was found to be 79.9% by SEM-EDX.
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Figure 5.4. (a) XPS survey scan of Ag-aerogel-CNyx, High-resolution XPS spectra of (b)

Ag3d, (c) Cls and (d) N1s of Ag-aerogel-CNy catalyst.

The TEM images of Ag-aerogel-CNy are displayed in Figure 5.3(a, b, ¢). The TEM image
clearly shows the interconnected porous structure is supported on two-dimensional thin
CNx sheets. The average size of nanoparticles varies from 15 to 18 nm. These

nanoparticles are fused to form nanochains of diameter of 15-20 nm and length of 50-
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150 nm. The TEM images of CNy are shown in Figure S5.1(c, d). The TEM images show

the formation of two-dimensional thin sheets which is beneficial for the mass transfer
and also improves the catalytic performance of the electrocatalyst*’. The SAED image
(Figure 5.3d) of Ag-aerogel-CNx indicates a polycrystalline nature of the catalyst.
Further, d-spacings were measured from the SAED image and are found to be 2.34, 2.03,
1.43, and 1.22 A, corresponding to (111), (200), (220), and (311) planes of Ag
respectively, and the obtained results are in good agreement with p-XRD results. Figure
5.3e, f shows the high resolution (HR) TEM image of the Ag-aerogel-CNy catalyst. In
Figure 5.3e, the presence of grain boundary is seen that acts as active site. The d-spacing
value of 2.34 A corresponds to the Ag (111) lattice plane of face-centered cubic Ag
(Figure 5.3f). The orientation of these lattice fringes is similar. It suggests the silver
aerogel generally grows along the Ag (111) plane. The elemental mapping images of Ag-
aerogel-CNy are also provided in Figure S5.3. From the elemental mapping image Ag
nanochains are clearly visible and suggest the uniform distribution of Ag, carbon, and
nitrogen in the nanochains. The XPS survey scan spectrum of Ag-aerogel-CNx was
provided in Figure 5.4a. The XPS spectrum clearly indicates the presence of silver (Ag),
carbon(C), oxygen (O) and nitrogen (N) atoms. Figure 5.4b depicts the high-resolution
Ag3d XPS spectra. Two peaks were used to fit Ag3d XPS spectra of Ag-aerogel-CNx
catalyst. The peaks at 367.9 and 373.9 eV can be assigned to Ag3ds» and Ag3ds, peaks
respectively. High-resolution Cls XPS spectra is shown in Figure 5.4c. The carbon C 1s
XPS can be deconvoluted into three peaks as sp>- bonded carbon at 284 eV, sp>-bonded
carbon at 285.5 eV and C-N bonded carbon at 287.5 eV. The N 1s spectra given in Figure
5.4d, can be deconvoluted into two peaks and can be assigned to pyridinic nitrogen
(398.47 eV), pyrrolic nitrogen (399.9 eV) respectively. Heteroatom doping can greatly

tune the electrochemical property of electrocatalyst. The presence of N atom in the
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composite improves the electrochemical property because of increased charge transfer

kinetics****. Kim and co-workers* suggested that presence of the N species improved
the electrocatalytic activity of cobalt-doped g-C3N4 and also showed that among the
different types of N functional groups, graphitic and pyridinic nitrogen species are known
to play a more significant role in the improvement of electrocatalytic performance due

to superior charge mobility*®.

Product Identification and Quantification:

Detection and quantification of products were done using Bruker Avance 111 400 MHz
nuclear magnetic resonance (NMR) spectrometer. For quantification, calibration curves
were generated for known concentrations of reactant and product using NMR
spectroscopy. A series of known concentrations of HMF and HD solutions were analyzed
in NMR for the signature peak and compared with the unknown concentrations of HMF
and HD to determine their concentration. For NMR analysis, 450 pL of electrolyte
solution was taken, to which 50 pL of DO was added. The NMR spectra were collected
using a water suppression method. The NMR signals of water peak around 4.7 ppm were
suppressed, and it did not affect the characteristic peaks of the products. The products
were further confirmed by gas chromatography (GC). In GC, the compounds were eluted
according to their retention time using Shimadzu GC spectrometer with SH-Rxi-5Si1 MS
column. The oven temperature was increased from 80 °C to 300 °C with a rise of 20 °C
per minute. HMF and HD were eluted first, and then the characteristic peaks were

compared to the peaks obtained from the reaction mixture.

Electrochemical HMF reduction:

The main obstacle in achieving high faradic efficiency for HMF hydrogenation is

competitive Hydrogen evolution reaction which occurs in the same potential. Choosing
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a good catalyst for HMF reduction among poor H» evolution catalysts is necessary to

achieve high faradic efficiency. Silver is known as a poor catalyst for HER hence
investigated for HMF hydrogenation. To understand the catalyst-support interaction, the
catalytic activities of Ag-aerogel-CNx catalyst and Ag nanostructure without CNy support
(Ag) were analyzed using Linear Sweep Voltammetry (LSV). LSV was performed in an
undivided electrolyte cell with three-electrode system (Ag-aerogel-CNx on Cu foil as
working electrode, Ag/AgCl as reference electrode and Pt wire as counter electrode)
without and with 20 mM of HMF in 0.5 M H>SO4 (Figure 5.5a). At the outset, the
electrolyte was purged with argon prior to the reduction to remove dissolved oxygen in
the electrolyte. The potential was scanned from 0 to the negative potential of -1.1V vs
Ag/AgCl at 10 mV/s scan rate and LSV was performed without stirring. As shown in
Figure 5.5a, Ag-aerogel-CNx showed less overpotential for reduction of HMF than Ag.
Before adding HMF, both Ag-aerogel-CNx and Ag showed almost same activity but after
the addition of HMF, Ag-aerogel-CNx outperformed Ag. The turnover frequency (TOF)
of both the catalysts, Ag-aerogel-CNx and Ag were also compared. The TOF value at a
potential of -1.0 V for Ag-aerogel-CNx and Ag are calculated to be 75.26 s and 51.98 s~
I'respectively #(details in supporting information). Similarly, to examine the contribution
of the Cu foil, LSVs of Ag-aerogel-CNx on Cu foil and of only Cu foil was also studied
(Figure S5.4a). Cu foil showed a high onset potential and more overpotential for the
reduction as compared to Ag-aerogel-CNx on Cu foil before and after the addition of
HMF. This means the contribution of Cu foil in HMF hydrogenation is negligible. The
current shown by the catalyst prior to the addition of HMF was purely due to HER for
all the catalysts. However, after the addition of HMF, Cu foil does not show any decrease
in onset potential and the decrease in onset potential for Ag-aerogel-CNx on Cu foil was

due to HMF reduction.
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Figure 5.5. (a) Non-iR corrected LSV activity of Ag-aerogel-CNx and Ag in 0.5 M
H>SOy4 in the presence and absence of 20 mM of HMF, (b) Nyquist plots of Ag-aerogel-
CNx and Ag, (c) Mass activity of different catalysts at -0.9V potential. Electrochemical
double-layer capacitance measurements of (d) Ag-aerogel-CNx, (¢) CNx in 0.5 M H2SOq4

and (f) Cai value.

The change in potential after the addition of HMF in the presence of Ag-aerogel-CNx on
Cu foil confirms that HMF reduction occurs before HER, which depicts HMF reduction
is more favorable than HER for Ag-aerogel-CNy catalyst. To have a better understanding
of the reaction pathway, we also investigated the kinetics of HMF reduction by analyzing
electrochemical impedance spectroscopy (EIS) spectra (Figure 5.5b). The spectra were
collected in the frequency range of 0.1-100 kHz under open circuit potential with an AC
amplitude of 10 mV in 0.5 M H2SOs. The EIS of Ag-aerogel-CNx was compared with
Ag after the addition of HMF. The inset shows the circuit using which the EIS data are

fitted where Rs depicts solution resistance, diameter of the semicircle depicts charge
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transfer resistance (R¢t) and CPE depicts constant phase element. The EIS spectrum of

the catalyst Ag for HMF reduction showed a larger semicircle, however, for Ag-aerogel-
CNx displayed a smaller semicircle. A smaller semicircle depicts the minimum R value
and better electronic conductivity. R¢ values of Ag and Ag-aerogel-CNx are 13.1 Q and
7.40 Q respectively. The EIS spectrum of the catalyst Ag-aerogel-CNy was also
examined before and after the addition of HMF (Figure S5.4b). The R value fitted by
the circuit after adding HMF is 23Q and before adding HMF is 67.6 Q. The lower Re
value of Ag-aerogel-CNx than only Ag can be attributed to the synergistic effect of
catalyst-support interaction, which may be the possible reason behind enhancement of
the electrochemical activity of Ag-aerogel-CNx. The presence of N species in support-
CNi sheet also improves the charge transfer kinetics of the catalyst. The mass activity
(MA) of the catalysts in the absence and presence of HMF were evaluated (Figure 5.5¢)
and the values for Ag-aerogel-CNx in the presence and absence of HMF at potential
value of -0.9 V were calculated to be 264.5 and 180.06 mAmgmetar’ respectively. The
HMF reduction of Ag catalyst without CNx support was also measured and MA values
in the presence and absence of HMF at potential of 0.9 V were found to be 122.85 and
115.645 mAmgmetwar! respectively. The effect of metal loading on the performance of
electrocatalyst was also analyzed. Ag-aerogel-CNy catalysts with varying metal loading
(50, 70, 79, and 90 wt%) were also synthesized, and their performance was evaluated
using LSV (Figure S5.4c). The activity was found to increase with the increase in metal
loading and maximum electrocatalytic activity was achieved with 79 wt% metal loading.
The electrochemically active surface area (ECSA) is directly proportional to its
electrochemical double-layer capacitance (Car). The ECSA of Ag-aerogel-CNx and CNx
was calculated in terms of Cqi by recording cycling voltammetry (CV) at the non-faradic

region in the range of 10 to 60 mV/s scan rate in 0.5 M H2SO4 given in Figure 5.5d and
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5.5e respectively. The slope of current density and scan rate is given in Figure 5.5f. The
obtained Cq value from the slope for Ag-aerogel-CNy is higher than CNy. Higher Ca

value implies higher ECSA which means more active sites for catalyzing HMF reduction

reaction (HMFRR).
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Figure 5.6. LSV polarization curve of Ag-aerogel-CNx without and with HMF in (a)
borate buffer solution, (b) Na;SO4 solution, (c) sulfate buffer solution and (d) H2SO4
solution.

HMEF reduction is pH sensitive. To check the pH sensitivity of the HMF reduction, LSV
has been carried out in different solutions of different pH like borate buffer solution (pH
=0.2), NaxSOy4 solution (pH = 5.8), sulfate buffer solution (pH=2) and 0.5 M H>SO4 (pH
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=0.9) as given in Figure 5.6. The onset potential for HMF reduction is less negative than

HER for all the media. In acidic media, Ag-aerogel-CNy is most active and the current
obtained for both HER and HMF reduction is the highest; however, the onset potential
difference between the HER and HMF reduction is less in acid media. One can assume
the initial HMF reduction occurs through water molecules from the electrolyte with only
a weak influence of the metal in neutral pH or buffer solutions'®. HER takes place
through the formation of adsorbed Hags, irrespective of its source, whether it is H™ or

H,0?!, according to equations (1) and (2) :
H++ e_HHads (1)
H20 + ¢ <> Hags+ OH" (2)

The onset potential for HMF reduction and the onset potential for HER exhibit a close
correlation in acidic conditions. Hence it can be observed that the difference in onset
potentials for HMF reduction and HER is more in buffer and neutral solutions than in
acidic solutions (Figure 5.6). The similarity in onset potential for HER and HMF
reduction suggests a weak catalytic effect on the first electron transfer reaction!®. The
onset potential for HMF reduction shifts to more positive potential in acidic
electrolytes®!. The metals are also more active for HER in acidic solutions than in neutral
or basic solutions. Koper et al. reported the close correlation between the onset potential
of HER and HMF reduction in acidic solution might suggest that the adsorbed hydrogen
(Hags) on the electrocatalyst surface is involved in the HMF reduction, at least in acidic
solution®!. Hence, one can assume in an acidic solution; adsorbed hydrogen helps in

HMF hydrogenation.

To investigate the product, and to calculate the Faradic efficiency of HMF reduction, the

reaction was performed at different applied potentials in divided H-cell to obtain
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mechanistic insights regarding potential-dependent HMF hydrogenation. The cathodic
compartment and anodic compartment in H-cell were separated by a Nafion membrane.
The cathodic compartment contains working electrode and reference electrode, and the
anodic compartment contains counter electrode. Anodic compartment contained 14 ml
of 0.5 M H>SOs4, whereas the cathodic compartment was charged with 14mL of 0.5 M
H>SO4 and 20 mM HMF. Throughout the reaction in the cathodic compartment, Argon
gas was purged, and rotation of 500 rpm was given with the help of a magnetic stirrer in
order to ensure the minimal Faradic loss. The reduction products were analysed and
quantified by '"H NMR (Figure S5.5). Based on the results, the Faradic efficiency and the
selectivity of HD formation are calculated by using the following equations labelled

equations 3 and 4.

A mol of HD formed o
FE ( A)) total charge passed (c)/ (Fxn) x100% (3)

selectivity of HD (%) = mol of HD formed .} ()0, 4)

mol of HMF consumed

Where n is the number of electrons required to form HD from HMF and F is the Faraday
constant (96485 C mol!). BHMF, which is the most expected product by HMF reduction,
was not found in the reduction products in 0.5 M H2SOs. HD can be identified by 'H
NMR spectra (Figure S5.5). The constant potential HMF reduction was carried out
through a range of potential from -0.8 to -1.4V vs. Ag/AgCl. For the catalyst, high faradic
efficiency of 78% and selectivity of 77% were found at -1.1V vs. Ag/AgCl. The
reduction of HMF to BHMF requires 2e” and HMF to HD proceeds through the
6e” process, respectively (Figure 5.7). No DMF was detected through 'H NMR spectra,

which means DMF is not formed in the electrochemical conversion of HMF to HD.
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Figure 5.7. Electrochemical reduction of HMF: Route for the formation of BHMF and

HD.

Table 5.1. Electrocatalytic hydrogenation of HMF on Ag-aerogel-CNx at various

potentials.
Potential Average Current HD formed FE% Selectivity%
density (mA/cm?) (nmol)
-0.8 20 11.3 69% 63%
-0.9 234 15.6 71% 69%
-1.0 26 18.9 74% 73%
-1.1 32 24 78% 77%
-1.2 40 20 73% 74%
-1.4 96 17.5 67% 60%

The production of HD and H3 is strongly dependent on cathodic potential. The effect of
potential on the Faradic efficiency and selectivity was investigated by varying the
reduction potentials, and the results are given in Table 1. On the basis of the FEs and
selectivity for HD production, the reduction potential can be divided into three regions.
The first region is -0.8V to -1.0V vs. Ag/AgCl. In this range, the Faradic efficiency for
HD production is less as the potential was not sufficient to reduce HMF. The second
region is -1.1V to -1.3V vs. Ag/AgCl. In this region, both selectivity and FE increase to
their maximum value. The maximum Faradic efficiency and selectivity observed for HD

formation at -1.1V are 78% and 77%, respectively. This indicates that -1.1V potential is
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sufficient to reduce HMF molecules, and the other competitive reactions considerably

get diminished in this potential window. The third potential region is the region where
the reduction potential is more than -1.3V. As the potential increased after -1.3V, the
average current density and Faradic efficiency decreased since HER is more favorable at
higher potential. The production of HD and Faradic efficiency depends on the nature of
the electrolyte as well. We have also tried the reduction of HMF in sulfate buffer (pH=2),
NaxSO4 (pH=5.61), and borate buffer (pH=9.2). In sulfate buffer, HD and BHMF are
produced with less efficiency, whereas at high pH (borate buffer), only BHMF was

observed. This suggests nature of the electrolyte plays a vital role in the hydrogenation

of HMF.
OH [0}
(0]
O. (0)
3H, H,0
L e e T M
- 2
HMF DMF HD o
OH (0] (0]
o 6H®+ 6e-
H
\ / H -H,0
HMF D

Figure 5.8. The alternative pathways for HD production from HMF.

The conversion of HMF to HD can go through three steps such as the substitution of
terminal hydrogen for alcohol, conversion of -CHO group to terminal alkane followed
by ring-opening. The production of HD from HMF should go through Clemmensen
reduction to convert aldehyde or ketone to hydrocarbon, which consumes 4 electrons and
4 protons, and by removing an H>O molecule. There are two possible pathways for HD
production from HMF are exists which can be seen in Figure 5.8. One possible way is
the direct conversion of HMF to HD using 6e” and 6H" and the other possible way is the
two-step method which goes through DMF production. In this two-step method, the

197



Carbon-Supported Ag Nanoparticle Aerogel for Electrocatalytic Hydrogenation of 5-
(HydroxymethyDfurfural to 2,5-Hexanedione in Acidic Conditions
Chapter 5

reduction of HMF generally undergoes through the production of DMF followed by

hydrolysis of DMF to HD?}. However, DMF was not detected as an intermediate or as a
byproduct. It suggests that the HMF reduction on Ag-aerogel-CNy in 0.5M H>SOys is not
following the two-step reduction process, that is, the conversion of HMF to DMF
followed by hydrolysis to form HD. Herein, these two steps are not occurring in a
decoupled sequence. Hence the reductive ring opening of HMF to HD is going through
a concerted mechanism; that is, the Clemmensen reaction and acid-catalyzed ring-
opening are going through a coupled manner®®. The ring-opening of HMF should be
similar to other established ring-opening mechanisms of furan compounds which consist
of the bond breaking of C2 and the furan oxygen through the attack of water molecule,
which acts as nucleophile®®. So the two oxygen atoms of carbonyl groups of HD are one
from the furan ring, and another is from the water molecule.

