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Abstract

The global energy crisis and environmental degradation are exacerbated by
extensive fossil fuel consumption, still comprising 80 % of global energy usage.
Carbon-free hydrogen (H2) emerges as a sustainable energy solution, due to its high
energy density (142.351 MJ kg') and zero pollution. Water splitting, powered by
renewable energy, offers a cleaner and more sustainable alternative to fossil fuel
methods like steam methane reforming and coal gasification. However, challenges,
such as high cost, low efficiency and instability of catalysts, hinder electrolytic
hydrogen generation from water. Developing multifunctional electrocatalysts with high
performance, low cost, and durability is crucial for future integrated energy systems.
Noble metals (Pt, Ru, Ir) exhibit excellent catalytic activity, but are costly and scarce.
Transition metal-based (Fe, Co, Ni) catalysts represent an interesting alternative, but
face issues like agglomeration and insufficient active site exposure. Discovering a
nanomaterial with large surface area and conductivity to support both noble and
transition metal particles could significantly reduce catalyst costs and enhance
performance. MXenes, a new class of two-dimensional transition metal-based carbides
or nitrides, have gained attention in electrochemistry and hold promise as a support
material for catalysts for electrolytic water splitting, owing to their high conductivity,
corrosion resistance, surface hydrophilicity and chemical stability.

The objective of my PhD thesis is to prepare stable, efficient, and affordable
MXene-based catalysts for producing H> through water electrolysis. On this basis, the
catalyst materials would be also used to electrolyze seawater, addressing energy

shortages in regions with limited freshwater resources. Further, their potential to



electrolyze impurity-containing (urea, formaldehyde and so on) wastewater is explored,
generating H> with the lowest possible energy consumption while removing
contaminants. Considering that objective, my overall doctoral journey is summarized
in the following manner:

Firstly, tiny RuO:z particles were electrodeposited onto single- or few-layered
Ti3sCz sheets loaded on nickel foam (RuO2-TizC2/NF). This created an open
nanostructure, enhancing charge and mass transport, boosting catalytic activity and
reducing overpotential, crucial for preventing chlorine poisoning in seawater conditions.
RuO»-Ti3C2/NF showed enhanced performance in hydrogen evolution reaction (HER),
oxygen evolution reaction (OER), and overall water splitting, even in simulated and
real seawater. With a stability of 25 hours in seawater splitting and nearly 100%
Faradaic efficiency, it proved effective for seawater electrolysis, offering a solution for
energy scarcity in areas with limited freshwater.

Secondly, a novel Co304/Ti3C2 MXene composite, synthesized under mild
conditions, serves as a highly efficient and stable electrocatalyst for both urea oxidation
reaction (UOR) and HER in basic conditions. It surpasses pure Ti3C2 MXene and Co3O4,
overcoming issues like inadequate active site exposure and particle agglomeration. This
work provided a new strategy for the application of transition metal-based materials for
energy-saving Hz production coupled with urea containing wastewater purification.

Finally, a Mo2TiC2 MXene cluster complex supported by Cu20 nanoflowers was
synthesized by a simple immersion method. It was used as an electrocatalyst for HER
coupled with formaldehyde oxidation reaction. This coupling strategy realizes Ha
production at both cathode and anode, while reducing the overall electrical energy

consumption of the cell for more efficient H2 synthesis. At each stage, the obtained new



materials were deeply characterized by several techniques (X-ray diffraction, X-ray
photoelectron spectroscopy, scanning and transmission electron microscopies, Raman

spectroscopy.).

Key words: MXene, RuO2 nanoparticles, Co304 nanoparticles, Cu20 nanoflowers,

Electrolysis, Hydrogen; Sea water.



Résumé

La crise ¢énergétique mondiale et la dégradation de l'environnement sont
exacerbées par la consommation importante de combustibles fossiles. L'hydrogeéne (Hz)
apparait comme une solution énergétique durable en raison de sa densité énergétique
élevée (142,351 MJ kg!) et sa faible empreinte environnementale. Le fractionnement
¢lectrochimique de 1'eau, alimenté par une énergie renouvelable, offre une alternative
plus propre et plus durable aux méthodes utilisant des combustibles fossiles. Toutefois,
des difficultés telles que le cott élevé, la faible efficacité et l'instabilité des catalyseurs
entravent la production électrolytique d'hydrogéne a partir de 1'eau. Le développement
d'électrocatalyseurs multifonctionnels a haute performance, a faible coit et durables est
alors crucial pour les futurs systémes énergétiques intégrés. Les MXeénes, une nouvelle
classe de carbures ou nitrures bidimensionnels a base de métaux de transition, ont attiré
l'attention en €lectrochimie et sont prometteurs en tant que matériaux de support pour
les catalyseurs en raison de leurs propriétés telles qu’une conductivité¢ élevée, une
résistance a la corrosion et de bonnes propriétés de surface (hydrophilie).