T OH,

OH OH H OH H

\\O/c:,ﬁ, N LU N S N
Yac LT T UL
HMF

¢. 1o

——QO—I

Figure 5.9. The plausible mechanism of conversion of HMF to HD.

To propose a plausible mechanism for electrocatalytic hydrogenation of HMF, the step
of substituting terminal hydrogen for alcohol is occurring before, during, or after the
Clemmensen reaction should be examined. Recently, Choi et al. reported the formation

of HD from 5-methylfurfural (5-MF). Here, 5-MF is similar to 5-HMF, which has a furan
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ring and a formyl group; however, it lacks a terminal alcohol group. They showed that

HD was detected as the only product from the reduction of 5-MF?3. This proves lack of
an alcohol group is not affecting the reduction and ring-opening process of HMF. By
combining all the factors, a predictive mechanism for HD production is proposed and
depicted in Figure 5.9. The Clemmensen-like reduction and the ring-opening by the
nucleophilic attack were observed from the mechanism. Through the mechanism, it can
be easily seen one of the carbonyl oxygens of HD is from water while the other one is

from HMF by Clemmensen reduction.

The high activity of the catalyst can be attributed to the following factors, (1) The three-
dimensional-network-like porous structure of Ag-aerogel-CNx is responsible for the
enhanced electrochemical surface area. The high electrochemical surface area is crucial
for providing an active site for HMF reduction. (2) The presence of a large number of
(111) planes in Ag-aerogel-CNy. It is reported that metal (111) planes are more active for
electrochemical performances®”#°. An ample amount of Ag (111) planes is visible from
p-XRD (Figure 5.2a) and SAED image (Figure 5.3d). From the HRTEM image (Figure
5.31), it can be suggested that the growth of Ag-aerogel occurred in Ag (111) plane
directions. The high catalytic activity of Ag-aerogel-CNx can also be ascribed to the
presence of an adequate amount of Ag (111) planes. (3) The synergistic effect due to
metal and support interaction at Ag-aerogel-CNx efficiently enhances the catalytic

activity and leads to fast electron transfer (Figure 5.5).

5.5 CONCLUSIONS:

This chapter demonstrates a simple one-step method for the synthesis of carbon-
supported Ag nanoparticle aerogel for electrocatalytic hydrogenation of HMF. The

porous network-like structure was formed by the interconnection of Ag nanoparticles on
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CNx sheets. High porosity and large electrochemically active surface area of the catalyst

offer adequate active sites for HMF reduction. The Ag-aerogel-CNy catalyst efficiently
reduced HMF to HD by ring-opening using 6¢” and 6H". The formation of HD and the
Faradic efficiency is highly dependent on both the nature of the electrolyte and the
cathode potential. The reduction was performed in the acidic electrolyte under ambient
conditions using water as a hydrogen source. High Faradic efficiency of 78% and
selectivity of 77% for the production of HD were obtained using Ag-aerogel-CNx catalyst
at-1.1 Vvs. Ag/AgClin 0.5 M H2SOgssolution. The synthesized Ag-aerogel-CNy catalyst
is successfully suppressing HER and hydrogenates the HMF to HD at low overpotential
with a low R¢t value. The direct conversion of HMF to HD can provide a new route to

produce valuable intermediates utilizing biomass.

5.6 REFERENCES:

(1) Gallo, J. M. R.; Alonso, D. M.; Mellmer, M. A.; Dumesic, J. A. Production and upgrading of
5-hydroxymethylfurfural using heterogeneous catalysts and biomass-derived solvents. Green
Chemistry 2013, 15 (1), 85-90.

(2) Balakrishnan, M.; Sacia, E. R.; Bell, A. T. Etherification and reductive etherification of 5-
(hydroxymethyl)furfural: 5-(alkoxymethyl)furfurals and 2,5-bis(alkoxymethyl)furans as
potential bio-diesel candidates. Green Chemistry 2012, 14 (6), 1626-1634.

(3) van Putten, R.-J.; van der Waal, J. C.; de Jong, E.; Rasrendra, C. B.; Heeres, H. J.; de Vries,
J. G. Hydroxymethylfurfural, A Versatile Platform Chemical Made from Renewable Resources.
Chemical Reviews 2013, 113 (3), 1499-1597.

(4) Huber, G. W.; Iborra, S.; Corma, A. Synthesis of Transportation Fuels from Biomass:
Chemistry, Catalysts, and Engineering. Chemical Reviews 2006, 106 (9), 4044-4098.

(5) Teong, S. P.; Yi, G.; Zhang, Y. Hydroxymethylfurfural production from bioresources: past,
present and future. Green Chemistry 2014, 16 (4), 2015-2026.

200



Carbon-Supported Ag Nanoparticle Aerogel for Electrocatalytic Hydrogenation of 5-
(HydroxymethyDfurfural to 2,5-Hexanedione in Acidic Conditions
Chapter 5

(6) Lee, Y.-C.; Dutta, S.; Wu, K. C. W. Integrated, Cascading Enzyme-/Chemocatalytic

Cellulose Conversion using Catalysts based on Mesoporous Silica Nanoparticles. ChemSusChem
2014, 7 (12), 3241-3246.

(7) Peng, W.-H.; Lee, Y.-Y.; Wu, C.; Wu, K. C. W. Acid-base bi-functionalized, large-pored
mesoporous silica nanoparticles for cooperative catalysis of one-pot cellulose-to-HMF
conversion. Journal of Materials Chemistry 2012, 22 (43), 23181-23185.

(8) Simoska, O.; Rhodes, Z.; Weliwatte, S.; Cabrera-Pardo, J. R.; Gafftney, E. M.; Lim, K ;
Minteer, S. D. Advances in Electrochemical Modification Strategies of 5-
Hydroxymethylfurfural. ChemSusChem 2021, 14 (7), 1674-1686.

(9) Sanghez de Luna, G.; Ho, P. H.; Lolli, A.; Ospitali, F.; Albonetti, S.; Fornasari, G.; Benito,
P. Ag Electrodeposited on Cu Open-Cell Foams for the Selective Electroreduction of 5-
Hydroxymethylfurfural. ChemElectroChem 2020, 7 (5), 1238-1247.

(10) Liu, W.-J.; Dang, L.; Xu, Z.; Yu, H.-Q.; Jin, S.; Huber, G. W. Electrochemical Oxidation of
5-Hydroxymethylfurfural with NiFe Layered Double Hydroxide (LDH) Nanosheet Catalysts.
ACS Catalysis 2018, 8 (6), 5533-5541.

(11) Kloth, R.; Vasilyev, D. V.; Mayrhofer, K. J. J.; Katsounaros, 1. Electroreductive 5-
Hydroxymethylfurfural Dimerization on Carbon Electrodes. ChemSusChem 2021, 14 (23), 5245-
5253.

(12) Roylance, J. J.; Choi, K.-S. Electrochemical reductive amination of furfural-based biomass
intermediates. Green Chemistry 2016, 18 (20), 5412-5417.

(13) Kwon, Y.; delJong, E.; Raoufmoghaddam, S.; Koper, M. T. M. Electrocatalytic
Hydrogenation of 5-Hydroxymethylfurfural in the Absence and Presence of Glucose.
ChemSusChem 2013, 6 (9), 1659-1667.

(14) Chadderdon, X. H.; Chadderdon, D. J.; Matthiesen, J. E.; Qiu, Y.; Carraher, J. M.;
Tessonnier, J.-P.; Li, W. Mechanisms of Furfural Reduction on Metal Electrodes: Distinguishing
Pathways for Selective Hydrogenation of Bioderived Oxygenates. Journal of the American

Chemical Society 2017, 139 (40), 14120-14128.

201



Carbon-Supported Ag Nanoparticle Aerogel for Electrocatalytic Hydrogenation of 5-
(HydroxymethyDfurfural to 2,5-Hexanedione in Acidic Conditions
Chapter 5

(15) Suastegui, M.; Matthiesen, J. E.; Carraher, J. M.; Hernandez, N.; Rodriguez Quiroz, N.;

Okerlund, A.; Cochran, E. W.; Shao, Z.; Tessonnier, J.-P. Combining Metabolic Engineering and
Electrocatalysis: Application to the Production of Polyamides from Sugar. Angewandte Chemie
International Edition 2016, 55 (7), 2368-2373.

(16) Nilges, P.; Schroder, U. Electrochemistry for biofuel generation: production of furans by
electrocatalytic hydrogenation of furfurals. Energy & Environmental Science 2013, 6 (10), 2925-
2931.

(17) Roylance, J. J.; Kim, T. W.; Choi, K.-S. Efficient and Selective Electrochemical and
Photoelectrochemical Reduction of 5-Hydroxymethylfurfural to 2,5-Bis(hydroxymethyl)furan
using Water as the Hydrogen Source. ACS Catalysis 2016, 6 (3), 1840-1847.

(18) Sanghez de Luna, G.; Ho, P. H.; Sacco, A.; Hernandez, S.; Velasco-Vélez, J.-J.; Ospitali,
F.; Paglianti, A.; Albonetti, S.; Fornasari, G.; Benito, P. AgCu Bimetallic Electrocatalysts for the
Reduction of Biomass-Derived Compounds. ACS Applied Materials & Interfaces 2021, 13 (20),
23675-23688.

(19) Kwon, Y.; Schouten, K. J. P.; van der Waal, J. C.; de Jong, E.; Koper, M. T. M.
Electrocatalytic Conversion of Furanic Compounds. ACS Catalysis 2016, 6 (10), 6704-6717.
(20) Chadderdon, X. H.; Chadderdon, D. J.; Pfennig, T.; Shanks, B. H.; Li, W. Paired
electrocatalytic hydrogenation and oxidation of 5-(hydroxymethyl)furfural for -efficient
production of biomass-derived monomers. Green Chemistry 2019, 21 (22), 6210-6219.

(21) Kwon, Y.; Birdja, Y. Y.; Raoufmoghaddam, S.; Koper, M. T. M. Electrocatalytic
Hydrogenation of 5-Hydroxymethylfurfural in Acidic Solution. ChemSusChem 2015, 8 (10),
1745-1751.

(22) Lee, D. K.; Kubota, S. R.; Janes, A. N.; Bender, M. T.; Woo, J.; Schmidt, J. R.; Choi, K.-S.
The Impact of 5-Hydroxymethylfurfural (HMF)-Metal Interactions on the Electrochemical
Reduction Pathways of HMF on Various Metal Electrodes. ChemSusChem 2021, 14 (20), 4563-

4572.

202



Carbon-Supported Ag Nanoparticle Aerogel for Electrocatalytic Hydrogenation of 5-
(HydroxymethyDfurfural to 2,5-Hexanedione in Acidic Conditions
Chapter 5

(23) Roylance, J. J; Choi, K.-S. Electrochemical reductive biomass conversion: direct

conversion of 5-hydroxymethylfurfural (HMF) to 2,5-hexanedione (HD) via reductive ring-
opening. Green Chemistry 2016, 18 (10), 2956-2960.

(24) Chidambaram, M.; Bell, A. T. A two-step approach for the catalytic conversion of glucose
to 2,5-dimethylfuran in ionic liquids. Green Chemistry 2010, 12 (7), 1253-1262.

(25) Liu, F.; Audemar, M.; De Oliveira Vigier, K.; Clacens, J.-M.; De Campo, F.; Jérome, F.
Palladium/Carbon Dioxide Cooperative Catalysis for the Production of Diketone Derivatives
from Carbohydrates. ChemSusChem 2014, 7 (8), 2089-2093.

(26) Sacia, E. R.; Deaner, M. H.; Louie, Y. L.; Bell, A. T. Synthesis of biomass-derived
methylcyclopentane as a gasoline additive via aldol condensation/hydrodeoxygenation of 2,5-
hexanedione. Green Chemistry 2015, 17 (4), 2393-2397.

(27) Kundu, M. K.; Bhowmik, T.; Barman, S. Gold aerogel supported on graphitic carbon nitride:
an efficient electrocatalyst for oxygen reduction reaction and hydrogen evolution reaction.
Journal of Materials Chemistry A 20185, 3 (46), 23120-23135.

(28) Liu, W.; Herrmann, A.-K.; Bigall, N. C.; Rodriguez, P.; Wen, D.; Oezaslan, M.; Schmidt,
T. J.; Gaponik, N.; Eychmiiller, A. Noble Metal Aerogels—Synthesis, Characterization, and
Application as Electrocatalysts. Accounts of Chemical Research 20185, 48 (2), 154-162.

(29) Kistler, S. S. Coherent Expanded Aerogels and Jellies. Nature 1931, 127 (3211), 741-741.
(30) Soleimani Dorcheh, A.; Abbasi, M. H. Silica aerogel; synthesis, properties and
characterization. Journal of Materials Processing Technology 2008, 199 (1), 10-26.

(31) Sadekar, A. G.; Mahadik, S. S.; Bang, A. N.; Larimore, Z. J.; Wisner, C. A.; Bertino, M. F.;
Kalkan, A. K.; Mang, J. T.; Sotiriou-Leventis, C.; Leventis, N. From ‘Green’ Aerogels to Porous
Graphite by Emulsion Gelation of Acrylonitrile. Chemistry of Materials 2012, 24 (1), 26-47.
(32) Heiligtag, F. J.; Cheng, W.; de Mendonga, V. R.; Siiess, M. J.; Hametner, K.; Giinther, D.;
Ribeiro, C.; Niederberger, M. Self-Assembly of Metal and Metal Oxide Nanoparticles and
Nanowires into a Macroscopic Ternary Aerogel Monolith with Tailored Photocatalytic

Properties. Chemistry of Materials 2014, 26 (19), 5576-5584.

203



Carbon-Supported Ag Nanoparticle Aerogel for Electrocatalytic Hydrogenation of 5-
(HydroxymethyDfurfural to 2,5-Hexanedione in Acidic Conditions
Chapter 5

(33) Hoffmann, F.; Cornelius, M.; Morell, J.; Froba, M. Silica-Based Mesoporous Organic—

Inorganic Hybrid Materials. Angewandte Chemie International Edition 2006, 45 (20), 3216-
3251.

(34) Mohanan Jaya, L.; Arachchige Indika, U.; Brock Stephanie, L. Porous Semiconductor
Chalcogenide Aerogels. Science 2005, 307 (5708), 397-400.

(35) Leventis, N.; Chandrasekaran, N.; Sotiriou-Leventis, C.; Mumtaz, A. Smelting in the age of
nano: iron aerogels. Journal of Materials Chemistry 2009, 19 (1), 63-65.

(36) Leventis, N.; Chandrasekaran, N.; Sadekar, A. G.; Mulik, S.; Sotiriou-Leventis, C. The
effect of compactness on the carbothermal conversion of interpenetrating metal oxide/resorcinol-
formaldehyde nanoparticle networks to porous metals and carbides. Journal of Materials
Chemistry 2010, 20 (35), 7456-7471.

(37) Leventis, N.; Chandrasekaran, N.; Sadekar, A. G.; Sotiriou-Leventis, C.; Lu, H. One-Pot
Synthesis of Interpenetrating Inorganic/Organic Networks of CuO/Resorcinol-Formaldehyde
Aerogels: Nanostructured Energetic Materials. Journal of the American Chemical Society 2009,
131 (13),4576-45717.

(38) Mahadik-Khanolkar, S.; Donthula, S.; Bang, A.; Wisner, C.; Sotiriou-Leventis, C.; Leventis,
Interpenetrating Networks with Iron Oxide and the Carbothermal Synthesis of Highly Porous
Monolithic Pure Iron(0) Aerogels as Energetic Materials. Chemistry of Materials 2014, 26 (3),
1318-1331.

(39) Sadhukhan, M.; Barman, S. Bottom-up fabrication of two-dimensional carbon nitride and
highly sensitive electrochemical sensors for mercuric ions. Journal of Materials Chemistry A
2013, 7 (8), 2752-2756.

(40) Zhang, S.; Shang, N.; Gao, S.; Meng, T.; Wang, Z.; Gao, Y.; Wang, C. Ultra dispersed Co
supported on nitrogen-doped carbon: An efficient electrocatalyst for oxygen reduction reaction
and Zn-air battery. Chemical Engineering Science 2021, 234, 116442,

(41) Wang, Z.; Shang, N.; Wang, W.; Gao, S.; Zhang, S.; Gao, W.; Cheng, X.; Wang, C.
Atomically dispersed Co anchored on S,N-riched carbon for efficient oxygen reduction and Zn-
air battery. Journal of Alloys and Compounds 2022, 899, 163225.

204



Carbon-Supported Ag Nanoparticle Aerogel for Electrocatalytic Hydrogenation of 5-
(HydroxymethyDfurfural to 2,5-Hexanedione in Acidic Conditions
Chapter 5

(42) Shang, N.; Li, S.; Zhou, X.; Gao, S.; Gao, Y.; Wang, C.; Wu, Q.; Wang, Z. Co/nitrogen-

doped carbon nanocomposite derived from self-assembled metallogels as efficient bifunctional
oxygen electrocatalyst for Zn-air batteries. Applied Surface Science 2021, 537, 147818.

(43) Hou, B.; Ma, L.; Zang, X.; Shang, N.; Song, J.; Zhao, X.; Wang, C.; Qi, J.; Wang, J.; Yu,
R. Design and Construction of 3D Porous Na3V2(PO4)3/C as High Performance Cathode for
Sodium lon Batteries. Chemical Research in Chinese Universities 2021, 37 (2), 265-273.

(44) Xiao, Z.; Xu, X.; Kong, D.; Liang, J.; Zhou, S.; Huang, X.; Yang, Q.; Zhi, L. Chemical
tailoring of one-dimensional polypyrene nanocapsules at a molecular level: towards ideal sulfur
hosts for high-performance Li—S batteries. Journal of Materials Chemistry A 2019, 7 (5), 2009-
2014.