L'objectif de ma thése de doctorat est de préparer des catalyseurs stables, efficaces
et bon marché a base de MX¢énes pour produire de 1'hydrogéne par €lectrolyse de 1'eau.
Sur cette base, ces matériaux catalytiques pourraient étre aussi utilisés pour
I’¢lectrolyse de I'eau de mer, ce qui permettrait de remédier aux pénuries d'énergie dans
des régions ou les ressources en eau douce sont limitées. En outre, le potentiel de ces
catalyseurs pour I'électrolyse des eaux usées contenant des impuretés (urée,
formaldéhyde, etc.) a été exploité, afin de produire de I'Hz en utilisant le moins d'énergie

possible tout en éliminant les contaminants organiques. Compte tenu de cet objectif,



'ensemble de mon parcours doctoral se résume de la manicre suivante.

Tout d'abord, des nanoparticules de RuO: ont été déposées par voie
¢lectrochimique sur des feuillets de Ti3Cz chargés sur une mousse de nickel (RuO2-
Ti3C2/NF). Le composite ainsi préparé a une structure poreuse qui est favorable pour le
transport de charges et de la maticre, stimulant l'activité catalytique et réduisant la
surtension, ce qui est crucial pour prévenir I'empoisonnement par le chlore lors de
I’¢lectrolyse de l'eau de mer. Le RuO2-Ti3C2/NF a démontré de bonnes performances
dans la réaction de dégagement de I'hydrogéne (HER), la réaction de dégagement de
I'oxygeéne (OER) et d’¢lectrolyse de I'eau, méme de 1'eau de mer simulée ou réelle.

Dans la deuxiéme partie de mon travail, un nouveau composite Co304/Ti3C2
MXene, synthétis¢ dans des conditions douces, a été utilis¢é comme électrocatalyseur
trés efficace et stable pour la réaction d'oxydation de l'urée (UOR) et I'HER dans un
milieu alcalin (1 M KOH). Le Co304/Ti3C2 MXene est plus efficace que ses constituants
i.e. TisC2 MXene et Co304, surmontant des problémes tels que 1'exposition inadéquate
de sites actifs et 1'agglomération des particules. Ces résultats ont permis de développer
une nouvelle stratégie pour l'application de matériaux abondants pour la production
d'Hz a faible consommation d'énergie couplée a la purification des eaux usées contenant
de l'urée. Enfin, un matériau hybride a base de MXeéne, Mo2TiCz, et de nano-fleurs de
Cu20O a ¢été synthétisé par une méthode d'immersion. I1 a été utilis€é comme
¢lectrocatalyseur pour la génération de Hz couplée a la réaction d'oxydation du
formaldéhyde. Cette stratégie de couplage permet de produire de I'hydrogéne a la fois
a la cathode et a I'anode tout en réduisant la consommation globale d'énergie €lectrique
de la cellule d’électrolyse. A chaque étape, les nouveaux matériaux préparés ont été

systématiquement caractérisés par plusieurs techniques (XRD, XPS, microscopie



¢lectronique a balayage et a transmission, spectroscopie Raman).

Mots clés : MXenes, Nanoparticules de RuO2, Nanoparticules de Co3O4, Nano-fleurs

de Cu:20, Electrolyse d'eau, Hydrogene.



Acknowledgements

Completing a doctoral dissertation is a monumental task that would not have been
possible without the support, guidance, and encouragement of many individuals. I
would like to take this opportunity to express my deepest gratitude to those who have
helped me throughout this journey.

First and foremost, I would like to extend my sincere appreciation to my
supervisors, Dr. Rabah Boukherroub and Prof. Sabine Szunerits. Your unwavering
support, insightful guidance, and invaluable feedback have been the cornerstone of my
research. Both supervisors not only gave me professional guidance in academics, but
also set an example for me in every aspect. [ am deeply grateful for the opportunity to
learn from you and for the countless hours you dedicated to my development as a
researcher.

I am also profoundly grateful to the members of my dissertation committee: Dr.
Prashanth W. Menezes, Dr. Palaniappan Subramanian, Prof. Henri Happy, and Dr. Yann
Leroux. Your expertise, critical insights, and constructive criticism have greatly
enriched my research. Each of you has played a crucial role in shaping the direction
and quality of this dissertation, and I am thankful for the time and effort you invested
in my work.

Special thanks go to my colleagues and friends in the NanoBiolnterfaces group.
Your camaraderie, support, and intellectual exchange have made my time here both
productive and enjoyable. Special thanks to Dr. Alexandre Barras for his reliable and
timely support during my PhD and his efforts to maintain the lab.

I would like to acknowledge Amar Abderrahmani, Emerson Giovanelli, Yuanyuan



Miao, Zhaohui Zhang, Zhiran Yu, Ines de Hoon, Sravan Kumar, Michele Lodato,
Zhihao Wu, Shakila Behzadifar, Tomasz Swebocki, Yunchu Zeng, Nasrin Shokouhfar,
Elizaveta Sviridova, Asmaa Khalil, Rupali Bagale and Safa Mechouche for their
collaboration, stimulating discussions, and for creating a vibrant and supportive
research environment. Your friendship and encouragement have been a source of
strength throughout this journey.

I would like to acknowledge the financial support that made this research possible.
In particular, I wish to thank the China Scholarship Council (CSC), which provided me
with funding. I would like to thank my supervisors in China, Dr. Qi Wang and Dr. Zhou
Wang, for their contributions to this thesis.