(45) Lee, J. H.; Park, M. J.; Yoo, S. J.; Jang, J. H.; Kim, H.-J.; Nam, S. W.; Yoon, C. W.; Kim,
J.'Y. A highly active and durable Co—N—C electrocatalyst synthesized using exfoliated graphitic
carbon nitride nanosheets. Nanoscale 2015, 7 (23), 10334-10339.

(46) Shang, N.; Wang, C.; Zhang, X.; Gao, S.; Zhang, S.; Meng, T.; Wang, J.; Wang, H.; Du, C.;
Shen, T.; et al. Atomically dispersed iron on nitrogen-decorated carbon for high-performance
oxygen reduction and zinc-air batteries. Chemical Engineering Journal 2021, 426, 127345.

(47) Samanta, R.; Mishra, R.; Barman, S. Interface-Engineered Porous Pt—-PdO Nanostructures
for Highly Efficient Hydrogen Evolution and Oxidation Reactions in Base and Acid. ACS
Sustainable Chemistry & Engineering 2022, 10 (11), 3704-3715.

(48) Nikbin, N.; Caratzoulas, S.; Vlachos, D. G. On the Bronsted Acid-Catalyzed Homogeneous
Hydrolysis of Furans. ChemSusChem 2013, 6 (11), 2066-2068.

(49) Zhang, J.; Liu, H.; Shi, P.; Li, Y.; Huang, L.; Mai, W.; Tan, S.; Cai, X. Growth of nickel
(111) plane: The key role in nickel for further improving the electrochemical property of
hexagonal nickel hydroxide-nickel & reduced graphene oxide composite. Journal of Power

Sources 2014, 267, 356-365.

205



Carbon-Supported Ag Nanoparticle Aerogel for Electrocatalytic Hydrogenation of 5-
(Hydroxymethy)furfural to 2,5-Hexanedione in Acidic Conditions

Chapter 5

Appendix B
= 20
(=]
(a) = |(b)
< 15,
o
- &
= ®
z 2 " :
3 E
£ S 5;
T
Qo
2
o 01
[72]
. . . g ——————————r
15 30 20 45 60 0.0 02 04 06 08 1.0

Relative Pressure (P/P )

of CNX

206



Carbon-Supported Ag Nanoparticle Aerogel for Electrocatalytic Hydrogenation of 5-
(HydroxymethyDfurfural to 2,5-Hexanedione in Acidic Conditions
Chapter 5

69.40

6.20

10.30 32.00 15.70 21.60

79.90 32.30 2.60 448.90

Figure S5.2. SEM-EDAX elemental mapping analysis of Ag-aerogel-CNy.

IMGl —————————— 200 nm
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Palladium Oxide Nanoparticle for Electrocatalytic Oxidation of
5-(Hydroxymethyl)furfural to FDCA

6.1 ABSTRACT

A promising platform chemical, 2,5-furandicarboxylic acid (FDCA), is gaining
prominence as a substitute for terephthalic acid in the production of various polymeric
compounds, such as polyethylene terephthalate (PET). FDCA is derived from the
oxidation of 5-hydroxymethylfurfural (HMF), a compound that can be sourced from
cellulosic biomass through a series of reactions involving hexose isomerization and
dehydration. The principal challenge lies in establishing an electrocatalytic system
characterized by an wide potential range, capable of selectively oxidizing HMF to FDCA
while achieving high Faradaic efficiencies for FDCA production. This system must
effectively suppress water oxidation, which is a major competing reaction in aqueous
environments. In this study, we present the electrocatalytic oxidation of HMF in an
alkaline environment using palladium oxide supported on carbon (PdO-CNx) as the
catalyst. The PdO-CNy catalyst exhibits a preference for HMF oxidation over water
oxidation, leading to the major product, FDCA, in 0.1 M KOH. The highest achieved
Faradaic efficiency for FDCA production is 78% at a potential of 1.4 V vs. RHE in 0.1
M KOH for the PdO-CNy catalyst. By combining the PdO-CNy catalyst with commercial
Pt/C (Comm Pt/C) to create a two-electron system, we compared the overall HMF
oxidation with overall water oxidation. Notably, the PdO-CNy catalyst required
significantly less potential to drive the overall HMF oxidation. This study underscores

the efficiency of PdO-CNy as an electrocatalyst for the concurrent generation of clean
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hydrogen fuels and value-added chemicals from biomass-derived molecules under

ambient conditions.

6.2 INTRODUCTION

A growing amount of work has been put into developing clean, renewable alternative
energy sources (such solar and wind) in response to the future global energy needs and
climate change challenges brought on by unsustainable fossil fuel consumption.!
Electrocatalytic water splitting is an optimal process for producing H» with no
byproducts. Hydrogen produced from water splitting when combined with renewable
energy sources, will play a significant role in a future sustainable energy sector.? In the
water-splitting reaction, however, a large overpotential is required to surmount the high-
energy barrier as a result of the sluggish kinetics of oxygen evolution reaction (OER).
Therefore, substantial overpotentials are needed to achieve significant catalytic current
densities of water splitting.> At the moment, the focus is primarily on rationally
developing and synthesizing highly active, stable, and affordable catalysts. For instance,
the HER catalytic performances of transition metal carbides*, nitrides’, phosphides6, and
sulphides’ have been reported. Several transition metal oxides®, hydroxides’, and oxy-
hydroxides'?, on the other hand, exhibit good OER capabilities. Recent research has also
discovered non-precious bifunctional catalysts with both HER and OER activity.!!
Despite these developments, OER continues to be the water splitting bottleneck, and
HER needs additional potential to match its rate.'? Additionally, oxygen gas (O>) created
by the electrolysis of water can mix with hydrogen gas (Hz) in the electrolyzers
headspace, raising safety issues and increasing the cost of gas separation. Substitution of
OER with other reaction would be able to create value-added bioproducts and H; at both
electrodes as well as improve the efficiency of an electrolyzers by substituting OER with

thermodynamically more advantageous biomass oxidation processes.!* Therefore, a
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sustainable future depends on the effective conversion of biomass-derived products into

high-value liquid fuels and chemicals.

5-hydroxymethylfurfural (HMF) is one of the platform molecules produced from
biomass that has been the subject of the most research.'* HMF, one of the renewable
resources obtained from lignocellulosic biomass (LCB) and molecules like d-glucose or
d-fructose.!® The selective oxidation of HMF can yield a number of compounds, such as
2,5-diformylfuran (DFF), 5-hydroxymethyl-2-furancarboxylic acid (HMFCA), maleic
anhydride (MA), and 2,5-furandicarboxylic acid (FDCA).!¢ Due to its application as a
monomer in the polymerization of bio-based polymers like poly(ethylene 2,5-
furandicarboxylate) (PEF), FDCA is gaining more attention.!” Currently, PEF is used in
numerous applications in place of the petroleum-derived polymer polyethylene

terephthalate (PET). Like PET, PEF's structure substitutes FDCA for terephthalic acid.'*

The oxidation of HMF, whether in homogeneous or heterogeneous catalytic systems,
leads to the formation of multiple oxidized products.'® In homogeneous catalytic
systems, catalysts like Co/Mn/Br are commonly employed; however, they suffer from
low yields and pose recycling challenges.'® Conversely, heterogeneous catalysis requires
high-temperature, high-pressure conditions and the presence of expensive metal
catalysts.?>2 Another promising avenue involves the electrochemical oxidation of HMF
under ambient conditions, effectively obviating the need for external oxidants.?® This
approach leverages the thermodynamically favorable HMF oxidation reaction to
supplant the OER in water-splitting processes, offering increased competitiveness as the

cost of renewable energy continues to decrease.**

In this study, we demonstrated a straightforward method involving sodium borohydride
(NaBH4) reduction to synthesize a carbon-supported palladium oxide catalyst

(PdO/CNy). This catalyst was employed for the electrocatalytic oxidation of HMF in a
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0.1 M KOH solution. Remarkably, the synthesized PAO/CNx catalyst exhibited a strong

preference for HMF oxidation over OER. The primary product of the electrocatalytic
oxidation of HMF is FDCA. Importantly, the optimal FDCA production with a notable
faradaic efficiency of 78% is achieved at a potential of 1.4 V vs. RHE. This high faradaic
efficiency is found to be dependent on the electrolyte composition and the cathodic
potential applied. Furthermore, we integrated the PdO/CNx catalyst as the cathode for
overall HMF oxidation in a full cell configuration, utilizing Pt as the anode. Intriguingly,
the PAO/CNx catalyst demanded substantially lower potential to drive the overall HMF
oxidation compared to overall water oxidation in 0.1 M KOH, highlighting its remarkable
kinetic favorability for HMF oxidation. Additionally, the catalyst exhibited impressive
durability for overall HMF oxidation, strengthening its potential for practical

applications.

6.3. EXPERIMENTAL SECTION
Materials:

Carbon cloth was purchased from AVCARB. Palladium (II) chloride (PdCl), sodium
borohydride (NaBH4), formamide (HCONH) and 2,5-furandicarboxylic acid (FDCA)
were bought from Sigma Aldrich. Sulfuric acid (H2SO4, 98%) was bought from Merck
(Germany). 5-hydroxymethylfurfural (99+% assay) was bought from Spectrochem
(India). All of these materials were utilized exactly as they arrived, with no further
purification. Sigma Aldrich supplied the Ar gas (99.99% purity). Milli-Q water was
produced using an ultra-filtration system (Milli-Q, Millipore), and the measured

conductivity at 25 °C was 35 mho.cm™.
Preparation of N-doped carbon

The syntheis procedure of N-doped carbon (CNx) was done by using the previously

described process®. A brown-colored solution was created by microwave heating 30 mL
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of Formamide (HCONH2) for two hours at a temperature of 180°C. A rotating evaporator

operating at 180°C evaporated the collected solution. After filtering, washing with

distilled water, and hoover drying, solid N-doped carbon was produced.
Synthesis of the PAO/CNx composite

By using NaBHs reduction method, palladium (II) chloride was reduced and then
subjecting the material to ultrasonic treatment, PAO/CNyx composite was created. First, a
bath-sonicator was used to sonicate 35 mg of palladium (II) chloride in 5 mL of deionized
water for 30 minutes. On the other hand, 2 mL of deionized water was sonicated for 10
minutes with 5 mg of CNx in order to disperse it. The two solutions mentioned above
were combined, and the mixture was then homogenised using a sonicator for 30 minutes.
The aforesaid combination was then given 50 mg of NaBH4 and sonicated for an
additional two hours. The resultant black solution was centrifuged at 1600 rpm, followed
by many washes with ethanol and deionized water. The dark precipitate was gathered

and vacuum-dried for future use.
Instrumentation and Analysis

Surface morphology analysis was done using a field-emission scanning electron
microscope (Carl Zeiss, Germany, Model ) igma). A 0.05 mL of a solution containing 1
mg/mL of material was coated onto a silicon wafer, dried at 45 °C, and then the samples
were ready for FE-SEM examination. Utilising a Bruker DAVINCI D8 ADVANCE
diffractometer fitted with Cu K radiation (A= 0.15406 nm), X-ray diffraction (p-XRD)
patterns were obtained. The surface morphology of the produced materials was examined
using high-resolution transmission electron microscopy (HRTEM) at 200 kV. The
analysis was carried out using a JEOL F200 instrument. Initially, 10 pL of a 1 mg/mL
stock solution was taken for the TEM analysis and dried in the air at a temperature of

around 45 °C. By coating the material on a silicon wafer and utilising Mg Ka X-ray as
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the monochromatic source, VG Microtech was used to accomplish the X-ray

photoelectron spectroscopy experiments. All electrochemical measurements were
performed on a workstation for electrochemical measurements (Autolab, Metrohm,
PGSTAT 320N). A Hanna (HI 2209) pH meter was used to determine the pH of the
electrolyte. Equipment for ultrasonic bath sonication was provided by Genei
Laboratories Private Ltd. Bangalore, India. The '"H NMR spectrum was obtained using

the water suppression technique on a Bruker 400 MHz instrument.
Electrochemical performances

At first, 1 mg of the prepared catalyst is ultrasonicated for 1 hour to obtain a homogenous
slurry in 470 pL of Millipore water along with 30 uL of Nafion (5.0 wt %) solution. The
resultant ink was subsequently drop casted on carbon cloth with the help of micropipette
and dried at 45 °C for further electrochemical testing. A three-electrode setup connected
to the electrochemical workstation (Metrohm Autolab) was wused to
perform electrochemical performances. Each cathodic and anodic chamber was filled
with 40 mL of 0.1 M KOH electrolyte, and these chambers were separated by a anion
exchange membrane. The cathodic chamber contained the working electrode (prepared
catalyst electrode) and the reference electrode (Ag/AgCl) with a spacing of 0.5 cm
between them. In contrast, the anodic chamber included a platinum electrode as the
counter electrode. All measurements were referenced to the Ag/AgCl reference electrode
and subsequently adjusted to the reversible hydrogen electrode (RHE) using the

following equation 1;
VRHE = Vagagci (saturated 3M KCl1) + 0.197 + 0.00592pH ................. (1)
Product Identification and Quantification:

Bruker Avance I1I 400 MHz nuclear magnetic resonance (NMR) spectrometer was used

to detect and quantify the products. Using NMR spectroscopy, calibration curves were
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produced for known reactant and product concentrations for quantification. To determine

their concentration, a series of solutions containing HMF and FDCA at various known
concentrations were analysed in NMR for the signature peak. 50 mL of D>O were added
to 450 mL of electrolyte solution for the NMR study. Water suppression was used to
collect the NMR spectra. The characteristic peaks of the products were unaffected by the

suppression of the water peak in NMR signals, which appears at about 4.7 ppm.

6.4. RESULTS AND DISCUSSION

Morphology and characterization:

( a) JCPDS No. (PdO) 06-0515
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Figure 6.1. (a) p-XRD of PdO/CNy, (b, ¢c) TEM images, (d) SAED image, (e, f) HRTEM image

of PdO/CNs.

The PdO/CNx was synthesized by a simple ultra-sonication-assisted BH4™ reduction of
PdCl; in the presence of CNx support followed by heating in furnace at 400°C (details in

experimental section). The structural characterization of PAO/CNx was investigated by
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powder X-ray diffraction (p-XRD) pattern. The p-XRD spectra of the prepared catalyst

is given is Figure 6.1a. The diffraction peaks at 29.6°, 33.2°, 42.1°, 55.3°, 60.9°, and
72.4° are corresponds to (010), (002), (110), (112), (013), and (211) crystalline planes of
PdO/CNy. The morphological characterization of PAO/CNy was studied by Transmission
Electron Microscopy (TEM). TEM images of PAO/CNy are displayed in Figure 6.1 (b
and c). From the TEM images, it is seen that quasi-one-dimensional nanochains are
formed. These one-dimensional extended nanochains are interconnected to form three-
dimensional network-like structures with a large number of open pores making the
PdO/CNx catalyst porous. The SAED image of PdO/CNy is given in Figure 6.1d and
HRTEM images are displayed in Figure 6.1(e and f). The SAED image shows the
pollycrystalline nature of PAO/CNx and from the diffraction pattern the planes such as
(002), (110), (112), (013), (022), and (114) can be seen in Figure 6.1d. The HRTEM
images clearly shows the presence of (002) and (011) planes of PdO in PdO/CNy which

is in accordance with p-XRD data.
Electrochemical HMF oxidation

HMF was electrochemically oxidized in 0.1 M KOH electrolyte using an electrochemical
workstation with an H-type electrochemical cell. The electrochemical HMF and water
oxidation experiments were carried out in 0.1 M KOH solution with and without HMF
at a scan rate of 10 mV/s. Chronopotentiometry was performed at different current
density to compute the faradic efficiency of all the catalysts. The cathodic section
contained 40 mL of 0.1 M KOH, whereas the anodic section was charged with 40 mL of
0.1 M KOH and 10 mM HMEF. In order to ensure minimal Faradic loss, argon gas was
purged during the reaction in the anodic compartment, and a magnetic stirrer was used

to ensure a rotation rate of 500 rpm. The products formed by HMF oxidation were
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identified and quantified by "H-NMR analysis by water suppression method. The Faradic

efficiency of the products were calculated using the following equation 2.

0 — mol of FDCA formed o
FE (%) = Gt g maead (0 ey < 100% oo )

In this equation: C stands for the charge passed during the electrolysis at the cathode. F'
is the Faraday constant, equal to 96485 C mol™'. n signifies the number of electrons
required to produce one molecule of the product from HMF.
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Figure 6.2. Possible ways of HMF oxidation.

FDCA, an important chemical compound, can be synthesized through the oxidation of
5-hydroxymethylfurfural (HMF), which is derived from the conversion of hexoses found
in cellulosic biomass through isomerization and dehydration processes. The
electrocatalytic oxidation of HMF to FDCA primarily comprises a two-step oxidation
process, involving the conversion of an alcohol group and an aldehyde group into a
carboxyl group.? This process presents two potential oxidation pathways, leading to the
formation of three distinct reaction intermediates, as illustrated in Figure 6.2. One of
these pathways initiates with the oxidation of the alcohol group, resulting in the
formation of 2,5-diformylfuran (DFF) as an intermediate. In contrast, the alternative

pathway begins with the initial oxidation of the aldehyde group, yielding 5-
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hydroxymethyl-2-furancarboxylic acid (HMFCA) as an intermediate product. Both DFF
and HMFCA subsequently undergo further oxidation, converging into a shared
intermediate molecule, such as 5-formyl-2-furancarboxylic acid (FFCA), which is

eventually subjected to further oxidation to yield FDCA .?"-28
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Figure 6.3. (a) LSV polarisation curve, (b) nyquist plots, (c) current density at 1.5 V vs RHE
with and without the addition of 10 mM of HMF of PAO/CNy and Pd in 0.1 M KOH, (d) faradic

efficiency of PAO/CNj at different potentials in 0.1 M KOH.

The LSV polarization curve, as shown in Figure 6.3a, compares PdO/CNy and Pd/CNy
performance in the presence and absence of HMF. In the absence of HMF, the LSV curve

primarily reflects water oxidation. However, upon introducing HMF, a noticeable
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variation in overpotential becomes evident, indicating that HMF oxidation is more

favourable than water oxidation on the PAO/CNx catalyst. To gain deeper insights into
the reaction pathway, we explored the kinetics of HMF reduction through the analysis of
electrochemical impedance spectroscopy (EIS) spectra, as depicted in Figure 6.3b. These
spectra were obtained within the frequency range of 0.1-100 kHz in a 0.1 M KOH
solution, employing an open circuit potential and an AC amplitude of 10 mV. The inset
illustrates the circuit used for fitting the EIS data, wherein "Ry" represents the solution
resistance, the semicircle's diameter represents the charge transfer resistance (R¢), and
"CPE" signifies the constant phase element. The corresponding Rt value of PAO/CNx in
0.1 M KOH with HMF is 7.19 Q and without HMF is 14.9 Q. A lower R value and
enhanced electronic conductivity, underscoring the favourable electrocatalytic activity.
Figure 6.3c provides current density values at 1.5 V for PdAO/CNx and Pd/CNy, both with
and without the presence of HMF. Following HMF introduction, the current density
experiences a substantial increase compared to the condition without HMF. This increase
in current density underlines the catalyst's improved performance facilitated by HMF's

presence.

Chronopotentiometry measurement was employed to assess the faradic efficiency of each
catalyst across varying potential. The experimental setup involved the anodic section
containing 40 mL of 0.1 M KOH and 10 mM HMF, while the cathodic section held 40
mL of 0.1 M KOH. Argon gas was continuously introduced into the anodic compartment
to minimize Faradic losses, and stirring was maintained at a rate of 300 rpm using a
magnetic stirrer. Employing the water suppression method for 'H-NMR analysis, we
identified the products generated through HMF oxidation and quantified their
concentrations, shown in Figure 6.4. This analysis revealed that in a 0.1 M KOH solution,

FDCA emerged as the primary product of HMF oxidation on the PdO/CNx catalyst.
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Faradaic efficiency values for PAO/CNyx were calculated across a range of potentials
ranging from 1.3 to 1.7 V vs RHE, and these results are presented in Figure 6.3d. The
faradic efficiency of FDCA exhibited a gradual increase as the oxidation potential was
elevated, reaching its maximum value at 78.31% when the potential was set at 1.4 V vs
RHE. However, subsequent positive shifts in the oxidation potential led to a decrease in
the Faradaic efficiency of FDCA. This reduction in Faradaic efficiency at higher
potentials can be attributed to the growing predominance of the Oxygen Evolution
Reaction (OER) over the HMF oxidation reaction on the PdO/CNx catalyst. Ultimately,

the highest faradic efficiency observed for FDCA production was 78% at 1.4 V in the 0.1

M KOH solution.
¢ ® HMF
¢ FDCA
% H,0
@
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Figure 6.4. "H NMR spectra for 20 mM HMF in 0.1 M KOH after applying potential at

1.4 V for 30 minutes."H NMR (400 MHz, 90% H>0/ 10% D,0): § 9.35 (s, 1H), 7.43 (d,
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1H), 6.57 (d, 1H), 4.31 (s, 2H), 8.31 (s, 2H). (HMF peaks at 9.35, 7.43, and 6.57 ppm.

FDCA peaks at 8.31ppm)

Overall HMF oxidation reaction

The overall HMF oxidation reaction took place within an H-type electrochemical cell
utilizing a two-electrode configuration. In this setup, the cathodic electrode is used as
commercial Pt/C coated on carbon cloth, while the anodic electrode was coated with
PdO/CNx on carbon cloth. Figure 6.5a illustrates the non-iR-corrected LSV curve for the
overall HMF oxidation reaction conducted in a 0.1 M KOH solution with 10 mM HMF
in the anodic compartment. The polarization curve clearly indicates that the potential
required to drive the overall HMF oxidation is notably lower than that of overall water
oxidation for the PdO/CNy catalyst. This observation suggests that HMF oxidation is
considerably more favourable than OER on the synthesized PAO/CNy in a 0.1 M KOH
solution. Figure 6.5b presents the current density values for both overall HMF oxidation
and overall water oxidation at a potential of 1.7 V vs RHE for PdAO/CNyx ina 0.1 M KOH
solution. The plot underscores that the current obtained for overall HMF oxidation
substantially surpasses that of water oxidation at this specific potential. Examining the
stability of the catalyst is a crucial aspect for assessing its practical viability. To
investigate the stability of the system, chronoamperometry measurement was conducted
at a potential of 1.7 V vs RHE for an approximate duration of 1 hour, as depicted in
Figure 6.5c. Post stabilization, a minor shift in the current is observed, indicating that the
system demonstrates remarkable stability. Figure 6.5d provides a digital image

illustrating the system while performing the overall HMF oxidation.
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Figure 6.5. (a) Overall water oxidation of PAO/CNy in 0.1 M KOH with in the presence and

absence of 10 mM of HMF, (¢) Current density of different catalysts at 1.7 V potential.

6.5. CONCLUSIONS

This study presents a straightforward one-step method for synthesizing PdO
nanoparticles supported on carbon (PdO/CNy) to serve as a highly effective catalyst for
the electrocatalytic oxidation of HMF. PdO/CNx proved to be a proficient catalyst for the
selective oxidation of HMF to FDCA in a 0.1 M KOH solution. Notably, the onset
potential for HMF oxidation on the PAO/CNx catalyst was considerably lower than that

required for OER. This oxidation occurred under ambient conditions in an alkaline
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electrolyte, with water serving as the hydrogen source. The primary product of HMF
oxidation was identified as FDCA, and a substantial Faradaic efficiency of 78% for
FDCA production was achieved using the PdO/CNx catalyst at an overpotential of 1.4 V
vs. RHE in the 0.1 M KOH solution. Furthermore, the PAO/CNy catalyst effectively
suppressed the OER while enabling the oxidation of HMF to FDCA with a low R value.
Significantly, the PAO/CNx catalyst required notably lower potential to facilitate the
overall HMF oxidation in comparison to overall water oxidation in 0.1 M KOH,
signifying the kinetic favorability for HMF oxidation over water oxidation. This efficient
conversion of HMF to FDCA presents an innovative pathway for generating valuable

chemical intermediates from biomass resources.
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One-dimensional Bismuth Nanofibers as an Efficient Cathode Material for
Electrochemical COz Conversion to Formate

7.1 ABSTRACT

The electrocatalytic conversion of CO> to formate is one of the most practical and
technologically advanced processes to produce essential fuels and chemicals. Due to the
poor intrinsic activity for the reduction of CO; to formate, electron transfer efficiency,
adequate active sites are essential to create high-performance electrocatalysts. Numerous
studies have been conducted on Bismuth based electrocatalysts in the CO> reduction
reaction (CO2RR), due to its high efficiency to produce formate. In this chapter, we are
discussing about Bismuth nanofibers, synthesized via electrospinning method (Bi-
Bi2O3@NF), as an efficient catalyst for the electrocatalytic CO; reduction to formate
production at high faradic efficiency of 90% at a potential of -0.8 V vs RHE. The catalytic
performance of Bi-Bi2O3;@NF-600 nanocomposites can be attributed to synergistic
interactions, higher electrochemical surface area and nitrogen content, and their mixed
crystalline and amorphous character. Thus, the outcomes led to an efficient method for
increasing the activity and product selectivity of electrocatalysts to facilitate efficient

CO» conversion.

7.2 INTRODUCTION

The electrochemical reduction reaction of COz (CO2RR), with the goal of generating
energy-intensive compounds or fuels using renewable energy sources, has garnered
significant attention in both the academic and business sectors. This approach holds
promise for advancing environmental and energy sustainability.: > Among the various

reduction products of CO», high-value liquids like formic acid or formate, which are of
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particular interest due to their significance as essential feedstocks in chemical

manufacturing and their practical utility as energy carriers in fuel cell applications. 4.
Out of the various C1 and C2 products generated through electrochemical CO2RR, the
process that involves a two-electron conversion of CO» to formic acid or CO stands out
as the most economically viable option when assessing its commercial potential.’> Formic
acid can be treated as a solution for long term energy storage and seasonal intermittency
of renewable energy sources, as it can store energy in chemical bonds and it has a high
volumetric capacity hydrogen storage media (53.4 g/L at standard temperature and
pressure)®®. Several metals catalysts have been explored to produce formic acid by
CO2RR like Hg’, Ag!'®, Pd!!, Pb'2, In'3, Sn'*. Highly toxic and expensive nature, however,
is the obstacle for their large scale application. Sn and Bi catalysts are extensively
investigated for formate generation in CO2RR to tackle the urgent need for non-noble
earth-abundant catalysts. However, the poor formic acid selectivity and low conversion
rate of Sn-based electrocatalysts, which require considerable energy input, prevent their
commercialization'®. Due to their great selectivity for the production of formic acid,
environmentally safe metallic Bi-based electrocatalysts have recently received a lot of
interest.

CO2 molecules are typically inert and thermodynamically stable, therefore it is essential
for developing high-efficiency catalysts to enhance the rate of the kinetically sluggish
CO> reduction process in order to improve the performance of the CO: reduction
reaction'®. Numerous methods have been investigated up to this time to enhance the
CO2RR performances of Bi-based electrocatalysts'” including defect engineering'’,
morphology engineering'8, crystal facets tuning'®, and heteroatom doping and alloying®*-
22 Despite these exceptional results, the reported Bi-Bi»O3 based catalysts experience

large overpotentials because the electrochemical kinetics of CO2RR are constrained by
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the poor electrical conductivity of metallic Bi*. In the case of Bi-based electrocatalysts,

their capacity to achieve high formic acid productivity in CO2RR centers on factors such
as the accessibility of active sites and their ability in electron transfer. This is particularly
important due to their inherent inclination toward formate production.

Herein, the synthesis of highly dispersed Bi-Bi,O3 nanoparticles embedded in carbon
nanofiber (Bi-Bi2O3@NF) using electrospinning technique, as a catalyst for CO;
reduction, is reported here. The advantage of this embedded structure is that the Carbon
Nano Fiber (CNF) matrix can maintain good electron transfer from the CNF by
preventing Bi-Bi2O3 nanoparticle aggregation. Additionally, due to its porous design,
CO2 molecules can accessthe Bi-Bi;O;3 surface and participate in the CO;
reduction reaction. The synthesized Bi-Bi2O3@NF shows excellent CO: reduction
performance with a high faradic effeciency of 90% for formate production at a potential
of -1.4 V vs Ag/AgCl and maintained a high FE of over 80% in the potential range of -

1.3to-1.6 Vvs Ag/AgCl.

7.3 EXPERIMENTAL SECTION

Materials:

Bismuth (III) nitrate pentahydrate (Bi(NO3)3;-5H20), polyacrylonitrile (PAN) were
bought from Sigma Aldrich. N,N-Dimethylformamide (DMF) was purchased from
Spectrochem. Potassium bicarbonate (KHCOs3;) was purchased from CDH. The
chemicals and reagents employed in this study are all of analytical grade and have been
used without any additional treatment. Carbon cloth (AvCarb 1071 HCB, 7.5 microns
diameter) was bought from ASG scientific equipment. We obtained the proton exchange
membrane (Nafion 117) from Alfa Aesar. High-purity gases, including CO2 (99.999%),

N2 (99.998%), and Ar (99.998%), were supplied by Sigma-Aldrich.
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Preparation of Bi-Bi2O3@NF:

10 mL of DMF was used to dissolve 1 g of Bi(NO3);-5H>O and 0.7 g of PAN. A
homogenous precursor solution resulted after 24 hours of vigorous stirring of the above
mixture. Using a 22-gauge stainless steel needle, the solution was injected into a syringe
and electrospun at a rate of 0.3 mL per hour at a voltage of 20 kV. The distance from
the needle to the drum-collector was set at 15 cm. After being stabilized at 250 °C for 2
hours in a muffle furnace, the sample was annealed at 600 °C for additional 2 hours under
nitrogen and hydrogen gas atmosphere at the volume ratio of 7:1 %, the desired Bi-coated
mesoporous carbon nanofibers (Bi-Bi2O3@NF) were produced. In addition, samples

were synthesized at different temperatures of 500 °C and 700 °C for comparison.
Instrumentation and Analysis:

Surface morphology analysis was done using a field-emission scanning electron
microscope (Carl Zeiss, Germany, Model ) igma). A 0.05 mL of a solution containing 1
mg/mL of material was coated onto a silicon wafer, dried at 45 °C, and then the samples
were ready for FE-SEM examination. Utilising a Bruker DAVINCI D8 ADVANCE
diffractometer fitted with Cu K radiation (A= 0.15406 nm), X-ray diffraction (p-XRD)
patterns were obtained. The surface morphology of the produced materials was examined
using high-resolution transmission electron microscopy (HRTEM) at 200 kV. The
analysis was carried out using a JEOL F200 instrument. Initially, 10 pL of a 1 mg/mL
stock solution was taken for the TEM analysis and dried in the air at a temperature of
around 45 °C. By coating the material on a silicon wafer and utilising Mg Ka X-ray as
the monochromatic source, VG Microtech was used to accomplish the X-ray
photoelectron spectroscopy experiments. All electrochemical measurements were
performed on a workstation for electrochemical measurements (Autolab, Metrohm,

PGSTAT 320N). A Hanna (HI 2209) pH meter was used to determine the pH of the
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electrolyte. Equipment for ultrasonic bath sonication was provided by Genei

Laboratories Private Ltd. Bangalore, India. The '"H NMR spectrum was obtained using

the water suppression technique on a Bruker 400 MHz instrument.
Electrochemical performances:

At first, 4 mg of the prepared catalyst is ultrasonicated for 1 hour to obtain a homogenous
slurry in 470 pL of Millipore water along with 30 pL of Nafion (5.0 wt %) solution. The
resultant ink was subsequently drop casted on carbon cloth with the help of micropipette
and dried at 45 °C for further electrochemical testing. A three-electrode setup connected
to the electrochemical workstation (Autolab) was used to perform electrochemical
performances. Each cathodic and anodic chamber was filled with 60 mL of 0.5 M KHCO3
electrolyte, and these chambers were separated by a Nafion 117 proton exchange
membrane. The cathodic chamber contained the working electrode (prepared catalyst
electrode) and the reference electrode (Ag/AgCl) with a spacing of 0.5 cm between them.
In contrast, the anodic chamber included a platinum electrode as the counter electrode.
All measurements were referenced to the Ag/AgCl reference electrode and subsequently

adjusted to the reversible hydrogen electrode (RHE) using the following equation 1;
VRrHE = Vagagcl (saturated 3M KC1) +0.197 + 0.00592pH ................. (1)

The CO»-saturated electrolyte's pH was determined to be 6.85. In order to achieve total
saturation, high-purity Ar and CO; were used to purge the electrolyte used in the H-cell

for at least an hour before each electrochemical measurement.
Product Identification and Quantification:

A gastight H-type cell was used to examine the electrochemical CO> reduction under
typical environmental circumstances using chronoamperometry experiments. PGSTAT
320N potentiostat (Autolab, Metrohm) was used to apply a fixed potential. To achieve
COs saturation, high-purity CO, was purged for an hour prior to applying the potential
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in a 0.5 M KHCOj solution. After 30 minutes of electroreduction, NMR and gas

chromatography were used to measure and quantify the liquid and gaseous products,
respectively. Gas chromatography (Thermo Scientific Trace 1110 GC), utilizing a 60/80
Carboxen-1000 column outfitted with a thermal conductivity detector (TCD), was used
to quantify the gaseous products and high-purity Ar gas is used (99.999%) as the carrier
gas. The gaseous products from the headspace were collected and introduced into the GC
via a gastight syringe, with each analysis using 1 mL of the gaseous products. To quantify
the gaseous products, a standard gas sample containing H> (2.04%), CO (2.07%), CO2
(2.07%), C2Hs (2.02%), CH4 (1.96%), and Ar as the rest of the gas was used. The NMR
technique (Bruker 400 MHz spectrometer) was used to identify and measure liquid
products resulting from CO; reduction, specifically, formate. For NMR analysis, 50 pL
of D20 (Aldrich, 99.9%) were added to 450 uL of electrolyte, and the water suppression
technique was used to record the 'H NMR spectrum. Data obtained from the NMR
spectra were processed using the Bruker software TopSpin. The faradaic efficiency of

the CO> reduced products were calculated using the following equation 2;

mol of product formed (N)
total charge passed (C)/ (Fxn)

FE (%) = X100% . .vveeeeeeeeeeeen, )

In this equation: N represents the number of total moles of the product generated. C
stands for the charge passed during the electrolysis at the cathode. F' is the Faraday
constant, equal to 96485 C mol . n signifies the number of electrons required to produce

one molecule of the product from CO,.
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7.4 RESULTS AND DISCUSSION

Morphology and characterization

The preparation process of Bi-Bi2O3@NF-600 is done by using electrospinning
technique. At first, the precuassor bismuth (III) nitrate pentahydrate (Bi(NO3)3-5H20) is
mixed with polymer solution of polyacrylonitrile (PAN) to form a homogenous solution,
which subjected to electrospinning to form electrospun fibers composed of PAN and Bi
(details in experimental section 2.2.1). The as prepared electrospun fibres were stabilized
in air followed by carbonization in presence of N»/Hr mixture (7:1) at different
temperatures to form Bi-BizO;@NF uniformly embedded in CNF matrix. The
synthesized Bi-Bi2O3@NF-600 is analyzed using X-ray diffraction (XRD) pattern,
shown in Figure 7.1a. The diffraction peaks at 27.7°, 38.4°, 40°, 44.8°, 46.2°, 49.2°,
56.4°, and 59.5° in Bi-Bi2O3@NF-600 composite are assigned as (012), (104), (110),
(015), (006), (202), (024), and (107) crystalline planes of Bi metal, and peaks at 28° in
Bi-BixO3@NF-600 composite are assigned as (112) and (004) planes of BioO3 and the
obtained data is well matching with the standard JCPDS data (PDF 00-002-0518) and

(PDF 01-075-4627), respectively.
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Figure 7.1. (a) p-XRD pattern; XPS (b) survey scan spectra, high resolution XPS spectra of (c)

Bi 4f and (d) C 1s of Bi-Bi:O3@NF-600 catalyst.