I would like to express my gratitude to my family for that my parents and other
family members have been my unwavering pillars of support. To my lovely friends,
Shihua Bi and Jing Ma, you have always been on my side whenever I needed you and
have given me unlimited understanding and support. To my partner, Yuzhe Zhu, thank
you for taking care of my life and supporting me spiritually during the writing of this
thesis. Last but not least, I would like to thank Tian Qingyu, Zhai Xiaoqin and Chen
Yisha, who have been with me since I came to France, especially when I was frustrated.

I would also like to acknowledge the many friends and extended family members
who have provided emotional support and encouragement. Your words of
encouragement and belief in my abilities have been a constant source of motivation.

Thank you.

Yi Zhang
Villeneuve d’Ascq, France

25/05/2024



Contents

ADSIFACT..cuuiiiiniriiteiinsnticistticsstecsssnesssncssstesssssessssssssssesssssesssssesssssssssssssssssessssssssssssssnns 2
RESUMIE ..cneeneenrenretinnenninnenneneestennesessaesssessnessesssessnsssesssessnsssesssessssssssssessasssassasssassns 5
ACKNOWICAZEIMENTS ...ccuuerirrnreisnncssnncssnncsssnncsssnicssssesssssessssesssssesssssssssssssssssossnsssssnsssses 8
COMLLINLS .uueeerneiireeirenieeisseisnisssnssssscssnessassssesssassssesssasssssessasssssssssssssssssassssesssssssassssassnns 10
Chapter 1. General INtroduction..........ceeeeecveeisennseensecnsnensenssnessecsssecssesssseessesnns 14
1.1 An overview of Water €leCtrOlySIS.....ccuiiiiuiieriiieeiie et 15
1.1.1 Current method of hydrogen production............cccceeceeevieniienienieeniieeee 15
1.1.2 Water €leCtrOlYSIS . .ccuuieiriieeiiiieeiieeeieeeciee et e et eaeesaee e s e e sereeesnseeens 17
1.1.3 Fundamentals of hydrogen evolution reaction (HER).............coccoeieiiae 20
1.1.4 Fundamentals of oxygen evolution reaction (OER) ..........c.ccceevvieiiennnnnn. 23
1.2 Electrolysis 0f NON-PUIE WALET .........c.ceriiiiiieiieeiieiie ettt 26
1.2.1 Seawater €leCtrOlYSIS....ccuiiiiiieeiiieeiieeciee ettt et eee e eaee e sree e ens 27
1.2.2 Urea water €lectrolysiS.......ceveriirierieriiniiiiiieeieeeeeseee e 29
1.2.3 Formaldehyde water electrolysis .........ccovueeviieriieriieniieiiecieeeecre e 32
1.3 Types of €lectrocatalystS .......cccuvieriieeiiieeiiieciee et 34
1.3.1 Precious metal-based catalysts..........ccceevueriieiiieniienieeiecieeeee e 34
1.3.2 Transition metal-based catalysts .........cccveeriiiieiiieeiiieeiee e 36
1.4 Two-dimensional MXene-based catalysts .........cccoccveeeieniiiiiiinieniieieeieeee e 37
1.4.1 OVerview Of MXENES.....cccueeiuiiiiieiieiiteiie et 37
1.4.2 Synthesis 0f MXENES .......coceevueriiriiniieienieieeeseete et 39
1.4.3 Properties and applications in electrocatalysis of MXene............cccueeueee. 42
1.5 Objectives and structure of this thesis .........ccceviiriiiiiniiiiiices 45
RETEIENCES ...ttt sttt e 48



Chapter 2. Materials and experimental techniques...........cooeeevuenseecseenseecsnensenenne 61

2.1 Products and Materials ..........cecouieiiiriiiiiieiiiee et 61
2.2 Synthesis of MXenes and related COMPOSILES........ccveeruierireriieriieiieeie e eve e 61
2.3 Micromorphological characterization techniques...........ccceecueeriieiieniieeniienieee. 62
2.3.1 Scanning electron microscopy (SEM) ......ooviiiiiiiiiniiiieieececeee e, 62
2.3.2 Transmission electron microscopy (TEM).......ccooviiiiiiiiiniiiiiienieeieee 63
2.4 Chemical composition characterization techniques.............ccceeeveerierieenieenieenen. 64
2.4.1 X-ray diffraction (XRD) .....cccvieiiiieiieeiieceeeeeee e 64
2.4.2 RAMAN SPECIIOSCOPY -evveervrreerurieenireeeireesireesiteesteeesueessseessseessseessseesnses 65
2.4.3 X-ray photoelectron spectroscopy (XPS) ..ccccvevviiiriiiieiieeeieeeee e, 66
2.4.4 Inductively coupled plasma atomic emission spectroscopy (ICP-AES).....67
2.5 Electrochemical characterization methods ...........ccccooviiniiiiiniiiiiiiceccee 68
2.5.1 Cell fabriCatioN......ccueiiieiiiiieieeiesiteeete et 68
2.5.2 Cyclic voltammetry with linear potential variation ..............cceeeveeeveennnnnne. 69
2.5.4 Electrochemical impedance spectroscopy (EIS)......ccccocveviiiiniininncniene. 70
2.5.5 Evaluation criteria for electrolytic water reactions............cceceeeveerveennnnnne. 70
2.6 Quantification of hydrogen ............coocueeiiiiiiiiiiiiiee e 73
2.6.1 Water displacement method ...........cooeieiiieniiniieieeieceeee e 73
2.6.2 Nuclear magnetic resonance (NMR) ..o 74
RETETENCES ...ttt sttt et sttt 75