X-ray photoelectron spectroscopy (XPS) analysis was conducted to gain insights into the
chemical composition and structural characteristics of Bi-BixO3@NF-600. Figure 7.1b
illustrates the survey scan spectra of Bi-Bi2O3@NF-600, providing valuable information
about the constituent elements. The spectral data confirms the presence of several
elements, namely Bi, C, N, and O within the compound. For a more detailed examination
of the Bi component, Figure 7.1c presents the high-resolution Bi XPS spectra. This

analysis reveals distinct peaks located at 159.31 and 164.6 eV in the deconvoluted Bi 4f
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XPS spectrum. These peaks are indicative of the presence of Bi** within the Bi-

Bi20O3@NF-600 composite. Two additional peaks at lower binding energies, specifically
159.66 and 164.99 eV, are observed. These lower-energy peaks are attributed to the
emergence of metallic Bi within the Bi-BiO3@NF-600 composite.!> Figure 7.1d
displays the C 1s fitting spectra, shedding light on the carbon (C) component. This
spectrum showcases three distinct peaks situated at 284.58, 285.79, and 288.46 eV. The
peak at 284.58 eV corresponds to carbon-carbon (C-C) or carbon-carbon double bond
(C=C) interactions. The peak at 285.79 eV is attributed to carbon-oxygen (C—O) or
carbon-nitrogen (C—N) bonds. Lastly, the peak at 288.46 eV is associated with carbon-
oxygen double bonds (C=0). Thus, XPS analysis of Bi- BiO3@NF-600 provides a
comprehensive understanding of its chemical composition, revealing the coexistence of

Bi*" and metallic Bi species in the composite.*?

-7 0.32A
- Bi(012),
< Bi,0; (117)

10 nm

Figure 7.2. (a, b) SEM images, and (c, d) TEM images of Bi-Bi,O3@NF-600, (e,f) HRTEM

image.
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Field emission scanning electron microscopy (FESEM) was employed to investigate the

morphological traits of Bi-Bi2O3@NF-600. SEM images (Figure 7.2a and b) of Bi-
Bi20O3@NF-600 clearly reveals the obtained structure and morphology of the catalyst,
where a single fiber is seen without any beads of agglomerated Bi on the CNF surface. It
indicates that the Bi-Bi,O3 nanoparticles were completely incorporated into the CNF
matrix. Transmission electron microscopy (TEM) images of Bi-Bi2O3@NF-600 are
displayed in Figure 7.2 (c and d). From the TEM images, it is seen that one-dimensional
nanorods are formed. STEM elemental mapping analysis of Bi-Bi2O3@NF-600 is
provided in Figure 7.3. The elemental mapping clearly shows the uniform distribution of
Bi, N, O and C in the one dimensional rod of Bi-Bi2O3@NF-600 which is in accordance
with the XRD and XPS data. The high-resolution transmission electron microscopy (HR-
TEM) images of Bi-Bi203@NF-600 are illustrated in Figure 7.2 (e and f). These images
reveal a distinct d-spacing value of 0.32 A, which corresponds to the (012) lattice plane
of elemental bismuth (Bi) and the (117) lattice plane of bismuth oxide (Bi203), as

depicted in Figure 7.2f, which is matching with the XRD data.
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Figure 7.3. (a) STEM images, (b, c, d, ) elemental mapping, (f) Overlay of Bi,O3@NF-600.

Electrochemical CO2 reduction

The electrochemical CO> reduction reaction was investigated by Linear Sweep
Voltammetry (LSV) plots in undivided three electrode system where Bi-Bi2O3@NF was
used as working electrode, Ag/AgCl as reference electrode and Pt wire as counter
electrode and 0.5 M KHCO:s as electrolyte. The LSV was investigated by purging Ar and
COz gas in the electrolyte. The potential was subjected to a scan ranging from -0.5 V to
a negative potential of -1.2 V vs RHE, with a scan rate of 10 mV/s during LSV, which
was conducted without any stirring. In Ar saturated electrolyte, the LSV current is due
to hydrogen evolution reaction. However, in CO; saturated electrolye, there is a rise in
current and decrese in overpotential is observed for all the samples which depicts CO»

reduction reaction is more favorable in the electrode surface compared to hydrogen
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reduction process. The LSV of all the compounds carbonized at differenet temperatures

were investigated which depicts Bi-Bi2O3@NF-600 outperformed Bi-BixO3@NF-500
and Bi-Bi1,03@NF-700 composites as shown in Figure 7.4a. Electrochemical impedance
spectroscopy (EIS) spectra were employed and analyzed to gain a more comprehensive
understanding of the reaction pathway and kinetics involved in CO> reduction (Figure
7.4b). These spectra were acquired within a frequency range of 0.1-100 kHz while
maintaining an open circuit potential. An alternating current (AC) amplitude of 10 mV
was applied in a 0.5 M KHCOs; electrolyte solution. To compare the EIS of Bi-
Bi203@NF-600, measurements were performed in both Ar-saturated and CO»-saturated
electrolytes. The inset illustrates the circuit model utilized for fitting the EIS data, where
"Rs" signifies the solution resistance, the semicircle's diameter represents the charge
transfer resistance (Rct), and "CPE" represents the constant phase element. The EIS
spectrum of the catalyst Bi-Bi2O3@NF-600 in Ar saturation showed a larger semicircle,
however, for CO> saturated electrolyte, displayed a smaller semicircle. The less diameter
of the semicircle indicates a reduced Rct value and enhanced electronic conductivity. R
values of Bi-Bi2O3@NF-600 in Ar and CO> saturated electrolyte are 44 Q and 30 Q
respectively. The lower Ree value of Bi-Bi2O3;@NF-600 in CO; saturated electrolyte

suggests faster reaction kinetics or charge transfer for CO2 reduction reaction.
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Figure 7.4. (a) Non-iR corrected LSV curves of Bi-Bi,O3@NF-500, Bi-Bi,O3@NF-600 and Bi-

Bi03;@NF-700 in Ar and CO; saturated 0.5 M KHCO; (b) Nyquist plots of Bi-Bi,O3;@NF-600,
(c) Current density of different catalysts at -0.9 V vs RHE, (d) Tafel slope of Bi-Bi>O3@NF-500,

Bi-BiO3@NF-600 and Bi-BiO3;@NF-700 in CO; saturated 0.5 M KHCO; electrolyte.

The current density () values of different catalysts at -0.9 V vs RHE potential are given
in Figure 7.4c. The j vlaues for Bi-Bi2O3@NF-500, Bi-Bi2O3@NF-600 and Bi-
BiO3;@NF-700 are 2.35, 11.16 and 8.44 mA cm respectively. The higher current
density of Bi-BixO3@NF-600 proves the highest activity of Bi-Bi2O3@NF-600 among
all. In addition, to understand the reaction kinetics of the CO; reduction reaction, the tafel
plots of each catalyst were also calculated using the Tafel equation. The low tafel slope

value indicates faster kinetics. The tafel slope values obtained from Figure 7.4d for Bi-
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Bi,03@NF-500, Bi-Bi»O3@NF-600 and Bi-Bi>O3@NF-700 are 443 mV dec™!, 223 mV

dec! and 276 mV dec™! respectively. Comparing different catalysts, Bi-Bi2O3@NF-600

has the smallest tafel slope value, indicating faster CO> reduction reaction on the catalyst.
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Figure 7.5. (a) Formate faradic efficiency plot, (b) electrochemical stability in CO; saturated 0.5

M KHCOs, (c) '"H NMR spectra for electrochemical CO, reduction reaction in 0.5 M
KHCO; after applying potential at -0.8 V vs RHE for 30 minutes.'"H NMR (400 MHz,

90% H>0O/ 10% D0): & 8.02 (s, 1H). (Formate peak at 8.02 ppm).

Quantitative product analysis for CO, reduction reaction was done after 30 mins of

chronoamperometry at a constant potential. The gaseous products were analyzed with
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the help of GC and the liquid products were analyzed using NMR spectroscopy. The
liquid product consists solely of formate across different potentials for the composite
material during the products analysis using NMR. From the GC analysis, the presence of
slight amount of H> was observed. Bi-Bi2O3@NF-600 nanocomposite exhibits the
maximum faradaic efficiency for HCOO™ (FEfmate) at each studied potential and inhibits
the generation of H (Figure 7.5a). The faradaic efficiency of formate production exhibits
a gradual increase with an elevating reduction potential, ultimately peaking at 90% when
the potential is set at -0.8 V vs RHE. Further negative shifts in the potential result in a
reduction in the faradaic efficiency of formate. This decline in faradaic efficiency at more
negative potentials can be attributed to the contributing factor that, at higher
overpotentials, the HER prevails over the CO2RR on the Bi-Bi2O3@NF-600 catalyst. The
Table 7B.1 presents a comparative analysis of Bi-based catalysts for the electrochemical
reduction of CO., specifically focusing on their faradaic efficiency in formate
production. This demonstrates that the Bi-Bi2O3@NF-600 nanocomposite exhibits
excellent faradic efficiency for formate production. Chronoamperometry measurements
were conducted on Bi-Bi2O3@NF-600, maintaining a constant potential of -0.8 V vs
RHE. The results, as shown in Figure 7.5b, demonstrate the remarkable stability of the

catalyst for up to 8 hours during the CO; reduction reaction.

Table 7.1. Comparision of reported Bi-based catalyst for CO2RR.

Catalyst Electrolytes Cell FEformate Potential References
configuration (V vs. RHE)
Sn0,/Bi,0; 0.1 M KHCO:3 H-cell 90% -1.0V 24
Bi:S; 0.5 M KHCO3 H-type cell 80% -1.0V 25
Fractal-Bi,0; 0.1 M KHCO3 H-cell 87% -1.2V 19
Bi/Bi,03;-CP 0.5 M KHCO:3 H-cell 90.4 % -0.87V 15
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Figure 7.6. (a, b, c) electrochemical double layer measurements of Bi-Bi,O3@NF-500, Bi-

Bi,03@NF-600, and Bi-Bi,O3;@NF-700 repectively, (d) corresponding Cq value of catalysts.

To evaluate the influence of surface area and explore the density of active sites on the
nanocomposites, we conducted an examination of the electrochemical double-layer

capacitance for the catalytic surface of Bi-Bi2O3@NF-500, Bi,O3@NF-600, and
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B120O3@NF-700, as shown in Figure 7.6 (a-c). The electrochemically active surface area
(ECSA) and the electrochemical double-layer capacitance (Cai) are directly proportional.
CV measurements were conducted in a non-faradaic region, employing a scan rate
spanning from 20 to 100 mV/s in a 0.5 M KHCOj3 electrolyte in order to calculate the Cq
of these catalysts (Figure 7.6d). The Ca values from the slope obtained for Bi2O3@NF-
500, BiO3@NF-600, and Bi2O3;@NF-700 are 16.1 mF, 56.7 mF and 28.9 mF
respectively. The higher Cq value observed in Bi2O3@NF-600 compared to BioO3@NF-
500 and Bi2O3@NF-700 indicates a greater electrochemical surface area (ECSA),
signifying the presence of more active sites available for catalyzing the CO2 reduction

reaction.

Plausible mechanism for CO: reduction to Formic acid

>
| s@®
ey

atalyst
surface

Bi-Bi,0,@NF-600 Formic acid

e
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Scheme 7.1. Plausible reduction pathway of CO2RR to produce Formic acid.

In recent years, bismuth-based catalysts have emerged as promising candidates for
enhancing formate production in electrochemical CO; reduction. However, despite their
potential, the underlying mechanisms governing this reaction have not been thoroughly
elucidated. Thus, here a plausible mechanism of electrochemical CO» reduction for
formate production over bismuth-based catalysts is provided. As depicted in Scheme 7.1,

four distinct reaction pathways for the conversion of CO; into formate (HCOO— or
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HCOOH) was outlined. These pathways shed light on the intricate steps that occur during

this electrochemical process. Path I: Initially, CO> molecules are adsorbed onto the active
sites of the catalyst through interactions with the bismuth-oxygen (Bi-O) bonds. In this
step, CO; gains an electron, transforming into a *CQO, " radical anion. Path II: The *CO;~
radical anion is further involved in a protonation process, leading to the formation of
*OCHO, a vital intermediate. Path III: *OCHO captures a second electron and an
additional proton to evolve into *HCOOH (formic acid). Path IV: Finally, formic acid

(HCOOH) is detached from the active sites, completing the reaction cycle.?’

7.5 CONCLUSIONS:

This chapter showcases a straightforward one-step approach for synthesizing Bi-
Bi203@NF-600 nanofibers intended for use in electrochemical CO> reduction. The Bi-
Bi2,03 embedded CNF matrix was formed by electrospinning method. High porosity and
large electrochemically active surface area of the catalyst provides a sufficient number
of active sites for CO reduction. Notably, the Bi-Bi2O3@NF-600 catalyst's outstanding
performance can be attributed to the nitrogen content and the uniformity conferred by
the CNF matrix. The synthesized Bi-Bi2O3@NF-600 catalyst acts as a cathode material
and is successfully suppressing HER and produces formate as major CO> reduced
product. Bi-Bi2O3@NF-600 efficiently reduced CO; to formate with a high faradic
efficiency of ~90% at -0.8 V vs RHE. Hence, the present study could potentially pave
the way for establishing a pathway to generate value-added products through CO;

reduction with far-reaching implications for sustainable energy applications.
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Chapter 8

‘ Carbon-Supported Ag Nanostructures for Electrochemical COz Reduction

8.1 ABSTRACT

Electrocatalytic reduction methods hold significant promise in addressing the urgent
need to mitigate excessive greenhouse gas emissions, particularly carbon dioxide (CO3).
A highly effective catalyst is essential for achieving the conversion of CO> into valuable
products due to the complex, multi-electron, and multi-product nature of the CO
reduction process. The electrochemical reduction of CO,, driven by renewable energy
sources, presents a valuable opportunity for simultaneously reducing CO> emissions
while generating valuable chemicals and fuels, with syngas being a noteworthy product.
Silver-based electrodes have been the focus of extensive research due to their low
overpotential and remarkable selectivity in promoting the generation of carbon monoxide
(CO) 1n the electrocatalytic carbon dioxide reduction reaction (CO2RR). In this study,
we delve into the synthesis of carbon-supported silver nanoparticles (Ag-CNx), which
serve as efficient electrocatalysts for the reduction of CO». The as-prepared catalyst, Ag-
CNy, is not only cost-effective but also highly proficient in facilitating the conversion of
CO2 and H:0 into syngas, which is a customizable mixture of hydrogen (H2) and carbon
monoxide (CO). The highest faradic efficiency for production of CO on Ag-CNx was
calculated to be 56.4% at -1.4 V vs Ag/AgCl. The maximum partial current density for
the generation of CO was determined to be -9.4 mA ¢cm™ at a potential of -1.6 V vs
Ag/AgCl. This research demonstrates the potential of Ag-CNx as an electrocatalyst to
enable the sustainable production of syngas, contributing to the reduction of CO>

emissions and the synthesis of valuable chemical precursors and fuels.
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8.2 INTRODUCTION

Significant advancements have occurred in our world since the onset of the industrial
revolution, largely driven by the strategic utilization of diverse energy sources. However,
as global energy consumption continues to rise and environmental apprehensions,
particularly carbon dioxide (CO.) emissions, escalate, the imperative for pioneering and
more effective energy systems becomes inescapable.! This imperative is essential for
securing dependable, economically viable, and sustainable energy access for all.
Electrocatalytic transformations of CO; into high-energy fuels and valuable chemicals
represent an efficient and environmentally benign approach for achieving sustainable
energy utilization.?* The conversion of CO, to carbon monoxide (CO) is of significant
importance, as CO can serve as a precursor for various fuels.* CO; is characterized by its
high molecular stability, with a bond energy of 750 kJ mol'. Reducing CO; is a
thermodynamically challenging process that necessitates a substantial energy input to

break the carbon-oxygen (C=0) bonds.’

The electrochemical reduction of COz to CO involves a two-electron reduction
mechanism expressed as CO, + 2H' + 2e” = CO + HxO, featuring a relatively modest
redox potential of -0.53 V compared to the standard hydrogen electrode (SHE). In
aqueous electrolytes, the hydrogen evolution reaction (HER) poses a substantial
competitive reaction to the CO; reduction reaction (CO2RR), leading to a notable impact
on the selectivity for CO and diminishing the efficiency of CO2RR devices.® These
situations have sparked investigations into the electrochemical simultaneous generation
of CO and Hz, known as syngas, through CO> reduction. This syngas can be readily
employed in the large-scale production of essential chemicals such as dimethyl ether,
methanol, synthetic fuels, and acetic acid using established industrial methods.” 8 In

various downstream processes, the desired syngas composition with varying H»/CO
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ratios is essential.’ For instance, the production of aldehydes and dimethyl ether
necessitates a balanced H2/CO ratio of 1/1,'° while the Fischer—Tropsch process requires
a higher Ho/CO ratio of 2/1.'! In contrast, syngas fermentation typically utilizes a Ho/CO
ratio of approximately 1/3.!! Currently, syngas is generated through coal gasification or
natural gas reforming processes, and the adjustment of H,/CO ratios is achieved through
the reverse water-gas shift reaction, which heavily relies on the use of fossil fuels.
However, the production of syngas via CO> reduction using renewable electricity
sources, allowing for precise control of syngas composition (such as by adjusting the
applied electrode potential), presents a viable and environmentally friendly alternative

for large-scale syngas production.'?

In recent times, there has been a growing interest in the application of electricity for the
extraction of carbon dioxide from water, followed by the water-gas shift process to
generate syngas. This approach is considered a promising and cost-effective method.'*
4 Various products are obtained based on the specific metal involved in a distinct
reduction pathway. In this context, the creation of an intermediate species known as
CO2" holds paramount importance as it acts as the rate-determining step. The
coordination of this intermediate is pivotal in determining whether the resulting product
of the two-electron reduction will be either CO or formate.'>"!7 Silver (Ag), gold (Au),
and zinc (Zn) exhibit varying degrees of affinity for binding the intermediate CO>" but
are unable to reduce CO, typically yielding CO as the predominant product.'® Among
these metals, Ag stands out as the most favorable catalyst due to its superior stability

compared to Zn or Ga, as well as its significantly lower cost in comparison to Au.’

This chapter presents the synthesis of Ag-CNx as an electrocatalyst for the
electrochemical reduction of CO,. The analysis primarily focused on the production of

CO within the potential range of -1.2 to -1.6 V vs Ag/AgCl. Furthermore, the influence
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of both loading and time on CO production was investigated. The findings suggest that
due to its impressive stability and straightforward fabrication process, the Ag-CNx-based
electrode exhibits significant promise for broader-scale applications in the preparation of

syngas from CO,.

8.3 EXPERIMENTAL SECTION

Materials:

Carbon cloth (AvCarb 1071 HCB, 7.5 microns diameter) was bought from ASG scientific
equipment. Silver (I) nitrate (AgNO3, 99+% assay), sodium borohydride (NaBHa4),
formamide (HCONH), potassium sulfate (99+% assay) were purchased from Sigma
Aldrich. Sulfuric acid (H2SO4, 98%) was purchased from Merck (Germany). The
chemicals and reagents employed in this study are all of analytical grade and have been
used without any additional treatment. We obtained the proton exchange membrane
(Nafion 117) from Alfa Aesar. High-purity gases, including COz (99.999%), N>
(99.998%), and Ar (99.998%), were supplied by Sigma-Aldrich. Milli-Q water was
obtained from an ultra-filtration system (Milli-Q, Millipore) and the measured

conductivity was 35 mho.cm™ at 25 °C.
Preparation of N-doped carbon:

The synthesis of the N-doped carbon material, referred to as CNx, followed a method
detailed in our previous publication.!® In this process, 30 mL of Formamide (HCONH2>)
underwent microwave heating at 180°C for 2 hours, resulting in the formation of a
solution with a brown hue. Subsequently, the collected solution was evaporated using a
rotary evaporator, maintaining a temperature of 180°C. The final product, solid N-doped
carbon, was obtained through a sequence of filtration, followed by rinsing with distilled

water, and concluding with vacuum drying.

253



Carbon-Supported Ag Nanostructures for Electrochemical CO: Reduction
— e Chapter§

Synthesis of the Ag-CNx composite

The synthesis of the Ag-CNx composite involved a series of steps. Initially, 46 mg of
silver (I) nitrate was combined with 5 mL of deionized water and subjected to 30 minutes
of sonication using a bath-sonicator. Simultaneously, 5 mg of the as-prepared CNx was
dispersed in 2 mL of deionized water through 10 minutes of sonication. These two
solutions were then mixed, which was further sonicated for 30 minutes to achieve a
homogeneous mixture. Subsequently, 50 mg of NaBH4 was introduced into the mixture,
followed by an additional 2 hours of sonication. The resulting solution appeared black
and was subjected to centrifugation at 1600 rpm, followed by multiple washes with
deionized water and ethanol. The resulting black precipitate was collected and dried

under vacuum for further applications.
Instrumentation and Analysis:

Surface morphology analysis was done using a field-emission scanning electron
microscope (Carl Zeiss, Germany, Model ) igma). A 0.05 mL of a solution containing 1
mg/mL of material was coated onto a silicon wafer, dried at 45 °C, and then the samples
were ready for FE-SEM examination. Utilising a Bruker DAVINCI D8 ADVANCE
diffractometer fitted with Cu K radiation (A= 0.15406 nm), X-ray diffraction (p-XRD)
patterns were obtained. The surface morphology of the produced materials was examined
using high-resolution transmission electron microscopy (HRTEM) at 200 kV. The
analysis was carried out using a JEOL F200 instrument. Initially, 10 pL of a 1 mg/mL
stock solution was taken for the TEM analysis and dried in the air at a temperature of
around 45 °C. By coating the material on a silicon wafer and utilising Mg Ka X-ray as
the monochromatic source, VG Microtech was used to accomplish the X-ray
photoelectron spectroscopy experiments. All electrochemical measurements were

performed on a workstation for electrochemical measurements (Autolab, Metrohm,
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PGSTAT 320N). A Hanna (HI 2209) pH meter was used to determine the pH of the
electrolyte. Equipment for ultrasonic bath sonication was provided by Genei
Laboratories Private Ltd. Bangalore, India. The '"H NMR spectrum was obtained using

the water suppression technique on a Bruker 400 MHz instrument.
Electrochemical performances:

At first, 1 mg of the prepared catalyst is ultrasonicated for 1 hour to obtain a homogenous
slurry in 470 pL of Millipore water along with 30 pL of Nafion (5.0 wt %) solution. The
resultant ink was subsequently drop casted on carbon cloth with the help of micropipette
and dried at 45 °C for further electrochemical testing. A three-electrode setup connected
to the electrochemical workstation (Autolab) was used to perform electrochemical
performances. Each cathodic and anodic chamber was filled with 60 mL of 0.1 M KHCO3
electrolyte, and these chambers were separated by a Nafion 117 proton exchange
membrane. The cathodic chamber contained the working electrode (prepared catalyst
electrode) and the reference electrode (Ag/AgCl) with a spacing of 0.5 cm between them.
In contrast, the anodic chamber included a platinum electrode as the counter electrode.
All measurements were referenced to the Ag/AgCl reference electrode and subsequently

adjusted to the reversible hydrogen electrode (RHE) using the following equation 1;
VRrHE = Vagagcl (saturated 3M KC1) +0.197 + 0.00592pH ................. (1)

In order to achieve total saturation, high-purity Ar and CO2 were used to purge the
electrolyte used in the H-cell for at least an hour before each electrochemical

measurement.
Product Identification and Quantification:

The analysis of gaseous products was carried out using gas chromatography (GC), while
the liquid mixture was subjected to analysis and quantification through nuclear magnetic
resonance (NMR) spectroscopy techniques. Gas chromatography (Thermo Scientific
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Trace 1110 GC), utilizing a 60/80 Carboxen-1000 column outfitted with a thermal
conductivity detector (TCD), was used to quantify the gaseous products and high-purity
Ar gas is used (99.999%) as the carrier gas. The gaseous products from the headspace
were collected and introduced into the GC via a gastight syringe, with each analysis using
1 mL of the gaseous products. TCD detects a significant amount of CO and H> product.
To quantify the gaseous products, a standard gas sample containing H> (2.04%), CO
(2.07%), CO2 (2.07%), C2Hs (2.02%), CHs (1.96%), and Ar as the rest of the gas,
was used. The NMR technique (Bruker 400 MHz spectrometer) was used to identify and
measure liquid products resulting from CO- reduction. For NMR analysis, 50 pL of DO
(Aldrich, 99.9%) were added to 450 puL of electrolyte, and the water suppression
technique was used to record the 'H NMR spectrum. Data obtained from the NMR
spectra were processed using the Bruker software TopSpin. The faradaic efficiency of

the CO> reduced products were calculated using the following equation;

mol of product formed (N)

0, =
FE (%) total charge passed (c)/ (Fxn)

In this equation: N represents the number of moles of the product generated. C stands for
the charge passed during the electrolysis at the cathode. F is the Faraday constant, equal
to 96485 C mol ™. n signifies the number of electrons required to produce one molecule

of the product from CO,.
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8.4 RESULTS AND DISCUSSION

Morphology and characterization
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Figure 8.1. (a) p-XRD pattern, (b) Nitrogen adsorption/desorption isotherm, and (c) Pore size

distributions of Ag-CNj catalyst.

The Ag-CNx composite was synthesized using a facile two step method involving
ultrasonication-assisted reduction with BH4 of AgNO3 in the presence of a CNx support,
as elaborated in the experimental section. The X-ray diffraction (XRD) pattern of the Ag-
CNx composite is depicted in Figure 8.1a. The distinctive diffraction peaks observed at
38.4°,44.6°, 64.6°, and 77.6° in the Ag-CNx composite are attributed to the (111), (200),

(220), and (311) crystalline planes of face-centered cubic (fcc) Ag metal. These results
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are consistent with the standard JCPDS data for fcc Ag metal (PDF 01-071-4612). The
electrocatalytic activity of a catalyst is significantly influenced by its surface area and
porosity, making these properties highly desirable. Large surface area and high porosity
are key characteristics of an effective electrocatalyst. Figure 8.1b illustrates the nitrogen
adsorption/desorption isotherm of the Ag-CNx material. Through the analysis of this
isotherm using the Brunauer—-Emmett—Teller (BET) method, the specific surface area
was determined to be 44 m? g''. The Figure 8.1c represents the pore size distribution of
in Ag-CNx. This distribution was determined using the density functional theory (DFT)

method.

Figure 8.2. (a, b) SEM images, (c, d) TEM images, (¢) SAED pattern, (f) HR-TEM image of

Ag-CNy catalyst.

Morphological analysis of Ag-CNx was done using Field Emission Scanning Electron
Microscopy (FESEM) and Transmission Electron Microscopy (TEM). SEM images of

Ag-CNy are presented in Figure 8.2 (a, b). These images reveal the formation of quasi-
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one-dimensional nanochains, which interconnect to create a three-dimensional network-
like structure with numerous open pores, resulting in a porous Ag-CNy structure. The
TEM images of Ag-CNy (Figure 8.2 (c, d)) clearly show the interconnected porous
structure supported by two-dimensional thin CNx sheets. The presence of these two-
dimensional sheets enhances mass transfer and contributes to the electrocatalyst's
catalytic performance.?’ Additionally, the Selected Area Electron Diffraction (SAED)
image (Figure 8.2¢) indicates the polycrystalline nature of the catalyst. The measured d-
spacings from the SAED image correspond to the (111), (200), (220), and (311) planes
of Ag, with values 0f2.34,2.03, 1.43, and 1.22 A, respectively, consistent with the results
obtained from XRD. Furthermore, Figure 8.2f displays a high-resolution (HR) TEM
image of the Ag-CNj catalyst, revealing a d-spacing of 2.34 A, corresponding to the Ag
(111) lattice plane of face-centered cubic Ag. The uniform orientation of these lattice

fringes suggests the growth of silver primarily along the Ag (111) plane.

The X-ray Photoelectron Spectroscopy (XPS) survey scan spectrum of Ag-CNy is
presented in Figure 8.3a. The XPS survey scan clearly reveals the presence of several
elements, including silver (Ag), carbon (C), oxygen (O), and nitrogen (N) atoms. High-
resolution Ag3d XPS spectra are depicted in Figure 8.3b. To analyse the Ag3d XPS
spectra of Ag-CNy, two peaks were used for fitting. The peaks observed at 367.9 and
373.9 eV correspond to Ag3ds2 and Ag3ds), peaks, respectively. Figure 8.3c displays the
high-resolution C1s XPS spectra. The C1s XPS spectrum can be deconvoluted into three
distinct peaks representing sp>-bonded carbon at 284 eV, sp*-bonded carbon at 285.5 eV,

and C-N bonded carbon at 287.5 eV.
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Figure 8.3. (a) XPS survey scan of Ag-CNy, High-resolution XPS spectra of (b) Ag3d, (c) Cls

and (d) N1s of Ag-CNi catalyst.

The N 1s high resolution XPS spectra is presented in Figure 8.3d. The N 1s XPS spectra
can be deconvoluted into two distinct peaks, which can be attributed to pyridinic nitrogen
(398.47 €V) and pyrrolic nitrogen (399.9 eV). The incorporation of nitrogen atoms in the
composite significantly influences the electrochemical properties due to enhanced charge
transfer kinetics.2’?* Previous studies have highlighted the positive impact of N species

on the electrocatalytic activity of various materials, with graphitic and pyridinic nitrogen
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species being particularly noted for their role in improving electrocatalytic performance

by enhancing charge mobility.?* 2

Electrochemical CO2 reduction
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Figure 8.4. (a) LSV polarization curve, (b) current density at -1.4 V potential, and (c) Nyquist
plots of Ag-CNyin Ar and CO; saturated electrolyte, (d) chronoamperometry study of Ag-CNy

at a potential of -1.5 V in CO; saturated electrolyte.

The electrochemical CO, reduction reaction was examined through Linear Sweep
Voltammetry (LSV) plots within an undivided three-electrode system (Figure 8.4a). In
this setup, the working electrode consisted of Ag-CNx, the reference electrode was

Ag/AgCl, and the counter electrode was Pt wire, with a 0.1 M KHCOs electrolyte
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solution. LSV experiments were conducted under two different gas purging conditions,
namely Ar (argon) gas and CO; gas, within the electrolyte. The potential was scanned
from -0.9 to a negative potential of -1.6 V versus Ag/AgCl at a scan rate of 10 mV/s, and
the LSV measurements were performed without any agitation or stirring. In an electrolyte
saturated with Ar gas, the observed LSV current was attributed to the hydrogen evolution
reaction. However, in an electrolyte saturated with CO; gas, an increase in current and a
reduction in overpotential were observed for Ag-CNx. This indicates that the CO;
reduction reaction is more favorable at the electrode surface when compared to the
hydrogen reduction process. The current density of Ag-CNx was assessed under
conditions of both Ar and CO; saturation in the electrolyte at a potential of -1.4 V vs
Ag/AgCl, as illustrated in Figure 8.4b. At this specific potential, the current density for
Ag-CNy was found to be 2.723 mA cm in Ar-saturated conditions, while it increased to
5.613 mA cm™ under CO;-saturated conditions. This observation demonstrates the
significant influence of CO- saturation on enhancing the current density, highlighting the

electrocatalytic activity of Ag-CNy in the electroreduction of COx.
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Figure 8.5. (a) Faradic efficiency plot of CO and H», (b) partial current density plot of CO, (c)
effect of time on faradic efficiency of CO and H,, (d) effect of catalyst loading on faradic

efficiency of CO.

Electrochemical Impedance Spectroscopy (EIS) spectra were systematically investigated
and analysed to gain deeper insights into the reaction pathway and kinetics of CO>
reduction, as depicted in Figure 8.4c. These spectra were acquired across a frequency
range of 0.1-100 kHz while operating at the open circuit potential, employing an AC
amplitude of 10 mV within a 0.1 M KHCO:s electrolyte. The EIS data for the Ag-CNx
catalyst were compared under two distinct gas saturation conditions, namely Ar-saturated

and COgz-saturated electrolytes. When examining the EIS spectrum of the Ag-CNx
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catalyst in an Ar-saturated electrolyte, a larger semicircle was observed. Conversely, in a
COs-saturated electrolyte, a smaller semicircle was observed. A smaller semicircle in the
EIS spectrum signifies a lower R¢ value and enhanced electronic conductivity that
suggests faster reaction kinetics or improved charge transfer for the CO> reduction
reaction. Chronoamperometry measurements were conducted on Ag-CNy at a constant
potential of -1.5 V over a 7 hours duration, demonstrating the notable stability of the

catalyst for up to 7 hours during the CO» reduction reaction (Figure 8.4d).

Electrochemical CO; reduction products were analysed using a gastight H-type cell, and
a PGSTAT 320N potentiostat (Autolab, Metrohm) was employed to maintain a constant
electric potential throughout the experiments. To ensure the saturation of CO2, high-
purity CO; was introduced into the system for a duration of one hour before applying the
desired potential in a 0.1 M KHCO; solution. The study encompassed
chronoamperometric CO; electrolysis involving the Ag-CNy catalyst, wherein various
potentials more negative than -1.2 V vs Ag/AgCl were investigated for a duration of 30
minutes. Potentials ranging from -1.2 V to -1.6 V vs Ag/AgCl was explored in CO;-
saturated 0.1 M KHCO3 to assess the selectivity and faradaic efficiency of major products
of CO2RR. Subsequently, after the 30-minute electrolysis period, both gaseous products
in the H-cell headspace and the liquid mixture were meticulously analysed and
quantified. The analysis products were carried out using GC and 'H-NMR techniques.
The Faradaic efficiencies of CO and H» generated during the electrochemical reaction
are illustrated in a bar chart (Figure 8.5a). The Faradaic efficiency of CO exhibits a
gradual increase with an elevating reduction potential, ultimately peaking at 54.6% when
the potential is set at -1.4 V vs Ag/AgCl. Further negative shifts in the reduction potential
result in a reduction in the Faradaic efficiency of CO. This decline in Faradaic efficiency

at more negative potentials can be attributed to several contributing factors. These factors
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include limitations in the mass transport of CO; and local changes in pH due to higher
reaction rates.?’” Additionally, at higher overpotentials, the HER prevails over the CO2RR
on the Ag-CNx catalyst. No liquid reaction products were observed during NMR
measurements. A partial current density plot was generated with respect to the production
of CO in the potential range from -1.2 to -1.6 V vs Ag/AgCl (Figure 8.5b). The highest
value for the partial current density of CO, which amounted to -9.4 mA cm?, was
recorded at -1.6 V vs Ag/AgCl. The impact of time and the catalyst loading on the
faradaic efficiency of CO was also examined. As demonstrated in Figure 8.5c¢, an increase
in time led to a reduction in the Faradaic efficiency of CO. This phenomenon can be
attributed to the diminishing concentration of CO: in the electrolyte over time.
Furthermore, the catalyst loading was examined to assess its influence on CO production
(Figure 8.5d). It was determined that a catalyst loading of 1 mg on carbon cloth
represented the optimal loading for CO production. A lower loading was deemed
insufficient to cover the entire active surface area, while a higher loading was found to

obstruct the active surface area, impeding the CO2RR process.