Chapter 3. Ruthenium Oxide Nanoparticles Immobilized on TizC; MXene

Nanosheets for Boosting Seawater ElectrolysiS........ccceeceeesvurccssurcsssnrcssercscnercssnnscnes 77
ADSITACT ...ttt ettt ettt ettt e bt e st e etee s 78
3.1 EXPerimental SECTION........cevuieiiieiieeieeiie ettt et ettt sate et eseaeeseeseaeenne 79



3.1.1 Synthesis of Titanium Carbide (Ti3C2) MXene Nanosheets........................ 79

3.1.2 Preparation of TisC2/NFE. .....cciiiiiiiiiiiieceeee e 80
3.1.3 Synthesis of RuO2/NF and RuO2/Ti3C2/NF Composites. ......c..cceerveneeennenn 80
3.1.4 Electrochemical Measurements ............ccoceevueeiereenenienienienieneeneseeseenenn 81
3.1.5 Faradaic Efficiency Measurements for the HER. ..............cccooeiiiiinnnn. 81
3.2 Results and diSCUSSION .......couviiiiriiiiiiieieiesit ettt 82
3.2.1 Synthesis and Structural Characterization of RuO2-Ti3C2/NF..................... 82
3.2.2 Hydrogen Evolution Reaction (HER)..........cccccooiiiiniiiiiiiiieceee, 92
3.2.3 Oxygen Evolution Reaction (OER). .......cccocvvieiiiiniiiieiieeeecee e, 100
3.2.4 Overall Water and Seawater Splitting. .........cccceecvereeneriienienenicnienenne 103
3.3 CONCIUSION ...ttt et sttt et e saee e 113
RETRIEIICES ...ttt et ettt et et 113

Chapter 4. 0D/2D Co0304/Ti3C2 MXene Composite: A Dual-Functional

Electrocatalyst for Energy-Saving Hydrogen Production and Urea Oxidation 118

ADSTTACT ...ttt ettt e 119
4.1 EXperimental SECTION........ccciieiiieeeiieeeieeeeiee ettt e eireeeteeeevaeeeveeeeaeeesnseeennseeesneas 120
4.2.1 Synthesis of Titanium Carbide (Ti3C2) MXene .........cccceevveeiienieneeennnns 120
4.1.2 Synthesis of Cobalt Oxide (C0304) and Co304/T13C2.....ccceerveinieniennnns 120
4.1.3 Fabrication of the Electrodes ..........ccccooieiiriininienienieiceieneceeeee 121
4.1.4 Electrochemical MEasurements ...........cccueeueereenieenieniienieesieesice e 121
4.1.5 Faradaic Efficiency Measurements for the HER ................cocoooiiniiin, 122
4.2 Results and diSCUSSION .....c..evuieriirieriieiieie ettt 123
4.2.1. Fabrication and Characterization of the 0D/2D ..........cccooviiiiiiniiniinnenn. 123

4.2.2. Electrocatalytic Performance of Co304/Ti3C2 MXene Composite for Urea

12



Oxidation Reaction (UOR) ......c.ooiiiiiiiiiiiieieee et 132

4.2.3. Electrocatalytic Performance of Co0304/Ti3C2 MXene Composite for

Hydrogen Evolution Reaction (HER)........ccccoooiiiiiiiiiiieeee e 140
4.2.4. Synergistic MechanisSm ANalysisS ........cccceevuierieeiiienieniienieeieeiee e 143
4.2.5. Overall Urea EleCtrolysiS.....c.uieruiieiiieeiiieeiiee e ettt 146

4.3 CONCIUSION «..entieitiiiieiiteteee ettt sttt sttt et sbe b e 152

RETEIENICES ...ttt e 152

Production over Cu;O-Supported Mo2TiCz; MXene Clusters ........cooueeceeecsneenees 157
F N o1 1 2T OSSR PR UPRRR 158
5.1 EXPerimental SECHION........cecviiiiieiieeieeieesiie et eeiteereesieeereeteeeaeesaeeeseeseessseenseens 159

5.1.1 Synthesis of Molybdenum-Titanium Carbide (Mo:TiC2) MXene

NANOCTUSTETS. ...ttt ettt ettt et et e bt e sateebeesaees 159
5.1.2 Preparation of CuzO/CF ......ccccooiiiiiiiiiiiiiieieeieneeeeeseee e 159
5.1.3 Synthesis of M02TiC2/CF and Mo2TiC2/Cu20/CF .....ccccovveviiiiinieienene. 160

5.2 Results and diSCUSSION .........eoiuiiiiieiiiiiieeiie ettt et 160
5.2.1. Fabrication and Characterization of the Mo2TiC2/Cu20/CF.................... 160
5.2.2. Formaldehyde Oxidation Reaction (FOR)..........ccccevveiieniiieniieecieeeen, 167
5.2.3. HER and Overall Formaldehyde Electrolysis...........ccccceevieriiiniiniennnnns 174

5.3 CONCIUSION ...ttt ettt ettt b e et bee st ebeesaeeanbeens 177

RETRIENCES ...ttt ettt ettt 178

Chapter 6. Conclusion and Perspectives......ccccecereeccsssnrrcssssnsressssassssssssssssssssssseses 180

PUDLICALIONS ..cuuerriiniiinniiiieiiiiieicsinesinncssniesssencssssecssssesssssesssssesssssesssssesssssssssssessssses 183

13



Chapter 1. General Introduction

Global energy demand and consumption are steadily increasing, due to population
growth, rising living standards, and the industrial expansion of developing countries.!
According to the International Energy Agency's predictions, global energy demand is
expected to rise by 50% by 2030.? Presently, over 95 % of this substantial energy
demand is fulfilled by using fossil fuels,? leading to the release of high concentrations
of greenhouse gas emissions and exacerbating global warming and environmental
pollution. Consequently, rapid development of alternative green energy technologies is
crucial to meet global energy demands sustainably. In this context, various research
institutions and organizations worldwide have directed their efforts towards developing
innovative technologies utilizing renewable sources to generate green energy and fuels.

Hydrogen (H2) emerges as one such promising environmentally-friendly
renewable energy carrier, being the most abundant element in the universe.> Composed
of one proton and one electron, the hydrogen atom is the lightest element in the universe,
possessing unique properties, such as high energy density (120 MJ/kg) and lower
volumetric energy density (8 MJ/L).* Although not readily available in its pure form on
Earth, hydrogen exists in chemically combined forms within water, fossil fuels, and
biomass. When hydrogen is used as a fuel, it only produces water as a byproduct, with
no harmful emissions such as carbon dioxide, making it a crucial pathway toward
achieving carbon neutrality. Additionally, hydrogen can be stored and transported,
providing a storage solution for intermittent renewable energy sources like wind and
solar, thereby enhancing the stability and flexibility of energy systems. Consequently,
the advancement of hydrogen technology is expected to drive the green transformation

of industries, transportation, and power sectors, contributing to global energy structure
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optimization and environmental protection.
1.1 An overview of water electrolysis

1.1.1 Current method of hydrogen production

Hydrogen production can stem from diverse raw material sources, encompassing
both renewable and non-renewable origins, totaling approximately 87 million
tons/year.’ The main production methods and consumptions are shown in Figure 1.1.
Nonetheless, as 0of 2020, the predominant source of hydrogen (95 %) derived from non-
renewable fossil fuels, particularly through steam reforming of natural gas, resulting in
the emission of 830 million tons/year of CO2.° Conversely, the remaining hydrogen

production stemmed from renewable resources, including water electrolysis.’

Production Consumption
t'vn. ) Fuel cells
i +
Steam reforming of Engines/Turbines
natural gas

48 % \ I I < Fuel Energy storage

l i":'—
- I Partial oxidation of

‘e
m Hydg;(;:e;/r;bons el .ﬁ Methanol production

Petroleum recovery refining

Electronics

Coal gasification / } Ammonia production

18 % Chemical ) e
o e Metal processing&Fabrication

. Food processing
Electrolysis
4% Cosmetics

Figure 1.1. Major hydrogen production methods and applications.

Hydrogen is classified into different color shades i.e., blue, gray, brown, black,

and green based on its production technology, energy source, and environmental

t’8-10

impac as shown in Table 1.1. Blue hydrogen is produced by improving the

15



production process of gray hydrogen by utilizing carbon capture and storage technology.
Although it can increase the hydrogen yield and reduce harmful gas emissions to a
certain extent, it still emits a certain amount of carbon.!! The gray hydrogen is produced
from non-renewable fossil fuels, such as natural gas or coal, by steam reforming/auto-
thermal reforming process;'? this process is similar to the blue hydrogen process, but
the produced COz is not being captured, it is directly released into the atmosphere. In
addition, the production process is unsustainable as it does not source away from
dependence on fossil energy sources.'* Brown hydrogen is most abundant in use today,
which is produced from hydrocarbon-rich feedstock (brown coal or methane) via the
gasification process. But as a result, every ton of brown hydrogen releases 10-12 tons
of COz into the atmosphere.!'* Black hydrogen is produced by coal gasification, in which
syngas is produced in the gasifier. Hydrogen can be separated from the other gases by
an absorber or a special membrane, and the remaining gas can be released into the
atmosphere.'> Green hydrogen is mainly produced by coupling with renewable energy

% such as solar, wind, and tidal energy and adopting electrolysis of water

sources,
technology, which basically does not produce any environmental pollution during the

whole production process.

Table 1.1 Hydrogen shades, their technology, costs, and CO2 emissions.