Plausible mechanism for CO:2 reduction to CO

S IS

Desorption . a

Ag Ag Ag

Scheme 8.1. Plausible reduction pathway of CO2RR to produce CO.

A mechanism involving a two-electron transfer process in the electrochemical reduction
of CO, to CO, as depicted in Scheme 8.1 has been proposed by Hori.® 2 Moreover,

many computational investigations into the reaction pathways for CO; reduction are
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rooted in the Computational Hydrogen Electrode (CHE) model, which posits that a
proton-coupled electron transfer (PCET) occurs at each step of the reaction sequence. In
this framework, it is assumed that the formation of a COOH* intermediate represents the
initial CO, activation step in Density Functional Theory (DFT) simulations.’® 3!
However, it is worth noting that certain experimental findings offer an alternative
perspective. In this context, it is postulated that an adsorbed *CO  radical anion
intermediate is created on the active sites of the metal surface via a one-electron transfer
process with a CO2 molecule. Subsequently, the COOH* intermediate forms after
gaining a proton.’ 3* Furthermore, there is evidence suggesting that the first proton
donation originates from HCOs". Following this, the COOH* intermediate located on the

surface acquires both another electron and proton to yield CO and a water (H20)

molecule.?*

8.5 CONCLUSIONS:

This chapter employed Ag-CNx, synthesized via a one-step NaBH4 reduction process, as
a catalyst for the electrochemical CO;RR. The resultant structure exhibited a porous
network-like morphology due to the interconnected Ag nanoparticles on CNx sheets. This
unique morphology endowed the catalyst with exceptional porosity and a substantial
electrochemically active surface area, providing abundant active sites for the
electrocatalytic conversion of CO;. Ag-CNx demonstrated remarkable efficiency in
reducing CO; to generate CO as a major product. Notably, the highest faradic efficiency
for CO production on Ag-CNx was achieved, reaching 56.4%, at a potential of -1.4 V vs
Ag/AgCl. The study also investigated the impact of reduction time and catalyst loading
on CO production. The optimal conditions were determined to be a catalyst loading of 1

mg and a reduction time of 20 minutes. These findings underscore the potential of Ag-
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CNx as a robust catalyst for CORR and highlight the importance of fine-tuning

experimental parameters to optimize CO production efficiency.
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One-Dimensional Ni-MIL-77 Metal-Organic Framework as An Efficient
Electrode Nanomaterial for Asymmetric Supercapacitor

9.1 ABSTRACT

The design and synthesis of one-dimensional (1D) metal-organic framework (MOF) with
a high surface area are crucial for their potential usage in supercapacitor applications.
1D-Ni-MIL-77 MOF, synthesized by a one-step solvothermal method, is discussed in
this chapter, to investigate its activity in supercapacitor applications. High surface-to-
volume ratios and short ion diffusion path lengths in 1D structured nanomaterials result
in high charge/discharge rates. 1D-Ni-MIL-77 MOF nanobelts show a high surface area
of 93.48 m? g'! that gives ample active electrochemical sites. 1D-Ni-MIL-77 shows a
specific capacitance (C) value of 1376 F g'! under the current of 1 A g'!. Additionally,
an asymmetric supercapacitor (ASC) was assembled by employing activated carbon
(AC) as the negative electrode and a 1D-Ni-MIL-77 nanobelt as the positive electrode.
With the assembled ASC, at a power density (PD) of 750 W kg™!, an energy density (ED)
of 25 W h kg! was attained with a voltage ranging from 0 to 1.5 V. The cyclic durability
of the asymmetric supercapacitor was examined and exhibited excellent retention of 95%

of its initial capacitance after 5000 cycles.

9.2 INTRODUCTION

The problem of global climate change and the extensive usage of fossil fuels is
progressively growing worse'. It has become a prominent topic to discuss how to deal
with severe environmental pollution and energy shortages using clean renewable energy
sources, including solar, wind, tidal, and hydrogen®. An important obstacle to the

effective consumption of various renewable energy sources is the intermittent nature of
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the energy supply. Thus, it is crucial to create energy storage systems that are effective®

5. Between all the energy storage systems like conventional capacitors and batteries,
supercapacitors fill the gap® Due to their good sustainability, and environmental
friendliness, supercapacitors have emerged as attractive contenders in the field of
electrochemical energy storage’. Supercapacitors, having several advantages like high
PD, short discharge/charge time, and exceptional cycling capability, are considered as
efficient renewable energy storage devices compared to other conventional energy
storage devices®!°. Low energy density, however, continues to be an obstacle to the
widespread usage of supercapacitors'!. The performance of supercapacitors is expected
to be most significantly enhanced by electrode materials. Although conductive polymers
and carbon materials exhibit outstanding rate performance, their applications are
constrained by their low specific capacitance!?. Owing to their impressive specific
capacitance and high energy density, much research has been done on metal sulfides and
oxides as positive electrodes for supercapacitors'®. However, there are challenges in
synthesizing metal oxide-based high-performance supercapacitors due to their low rate
performances, less electrical conductivity, and volume expansion during cycling'#16. As
a result, current research challenges involve examining electrode materials that can

deliver enhanced specific capacity, high stability as well as high energy density.

A new family of porous crystalline material has drawn significant interest in the area of
energy storage owing to their high specific surface area (SSA), compositions, and diverse
structures. These new porous crystalline materials are made up of organic linkers and
metal nodes and are described as Metal-organic frameworks (MOFs)!” 18, In recent
years, MOFs have become more widely used in energy storage devices, such as
supercapacitors, battery-supercapacitor hybrid devices, and rechargeable batteries due to

their impressive features like tailorable pore size and shape, high surface area, diverse
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functionalization, and controllable chemical composition'®??. However, the limited

practical applicability of MOFs in the area of energy storage is because of their poor

23 Therefore,

intrinsic electrical conductivity and low exposed electroactive sites
designing and fabricating highly efficient energy storage devices using pure MOFs is a
major challenge. Ni-MOFs have drawn much attention among the different transition
metal-based MOFs (Co-, Zn-, Mn-, and Fe-MOFs, etc.). Ni-MOFs can be employed as a
new kind of electrode material with different structures since there are several advantages
like excellent electrolyte penetrability, low steric hindrance, and conjugated m bonds,
which potentially allow the fast electrons transfer and electrolyte diffusion in the course
of the electrochemical reaction, and thus may show high electrochemical activity?*.
Additionally, Ni-MOFs also possess high specific capacitance and exceptional cyclic
stability?. These advantages may be significant when designing and developing nickel-
based MOFs for applications in energy storage. For instance, Cong-Huan Wang et al.
reported an ultrathin nanosheet-assembled nickel-based MOF microflowers by using
terephthalic acid (BDC) as organic ligand for supercapacitor applications. This MOF
exhibited C value of 1093 F g under a current of 1 A g’ %%, Similarly, Kang et al.
synthesized Ni-BTC MOF using 1,3,5-benzentricarboxylic acid as their organic linker,
giving a C value of 726 Fg™! under a current of 1 Ag™' ?’. Recently, Ruibin Liang et al.
reported a Ni-MOF/NC electrode material using P-Phthalic acid as their organic linker
and improved the surface area and uniformity of the catalyst. This Ni-MOF/NC delivered
a high C value of 848 F/g under the current of 1 Agl. Also, this material exhibited
excellent capacitance retention’. Recent advancements in the search for an effective
material for its application in supercapacitors led us to focus on nickel-based MOFs with
high surface area and excellent capacitance retention. To date, Ni-MIL-77 nanobelts have

been synthesized and used in the field of electrolysis for determination of glucose in
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human serum?®, determination of urea in human body fluids’, as a bifunctional oxygen

catalyst®, for electrocatalytic urea evolution'®, for high sensitive detection of nitrite?!,
etc. However, the activity of Ni-MIL-77 is still not much explored in supercapacitor

applications.

Here, in this chapter, we discuss ribbon strip like 1 D-Ni-MOF nanobelts that shows high
electrocatalytic activity because of their vast surface-to-volume ratio and highly active
surface?’. This 1D nickel-based metal-organic framework (1D-Ni-MIL-77) nanobelts,
synthesized by solvothermal method, is used as the cathode material in supercapacitors.
1D-Ni-MIL-77 nanobelts achieved a high surface area of 93.48 m? g’!. It demonstrated a
C value of 1376 F g'! under a current of 1 A g'! in 3 M KOH and a good rate capacity of
81% up to 4000 cycles. The assembled asymmetric supercapacitor using 1D-Ni-MIL-77
as positive and activated carbon (AC) as a negative electrode obtained 25 W h kg™! energy
density at a power density of 750 W kg in a potential range of 1.5 V and showed

excellent capacitive retention even after 5000 cycles.

9.3 EXPERIMENTAL SECTION

Materials:

Glutaric acid (HOOC(CH2)sCOOH) and Nickel acetate tetrahydrate
(Ni(CH3COO)>-4H>0) were bought from Sigma Aldrich. Sodium hydroxide (NaOH) and
potassium hydroxide (KOH) were purchased from Merk. All of these chemicals were
used without any additional purification. At 25 °C, the measured conductivity of Milli-
Q water, which was obtained from an ultra-filtration system (Milli-Q, Millipore), was 35

mho.cm™.

Preparation of Ni-MIL-77:
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Ni-MIL-77 MOF was synthesized using a facile hydrothermal method'® ?°. Nickel

acetate (988 mg), glutaric acid (792 mg) and potassium hydroxide (460 mg) were
dissolved in a solution of 40 mL containing 1:1 ratio by volume of ethanol and deionized
water. 4 mL of 0.4 M of NaOH solution was added to this solution under continuous
stirring. This mixture was put into a 100 mL autoclave lined with Teflon after around 30
minutes of stirring and the reaction was set to 180 °C for 48 hours then cooled down to
ambient temperature. By centrifuging at 16000 rpm and repeatedly washing with water
and ethanol, the green precipitate was produced. Lastly, solid product was obtained by

vacuum drying.

Electrode preparation:

In order to create a homogeneous slurry, the obtained products are used as active
electrode material (80 weight %) and combined with acetylene black (10 weight %),
polyvinylidene fluoride (10 weight %), and 1-methyl-2-pyrrolidinone (NMP). The nickel
foam (1 cm %1 cm) is then coated with the slurry and dried under a vacuum. The active
substance has an average mass loading of 1 mg cm™2. On a Corrtest electrochemical
workstation with a three-electrode system in 3 M KOH solution, the modified nickel
foam 1is utilized as the working electrode, and the electrochemical parameters of the
electrode are examined. The platinum wire is used as the counter electrode and the
Hg/HgO electrode as the reference electrode respectively. Electrochemical tests are
carried out using cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and
electrochemical impedance spectroscopy (EIS). The negative electrode (anode) for the
design of the ASC was the AC, the positive electrode (cathode) was the active material,
and the separator was cellulose paper. The weight loading ratio was calculated to be 0.27
for positive and negative electrodes (weight loading for positive and negative electrodes

was 1 mg and 3.7 mg, respectively).
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Characterizations:

Ultrasound treatment was carried out by SINEO UWave-1000 (Shanghai, China) with
28 kHz frequency. Field-emission scanning electron microscope (FESEM) system (Carl
Zeiss, Germany make, Model: Yigma) was used for taking FESEM images. FESEM
samples were prepared by casting a drop on a Si-wafer and dried at air around 45°C. The
powder x-ray diffraction pattern (p-XRD) of samples was performed by Bruker
DAVINCI D8 ADVANCE diffractometer equipped with Cu ko radiation (A= 0.15406
nm). Transmission Electron Microscopy (TEM, JEOL F200) operated at 200 kV, was
used to investigate surface morphology and also used to take High-Resolution TEM
(HRTEM) images. For TEM sample preparation, 10 pL solution was taken from a stock
solution of 4x10~ mg/L and dried at air around 45°C. XPS measurements were done by
VG Microtech where monochromatic source was Mg K X-ray. XPS was taken from the
sample deposited on Si wafer. All electrochemical measurements were performed by
using CorrTest Electrochemical Workstation [Model: CS350]. A conventional 3
electrode system, platinum wire as a counter electrode, glassy carbon as a working
electrode and Hg/HgO as a reference electrode were used. pH of the working solution
was measured before experiment using Hanna (HI 2209) pH meter. Quantachrome
Instruments (AutosorbiQ-XR-XR (2 Stat.) Viton was used to determine the Specific

surface area by N2 adsorption-desorption isotherm.

9.4 RESULTS AND DISCUSSION

Morphology and characterization:

1D-Ni-MIL-77 is prepared using a simple one-step solvothermal method®® * (detailed
synthesis procedure is given in Supplementary information). Scheme 9.1 shows the

schematic preparation procedure of 1D-Ni-MIL-77. During the synthesis method, a
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neutralization reaction between KOH and the ligand glutaric acid occurs to produce
glutarate. Under high-temperature conditions, the produced glutarate and the added Ni**

combine to grow continuously in a fixed direction to form 1D-Ni-MIL-77 nanobelts!®.

1D-Ni-MIL-77

'} \/ |
. A ) 3
‘:le+ . A\ e
- 1 f B
,

Solvothermal

+ treatment
B 180 °C
p p
[
= Glutaric acid,

Scheme 9.1. Synthesis scheme of 1D-Ni-MIL-77.

Powder X-ray diffraction (p-XRD) was used to characterize the 1D-Ni-MIL-77. The
characteristic peak of 1D-Ni-MIL-77 is the prominent peak between 5 and 10°, as seen
in Figure 9.1a. The intense peak located at the 26 value of around 9° corresponds to the
(111) plane of the MOF?2, 1D-Ni-MIL-77 was further characterized with the help of FT-
IR and Brunauer-Emmett-Teller (BET) method. After examining the products FT-IR
spectra (Figure 9.1b), a wide peak is observed at 3392 cm™ due to the stretching mode
of the hydroxyl group (O-H). The peak observed at 2933 cm! can be attributed to the
stretching mode of C-H. The alkene bond stretching (C=C) contributed to the intense
peak at 1600 cm™!. The three absorption peaks centered at 1454, 1398, and 1312 cm™ are
due to the bending mode of C-H, and the observations are consistent with the previous

report®.
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Figure 9.1. (a) p-XRD, (b) FT-IR spectrum, (c) N> desorption/adsorption isotherm, (d)

Pore size distributions of 1D-Ni-MIL-77.

N2 desorption/adsorption isothermal curves are used to calculate the SSA of 1D-Ni-MIL-
77, and the Barrett-Joyner-Halenda (BJH) distribution is used to determine the pore size
distribution (PSD). The type IV isotherms are observed in Figure 9.1c and it exhibit
hysteresis loop that range from ~0.4 to 1.0 (P/Po), which denotes a structure with high
porosity. According to the experimental findings, 1D-Ni-MIL-77 has a SSA of 93.48 m?

g’!. By the BJH method (Figure 9.1d), the pore radius is found to be 20 A which proves
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the structure to be mesoporous. lon/mass diffusion is facilitated by having enough

mesopores and a large SSA in addition to a high electrochemical active area!’.

Figure 9.2. (a, b, ¢) TEM images of 1D-Ni-MIL-77, (d) STEM image, (¢) overlay image,

(f-h) elemental mapping of 1D-Ni-MIL-77.

The structural composition of the synthesized MOF is characterized by Transmission
electron microscopy (TEM), Field Emission Scanning Electron Microscopy (FESEM),
High-resolution transmission electron microscopy (HRTEM) and Scanning
Transmission Electron Microscopy (STEM). Figure 9.2 (a-c) displays the TEM images
of 1D-Ni-MIL-77 composite at different magnifications. It shows the nanobelt-like
architecture of the synthesized 1D-Ni-MIL-77 MOF with smooth surfaces and some of
them intertwined into bundles. It can be observed that the ultrathin nanobelts show a
relatively uniform width of around ~40 to 60 nm. This nanobelt structure offers high
surface area and excellent electrical conductivity and hence improving the
electrochemical properties and cyclic stability in supercapacitor applications®®. Figure

9.2 (d, e) shows the STEM and overlay images, respectively. Figure 9.2 (f-h) displays
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the elemental mapping of 1D-Ni-MIL-77, indicating uniform distribution atoms and the

presence of a significant amount of Nickel, Carbon, and Oxygen in the composite. The
FESEM images of 1D-Ni-MIL-77 MOF are presented in Figure S9.1. The crystalline
nature of 1D-Ni-MIL-77 can be clearly seen from the HRTEM images (Figure S9.2). The
elemental composition of 1D-Ni-MIL-77 is characterized by SEM-EDX (Energy
Dispersive X-Ray) to find out the exact metal content in catalyst. The weight percentage
of Nickel, Carbon, and oxygen present in catalyst is obtained are 38.8, 39.8, and 21.4

respectively from SEM-EDX data.