Hydrogen  Technology Source Products Cost CO2
color ($ kg/H2) emissions
Brown Gasification Bron coal H>+CO2 1.2-2.1 High
(lignite)

Black Gasification Black coal H2>+CO2 1.2-2.1 High

16



(Bituminous)
Grey Reforming Natural gas H>+CO2 1.2-2.1 Medium
Blue Reforming+ Natural gas Hx+CO2 1.5-2.9 Low
carbon capture

Green Electrolysis Water Hx+CO2 3.6-5.8  Minimal

Currently, the world's main sources of hydrogen are still gray and blue hydrogen, !’
of which the share of blue hydrogen is gradually expanding, but it is ultimately only a
transitional means. In the long run, with the increase of carbon tax and the gradual
progress of carbon reduction target, the cost of hydrogen production of grey and blue
hydrogen will gradually increase. Green hydrogen is widely viewed as a promising fuel
for future sustainable development and energy transition, due to fact that green
hydrogen can be produced from water and renewable energy sources through the
electrolysis process, in this process there are no greenhouse gas emissions. Therefore,
green hydrogen is increasingly being promoted to address climate change issues and

meet the global net-zero challenges over the next decade.'®

1.1.2 Water electrolysis

Since the 18" century, water electrolysis is a well-known technology for green
hydrogen production.'” However, globally only 4 % of hydrogen (65 million tons) can
be produced from water electrolysis due to economic issues.’’ Water electrolysis
technologies are being continuously developed and used in industrial applications,
during this journey different trends have affected its development. During these
developments, four types of water electrolysis technologies were introduced based on

their electrolyte,' operating conditions, and their ionic agents (OH", H', O2"), such as
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(1) alkaline water electrolysis (AWE), (ii) anion exchange membrane water electrolysis
(AEMWE), (iii) proton exchange membrane water electrolysis (PEMWE), and (iv)
solid oxide water electrolysis (SOWE).*? The four types of water electrolysis

technologies and their advantages, disadvantages are described in the following

subsections and Table 1.2.'*

Table 1.2. Advantages and disadvantages of typical water electrolysis

technologies.

Electrolysis Advantages Disadvantages
technology
AWE ® Well-established technology Limited current
® (Commercialized for industrial densities
applications Crossover of the gases
® Noble metal-free electrocatalysts High concentrated (5
® Relatively low cost M KOH) liquid
® [ong-term stability electrolyte
AEMWE ® Noble metal-free electrocatalysts Limited stability
® [ow concentrated (1 M KOH) Under development
liquid electrolyte
PEMWE ® (Commercialized technology Cost of the cell
® Operates at higher current components
densities Noble metal
® High purity of the gases electrocatalysts
® Compact system design Acidic electrolyte
® Quick response
SOWE ® High working temperature Limited stability
® High efficiency Under development

18



AWE o,

diaphragm

cathode anode

Figure 1.2. Schematic of an alkaline water electrolysis device.

However, the operating principles are the same for all the cases.?? Take AWE, for
example, which is the most well-developed in the industry with the advantages of low
cost, long service time and large scale. As shown in Figure 1.2, the alkaline water
electrolysis device is mainly composed of four parts: cathode, anode, electrolyte and
diaphragm. Water undergoes a reduction reaction at the cathode to produce hydrogen
and an oxidation reaction at the anode to produce oxygen. Therefore, the whole process
of water electrolysis is two half-reactions: hydrogen evolution reaction (HER) at the
cathode and oxygen evolution reaction (OER) at the anode.?® For the cathode and anode
materials, it is required to have good conductivity, high porosity and good stability. For
the diaphragm, it is required to have good water absorption, poor permeability and low

resistance, and asbestos is commonly used at present.* Electrolyte mainly plays a
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conductive role, the requirements of a high conductivity and does not introduce
impurities. At present, alkaline water electrolysis hydrogen production technology is
very mature, but still faces the problem of insufficiently high operating pressure and

poor adaptability to fluctuating power supply.*®

1.1.3 Fundamentals of hydrogen evolution reaction (HER)

To address these issues and challenges, the mechanism of HER should be
understood. Theoretically, the thermodynamic voltage required for a water cracking
reaction to occur is 1.23 V, which corresponds to an energy dissipation of 237.2 kJ mol
at 25 °C, 1 atm;?® however, the slow kinetics and energy inefficiencies induced by
complex electron and ion transport processes make it so that actual water cracking
reactions require a higher voltage than 1.23 V. The additional potential above the
theoretical reaction voltage is called overpotential and is caused by activation energy,
electrolyte diffusion resistance, ion and gas diffusion, wire and electrode resistance, and
bubble resistance. The electrochemical water splitting reaction consists of an oxygen
evolution reaction at the anode (OER, equations 1.1 and 1.3) and a hydrogen evolution
reaction at the cathode (HER, equations 1.2 and 1.4).2%-27-28
In acidic media:

Anode: 2H20 (1) — 02(g) +4H" (aq) +4e” (1.1)

Cathode: 4H" (aq) +4e” — 2H2(g) (1.2)
In alkaline media:

Anode: 4OH (aq) — O2(g) +2H20 (1) +4e” (1.3)

Cathode: 4H20O (aq) +4e — 2Ha(g) +40H" (1.4)

The understanding of the HER process in water decomposition is important for the

synthesis and design of superior electrocatalysts. HER may consist of a two-step
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reaction pathway: the formation of adsorbed hydrogen on the catalyst surface — the
Volmer step, and the formation of hydrogen molecules — the Tafel step or the
Heyrovsky step or both. The HER process can occur by either the Volmer-Heyrovsky
mechanism or the Volmer-Tafel mechanism.?’

The details are as follows: in an acidic electrolyte (equations 1.5 — 1.7), a hydrated
proton (H3O") first combines with an electron and chemically attaches to a catalyst (*)
in the Volmer reaction; next, the adsorbed H* forms Hz via the Heyrovsky or Tafel route
and desorbs sequentially. The Tafel reaction involves the direct binding of two H*s to
produce H2, whereas the Heyrovsky reaction involves the generated H* binding to a

hydrated proton and then gaining an electron from the catalyst surface to form Ha.

H3O"+e +* — H*+H,O (120 mV dec™!) Volmer (1.5)
H:O"+e + H* — Ha+H20 (40 mV dec™) Heyrovsky (1.6)
H* + H* — Ha (30 mV dec™) Tafel (1.7)

In alkaline electrolytes (equations 1.8 — 1.10), the catalyst needs to break the H-
O-H bond to form adsorbed H* and OH™ before adsorbing H*, which is more difficult

to achieve compared to the reduction of H3O", as shown in Figure 1.3.

o® H.0

Figure 1.3 Alkaline HER mechanism.
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H,O+e — H*+OH” (120 mV dec™!) Volmer (1.8)
HO+e+H* — Ho+OH (40 mV dec™') Heyrovsky (1.9)
H* + H* — Ha (30 mV dec™) Tafel (1.10)

In general, the rate-controlling step in the electrocatalytic HER process is related

to the affinity between the reaction intermediate and the catalyst surface. If the binding

strength of the catalyst to the adsorbed H* is weak, the adsorption process will dominate

the HER process; if the binding strength of the catalyst to the adsorbed H* is too strong,

the desorption process will be the rate-limiting step.

Uncat.

Energy barrier
reduced by catalysts

Reaction progress

Figure 1.4. Schematic diagram of water decomposition reaction energy barrier

reduction by catalyst.

Many studies have been conducted to reduce the overpotential by ameliorating the

unfavorable factors. Among the different research approaches, the search for suitable

electrocatalysts that are closely related to hydrogen and water molecules has attracted

great attention, because suitable catalysts can significantly reduce the overpotential,

lower the reaction energy barriers and increase the reaction rate (Figure 1.4).%
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1.1.4 Fundamentals of oxygen evolution reaction (OER)

OER at the anode is a 4-electron process and is usually considered to have two
possible mechanisms, which are the adsorbate evolution mechanism (AEM) and the
lattice oxygen mediate mechanism (LOM).*! The AEM is a traditional mechanism in
which the magnitude of the overpotential is determined mainly by the adsorption energy
between the oxygen-containing intermediate and the catalyst. Although many highly
active catalysts can be quickly screened based on the AEM, the activity limitation of
OER catalysts still cannot be overcome. The LOM was formalized through simulations
of numerous theoretical calculations and the application of isotope tracer techniques,
and the main difference between the two mechanisms lies in the involvement or not of
lattice oxygen in the formation of oxygen molecules. As shown in Figure 1.5(a), in the
AEM, lattice oxygen is not involved in the reaction, and there is no exchange of material
between the catalyst and the electrolyte during the entire process. In the LOM, the
oxygen atoms in the catalyst are directly coupled to the O* formed by water oxidation
to form Oz, and oxygen vacancies are generated on the surface of the catalyst, which
are then filled by water molecules in the electrolyte. The proposed LOM provides a new
way to overcome the activity limitation of the AEM and helps to design catalysts with
higher activity, but the catalysts are less stable due to the participation of oxygen in the

catalyst in the lattice oxygen mechanism.
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Figure 1.5. Schematic diagram of AEM and LOM.

In the AEM, as shown in equations (1.11-1.14),32 a water molecule is first adsorbed
at the metal site to form an *OH intermediate through the process of transfer of an
electron, the *OH intermediate next forms *O through the process of deprotonation and
the transfer of an electron. Then *O reacts with another water molecule and undergoes
the process of deprotonation and charge transfer to form *OOH, and finally, *OOH
continues to undergo the deprotonation and charge transfer to form an oxygen molecule

and release the active site.

HO+* > *OH+H +¢ AG1 (1.11)
*OH — *O+H" +¢ AG> (1.12)
*O+H.0 — *OOH+ H' + ¢ AGs (1.13)
*OOH — *+ 02+ H + ¢ AGs (1.14)

n=max[AGz, AGs3]/e-1.23V
= max[(AG+o - AG+on), (AG+oon - AG+0)]/e - 1.23 V

= max[(AG+0 - AG+on), 3.2 €V - (AG+0 - AG+om)]/e - 1.23 V (1.15)
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Figure 1.6. Diagram of energy steps in OER process.