The composition of functional groups and the fundamental form of 1D-Ni-MIL-77 can
be identified through X-ray photoelectron spectroscopy (XPS). The XPS spectra are
displayed in Figure 9.3. The survey scan of the 1D-Ni-MIL-77 in the binding energy
range of 0—-1200 eV is depicted in Figure 9.3a. The survey scan spectra indicates the
presence of Ni, C, and O in the 1D-Ni-MIL-77 composite, which is in accordance with
the element distribution by STEM data. Figure 9.3b shows two major peaks visible in
the high-resolution Ni 2p spectra, centered at 855.4 eV (Ni 2p32) and 872.9 eV (Ni 2p1,2),
with an interval of 17.5 eV of spin energy. This suggests the existence of nickel in the
form of Ni*" in 1D-Ni-MIL-77. The satellite peak of Ni 2p3» can be attributed to the
broad peak at around 859.5 eV, and the satellite peak of Ni 2p1.2 is observed at 877.6
eV?. Figure 9.3¢ shows the high resolution spectra of C 1s. The peak is deconvoluted
into two peaks. The C-C bond is responsible for the peak observed at 284.6 eV, and the
peak centered at 288.1 eV is due to the presence of the O=C—O bond. The high-resolution
spectra of O 1s (Figure 9.3d) shows a broad peak that can be deconvoluted into two
peaks. The peak centered at 530.8 eV can be attributed to the metal—oxygen (Ni—O) bond
and the peak at 531.5 is due to the O element in the ligand, which is in accordance with

literature reports?.
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Figure 9.3. (a) XPS survey scan of 1D-Ni-MIL-77, High-resolution XPS spectra of (b)

Ni 2p, (c) Cls and (d) Ols of 1D-Ni-MIL-77.
Electrochemical performance:

The electrochemical activity of 1D-Ni-MIL-77 was studied using Cyclic voltammetry
(CV) and galvanostatic charge—discharge curve (GCD) experiments. The experiments
were done in a 3 M KOH solution as an electrolyte at ambient temperature in a three-
electrode system. Platinum wire, Hg/HgO, and 1D-Ni-MIL-77 coated on 1 x 1 cm? Ni

foam were used in the half-cell configuration as the counter, reference, and working
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electrode, respectively. The optical image of the electrode and the electrical connectivity

of 1D-Ni-MIL-77 is shown in Figure S9.3. The specific capacitance (C) was obtained

from the CV and GCD plots respectively by following equations' !¢

_[lav

T 2mAVv (1)
IxXAt
T mxAV (2)

Where [ 1dV is the area under the CV plot, m is the mass of the catalyst (mg), AV is the

voltage range, v represents scan rate, I represent current, and At is discharging time.

For the Asymmetric supercapacitor (ASC) device denoted as 1D-Ni-MIL-77//AC, 1D-
Ni-MIL-77 acts as the cathode, and activated carbon (AC) acts as the anode. The mass
ratio of 1D-Ni-MIL-77 and AC should be balanced for the charge storage in ASC. The

ratio of mass is balanced by the following equation®*

m~ _ CTAvV?

m* ~ CAV- 3)

Where m™ denotes the mass of negative electrode, m" denotes the mass of positive
electrode, C* and C denotes specific capacitance value of cathode and anode,
respectively, and AV* and AV~ denotes the potential range for the cathode and anode,
respectively. According to calculations, the weight loading ratio for the positive and
negative electrodes is 0.27. The weight loading of the positive electrode was 1 mg, and

that of the negative electrode was 3.7 mg.

The power density (PD) and energy density (ED) are obtained by using equations 4 and

5 1,34

CxAV?
T 72 )

ED
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3600XE
PD =—— (5)

Here AV is the voltage range of the ASC, C is the specific capacitance of ASC, and At is

the discharge time.

Figure 9.4a represents the CV plot profiles of 1D-Ni-MIL-77 between the voltage
varying from 0-0.5 V (vs Hg/HgO) and sweep rate ranging from 5 to 100 mV s™!. All the
CV curves possess a pair of redox peaks, which appears due to the Faradic reaction
occurring between Ni?* and Ni*" in alkaline electrolyte according to the following

equation?
Ni**+30H" +>NiOOH + H,0 + ¢’ (6)

The C value for 1D-Ni-MIL-77 is obtained by integrating the area under the CV plot
using equation 1 and is obtained to be 716 and 383 F g! at 5 and 10 mV s™! scan rate,
respectively. Figure 9.4b shows the GCD curve of 1D-Ni-MIL-77 in the same potential
range (0 to 0.5 V) under 1 to 20 A g'!' current density. As shown in the GCD plots, all the
cycles show almost equal charging and discharging time. The shape of the GCD plots
shows a non-linear curve indicating the typical pseudocapacitive nature of the electrode
materials that come from faradaic redox reactions. The symmetrical nature of the
discharging/charging curves shows good electrochemical activity and a reversible redox
process. The highest C value of 1376 F g'! was obtained under 1 A g'!' current using
equation 2. The C values obtained from the GCD curve are 1160, 1008, 944, 880, 760,
and 640 F g'! under the current of 2,3, 4, 5, 10, and 20 A g!, respectively. This shows a
capacitance retention of 53.48% from its initial value after 20 A g™!' current density.
Figure 9.4c represents the C value (F g!) of 1D-Ni-MIL-77 for a corresponding current
ranging from 1 to 20 A g'!. The GCD curve of bare Nickel foam at a current of 1 mA is

shown in Figure S9.4 for comparison, demonstrating the negligible contribution of Ni
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foam on electrochemical performance. The electrochemical activity of 1D-Ni-MIL-77

MOF is compared with previously reported MOFs, and the comparison table is shown in
Table 8.1. The capacitance value of 1D-Ni-MIL-77 is on par with or higher than that of
the most of the reported literatures. The reproducibility of 1D-Ni-MIL-77 was
investigated by preparing five different electrodes. The specific capacitance value
obtained for all five electrodes is presented as a bar plot in SI (Figure S9.5),
demonstrating good reproducibility®. To investigate the cyclic stability of 1D-Ni-MIL-
77, GCD under the current of 10 A g'! was obtained for 4000 cycles, given in Figure 9.4d.
The plot shows that even after 4000 cycles of GCD, 1D-Ni-MIL-77 retained 81% of its
initial capacitance value. This implies the high stability of 1D-Ni-MIL-77 under a current
of 10 A g'! in 3 M KOH. The post-stability characterization, that is, p-XRD and SEM of

1D-Ni-MIL-77, is given in SI (Figure S9.6).
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Figure 9.4. (a) CV curve, (b) GCD curve, (c) Specific capacitance at different current

densities, and (d) cyclic stability of 1D-Ni-MIL-77 under the current of 10 A g\,

The post-stability p-XRD pattern indicates the presence of the characteristic peak, that is
(111) plane of 1D-Ni-MIL-77, however intensity of the peaks are decreased, and the
peaks at 45° and 52° correspond to the (111) and (200) planes of nickel foam (ICDD #04-
0850)*. The post-stability SEM image reveals the 1D nature of 1D-Ni-MIL-77 is
retained and the structure remained almost same. The CV curve for the three-electrode
configuration at sweep rates in the range of 1to 10 mV s’ is investigated to comprehend
the mechanism of charge storage of the electrode material. The following equation

investigates the kinetics and energy storage mechanism of 1D-Ni-MIL-77
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i =av? (7

Where i denotes current, v represents sweep rate, and a and b are variables that represent
intercept and slope of the linear plot of log current (i in A g!) versus log scan rate (v in
mV s). Figure 9.5a represents the plot of log i vs. log v, and the fitted slope shows the
value of b. The value of b can be 1 or 0.5. When the value of b is equal to 1, that represents
the supercapacitor behavior to be non-diffusion controlled which includes
pseudocapacitance and Electric double layer capacitor (EDLC) type. When the value of
b is equal to 0.5, that indicates the redox reaction is limited by diffusion-controlled
behavior. From the plot (Figure 9.5a), the slope (b) for the oxidation peak is found to be
0.43, and for the reduction peak, b value is 0.56. Both the values are close to 0.5, that
implies charge-discharge process of 1D-Ni-MIL-77 is dominated by diffusion-controlled
behavior. Dunn and coworkers®’ proposed a method by which the contributions of
surface capacitance effects and diffusion-controlled process can be quantified by
studying the dependence of the CV plots on the sweep rates*®. The ratio can be obtained
by a method which is described in the equation 8, that is applicable to determine the
current (i) when the voltage (V) is fixed.

i) =kiv+kv'” (8)
where v is the sweep rate, and ki and k; are constants. The diffusion-controlled current
and capacitive current are denoted by kav'? and kyv, respectively. The CV curve can be
used to calculate ki and k». Using equation 8, i versus v'? can be plotted to obtain the
slope (k1). The percentage of capacitive contribution at a slow scan rate can be calculated
using the aforementioned calculation. The CV plot of 1D-Ni-MIL-77 at 1 mV s™! is
given in Figure 9.5b, with the shaded area representing capacitive contribution. The
capacitive contribution for 1D-Ni-MIL-77 at different scan rates was also calculated by

using Dunn’s method. The capacitive contribution values obtained for 1,2, and 3 mV s
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scan rates are 28.3, 30.25, and 32.8, respectively, as presented in Figure 9.5¢. Figure 9.5d

shows the Nyquist plot of 1D-Ni-MIL-77 in 3 M KOH electrolyte at frequencies ranging
from 0.1 and 100 kHz with an open circuit voltage with three electrodes and an AC
amplitude of 10 mV. The Nyquist plot consists of 2 parts, one of which is the quasi-
semicircular part in the high-frequency region. The other part is linear in the low-
frequency region. The Nyquist plot of 1D-Ni-MIL-77 was fitted using an equivalent
circuit (inset of Figure 9.5d), and from the fitting results, 1D-Ni-MIL-77 was found to
have a charge transfer resistance (Rcr) of 1.28 Q, showing improved electrical
conductivities. The Nyquist plot showing the increased overall conductivity of the
composite yielded an equivalent series resistance (Rs) of 1.67 for 1D-Ni-MIL-77, which

was obtained by equivalent circuit fitting!.

Table 9.1. Comparison of C values of 1D-Ni-MIL-77 with previously reported MOFs.

Catalysts C[Fgh Current load/ Electrolyte Reference
scan rate
Ni-MOF/NC 828 1Ag! 3 M KOH 2
GM-LEG@Ni-MOF 987.6 0.5Ag! 3 M KOH 34
PPNF@Co—Ni MOF 1096.2 1Ag! 3 M KOH 39
CoNigs-MOF 663.6 1Ag! 2 M KOH 16
CoiNix-MOF 597 0.5A ¢! 3 M KOH 40
ZnCo-MOF/GS 695 1Ag! 3 M KOH 4
NiO/Ni-MOF-25 1176.6 1Ag! 2 M KOH 2
NiCo-MOF 1202.1 1Ag! 2 M KOH 3
Ni3S4/NiS/NC-12 323.0 1Ag! 2 M KOH “
NO16 1065.9 1Ag! 2 M KOH+0.4 »
M NacCl
1D-Ni-MIL-77 1376 1Ag! 3 M KOH This work
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Asymmetric supercapacitor (ASC) device:

To evaluate the potential applications of 1D-Ni-MIL-77, an asymmetric supercapacitor
device 1D-Ni-MIL-77//AC was assembled consisting of 1D-Ni-MIL-77 as cathode, AC
as the anode and the electrolyte is 3 M KOH. The electrochemical test of AC was
conducted in a three-electrode system using AC as the working electrode, platinum wire
as the counter electrode, and Hg/HgO as the reference electrode. The CV curves of AC
between the potential range of 0 to —1 V in 3 M KOH at different sweep rate ranging
from 10 to 100 mV s™! is displayed in Figure S9.7a, and the GCD curve of AC ranging
from 1 to 5 A g”! current is given in Figure S9.7b. The GCD curve of AC is symmetric,
and the CV curve is rectangular in nature, which does not show any oxidation or
reduction peaks, which is a clear indication of the EDLC-type nature of the AC. The C

value for AC is found to be 184 F g ! (=1.0 to 0.0 V) under a current of 1 A g".
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Figure 9.6. (a) CV curve, (b) GCD curve of 1D-Ni-MIL-77//AC, (c) C at different
current, (d) Ragone plot of the 1D-Ni-MIL-77//AC, (e) EIS spectra, and (f) stability plot

of 1D-Ni-MIL-77//AC.
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The CV curves of 1D-Ni-MIL-77 and AC is given in Figure S9.8a. The voltage window

of AC is -1 to 0 V, and that of 1D-Ni-MIL-77 is 0 to 0.5 V. The combined contributions
of the positive and negative materials were used to determine the voltage range of the
ASC. To examine the stable potential windows of ASC, CV up to different potentials
were recorded (Figure S9.8b), indicating 1.5 V is the maximum voltage window within
which ASC will be stable with no polarization deformation. The CV plot of the assembled
ASC with varied sweep rates of 10 to 100 mV s™! is displayed in Figure 9.6a with a
potential range of 0-1.5 V. Additionally, the CV plots show the traits of the double layer
and faradaic redox behaviors when 1D-Ni-MIL-77 and AC are used as cathode and anode
to assemble the ASC. By increasing the sweep rate from 10 to 100 mV s, no significant
change is seen on the curves, indicating that the assembled ASC has strong
electrochemical reversibility. The GCD curve of the assembled ASC under the current
from 1 to 10 A g! is shown in Figure 9.6b. The assembled ASC, in the GCD test, can
reach up to a large potential range of 0 to 1.5 V, which is consistent with CV results. The
C value with respect to the current density of the ASC (Figure 9.6¢) is calculated to be
72, 69.33, 64, 55, and 53.33 F gl at 1, 2, 3, 4, and 5 A g’ respectively. Figure 9.6d
represents the Ragone plot of the 1D-Ni-MIL-77//AC ASC device. The ED and PD were
obtained by using equation 4 and 5, respectively. The obtained maximum ED for the
assembled ASC is 25 W h kg™! at a PD of 750 W kg'! and it even delivered high ED of
12.5 W h kg at 7500 W kg™! PD. The ED of 1D-Ni-MIL-77//AC ASC is compared with
some recently published results and given in Figure 9.6d. The plot clearly shows that the
prepared ASC outperformed Ni-MOF/NC-10//AC?, PCN//AC*, CoMGS5//CAY,
CoNips-MOF//N-doped graphene'®, and NPC/NPC* in terms of electrochemical
performance. EIS plots of 1D-Ni-MIL-77//AC ASC were obtained (Figure 9.6e) to

calculate the resistance offered in charge transfer during charging-discharging. The Rs
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and Rcr were calculated to be 0.73 Q and 2.45 Q, respectively. This suggests the ASC

offers low resistance and high conductivity. Cycling stability is an crucial factor to
evaluate the electrochemical activity of supercapacitors. To examine the cyclic stability
of the as-prepared ASC, 5000 GCD cycles at 10 A g™! current were performed, as
displayed in Figure 9.6f. The 1D-Ni-MIL-77//AC ASC device showed good cyclic

durability, and a capacitive retention of 95% of its initial value is observed.

The following factors can be used to explain the high electrochemical performance of

the 1D-Ni-MIL-77 MOF:

1. The good porosity of 1D-Ni-MIL-77 might be a factor for the high capacitance
value. The porous network helps in higher ion diffusion and improved
electrochemical interactions. The high surface area helps in adsorption and
different catalytic processes. The buildup of electrostatic charge at the
electrode/electrolyte contact rises with increasing specific surface area'. For
example, Puja et al. suggested the increment of specific capacitance and stability
of catalysts with increment in porosity of the catalyst*. Figure 9.1c shows the
BET data of the catalyst, and from the plot, the SSA is calculated to be 93.48 m?/g
indicating the good porosity of 1D-Ni-MIL-77.

2. The 1D nature of the material may be one of the reasons for the high capacitance
value of 1D-Ni-MIL-77. Generally, 1D nanostructured materials have a high
surface-to-volume ratio, excellent surface activities, and crystallographic
orientation®’. For example, Shinde et al. reported a cobalt phosphate electrode
material having 1D nanobelts for excellent supercapacitors®>. They reported a
maximum C value of 1766 F g™! at a low sweep rate of 5 mV s in an electrolyte

of 1 M KOH. Figure 9.2 displays the 1D nature of the 1D-Ni-MIL-77 catalyst.
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3. Low Rcr value of 1D-Ni-MIL-77 might be a reason for increased capacitance.

When the synthesized 1D-Ni-MIL-77 was employed as a cathode in ASC for
supercapacitor application, the Rcr value was obtained to be 2.45 Q (Figure 9.6¢).
Typically, the specific capacitance of a supercapacitor is indirectly inversely
correlated with the Ret value; the greater the Rer value, the lower the specific
capacitance’!. The decreased electronic and diffusion resistance of 1D-Ni-MIL-
77, as indicated by the low Rct value (2.45 Q), leads to improved charge mobility
at the interface of electrode/electrolyte and high electronic conductivity, both of

which might increase the electrochemical activity of 1D-Ni-MIL-77.

9.5 CONCLUSIONS:

In summary, the synthesis of 1D-Ni-MIL-77 composite was discussed by a facile one-
step solvothermal method that shows a high SSA of 93.48 m? g!. This mesoporous
structure with highly porous architecture offers ample active sites of metal with fast mass
transfer and excellent electron transfer for electrocatalytic reactions. The 1D-Ni-MIL-77
electrode delivers a high C value of 1376 F g! under a current of 1 A g!' and 81%
retention of its initial capacity value after 4000 cycles. The ASC device 1D-Ni-MIL-
77/AC delivered high ED of 25 W h kg™ at PD of 750 W kg™! with capacitance retention
of 95% after 5000 cycles. The high electrochemical activity of the 1D-Ni-MIL-77
composite is owing to its unique 1D structure and high SSA, which provides easy
electrolyte/ion diffusions and electron conduction. This work offers a good strategy for
developing 1D MOFs with high conductivity and a large number of active sites for

energy storage applications.
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Appendix B

Figure S9.2. (a, b) HRTEM images of 1D-Ni-MIL-77.
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Figure S9.3. (a, b) Optical image for the electrical connectivity of 1D-Ni-MIL-77.
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Figure S9.4. GCD curve of bare Ni foam.
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Figure S9.5. Reproducibility of 5 different electrodes of 1D-Ni-MIL-77.
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Figure S9.6. Post stability (a) p-XRD and (b) SEM image of 1D-Ni-MIL-77.
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Figure S9.7. (a) CV curve, (b) GCD curve of AC.
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Figure S9.8. (a) CV curve of AC and 1D-Ni-MIL-77 at 30 mV/s; (b) CV curve of the

1D-Ni-MIL-77//AC ASC at 30 mV/s with different potential windows.
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