As shown in Figure 1.6, each step of the process corresponds to a chemical
reaction activation energy G1, G2, G3, and Ga, respectively, and the decisive step of the
process is determined by the one with the highest activation energy among these four
reactions. Ideally, the activation energies of the four steps of an OER catalyst should be
the same to ensure that the adsorption of each step is maintained at a moderate value,
but in reality, the catalysts often do not behave in this way. In order to clarify the
decisive step reaction of OER, an interesting phenomenon has been found through a
large number of theoretical calculations that *OH and *OOH are linearly correlated,
resulting in an energy difference of about 3.2 eV between them, which is independent
of the interaction between the intermediates and the catalyst.” Based on these

calculations, it was hypothesized that the second or third step is a decisive step reaction.
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As shown in equation (1.15), using the fixed energy difference of 3.2 eV between *OH
and *OOH for substitution, it was finally found that the overpotential was only related
to AG+0-AG+on, and thus AG+o - AG+on was considered as the descriptor of the OER
reaction.>*

The limitation of the linear relationship between the intermediates of the
adsorption mechanism results in a theoretical overpotential of 0.37 V. However, the
reality is that a few catalysts have been found to have overpotentials lower than 0.37 V.
It is then inevitable that there must exist other reaction mechanisms that are different
from the adsorption mechanism. Inspired by the discovery that Oz produced on some
highly reactive oxides during OER may be derived from lattice oxygen by in situ '*O
isotope labeling, the now more widely studied mechanism of lattice oxygen evolution
has been proposed. As shown in Figure 1.5(b), in the LOM, the first two steps are
similar to the adsorption mechanism with the formation of O* intermediate species,
next O* couples directly with the lattice O to form Oz and vacancies are formed on the
surface of the catalyst, next the water molecules in the electrolyte attack the oxygen
vacancies to re-form the adsorbed OH*.* Unlike the adsorption mechanism, the lattice
oxygen evolution mechanism will have the O-O direct coupling process, which can
directly transgress the formation of OOH* intermediate species, thus breaking the

theoretical activity of the adsorption mechanism.

1.2 Electrolysis of non-pure water

The existing research on hydrogen production through water electrolysis primarily
focuses on using pure water as the electrolyte, encompassing both theoretical and
applied studies. To explore the potential of electrolyzing water with various electrolytes,

I have conducted studies on the electrolysis of seawater, urea-, and formaldehyde-
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containing water.

1.2.1 Seawater electrolysis

Presently, the primary commercial technologies for water splitting, such as proton
exchange membrane (PEM) and alkaline electrolyzers, predominantly utilize high-

purity water as a reactant.>®

However, utilizing substantial quantities of fresh water for
global energy needs via water splitting might lead to water scarcity. In contrast,
hydrogen production via seawater splitting presents significant benefits over freshwater
splitting. First, seawater constitutes 96.5 % of all water resources on Earth. Additionally,
integrating seawater electrolysis with fuel cells is advantageous for arid areas,
providing both clean drinking water and efficient energy conversion and storage.
Second, seawater's inherent electrolyte properties confer higher conductivity (5 S m™!)
compared to pure water (5.5%10% Sm™).3” Lastly, combining marine offshore hydrogen
production with marine renewable energies could offer a sustainable approach for
industrialized nations. The U.S. Department of Energy’s Wind Energy Technologies
Office reports over 2000 gigawatts of capacity, or 7200 terawatt hours annually, in U.S.
coastal and Great Lakes’ waters.”® Consequently, direct hydrogen production from
seawater electrolysis using offshore wind energy hold considerable promise. Thus,
efficient and cost-effective hydrogen production from seawater splitting is essential for
the widespread adoption of hydrogen energy.

Based on the principle of pure water electrolysis, the hydrogen evolution reaction
(HER) on the cathode encounters several challenges in seawater splitting. As depicted
in Figure. 1.7, seawater contains numerous dissolved cations (such as Ca**, Mg**, etc.),

bacteria, microorganisms, and small particles, which can impact the performance of the

electrocatalyst.>>*! Notably, the pH of the solution increases during seawater splitting,
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leading to the formation of calcium hydroxide and other precipitates on the electrode
surface, which can block the active sites.*? To address these issues, buffer media can be
added to seawater to adjust the pH and prevent the formation of precipitates.*
Additionally, an appropriate membrane and electrolyzer can be used to isolate the
catalyst from interfering ions, and a catalyst with corrosion resistance or selectivity can

be developed, from which perspective this thesis is dedicated to.

Hz diaphragm 0,

cathode
anode

Figure 1.7. Challenges for designing seawater-based electrocatalysts.

In addition to cation-rich, numerous anions in seawater interfere with the oxygen
evolution reaction (OER), with chlorine (CI") being particularly significant. A minimal
amount of CI” can migrate and accumulate at the anode, enhancing the reaction due to
its strong de-passivation capability. However, excessive Cl° impedes the anodic
reaction.* In Figure 1.7, the chlorine evolution reaction (CER) and the formation of

hypochlorite compete with the OER. Both CER and hypochlorite formation are two-
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electron reactions, as shown in Equations (1.16-17), offering a kinetic advantage over
the four-electron OER. Nonetheless, OER holds a thermodynamic edge, with the
potential being 480 mV lower than hypochlorite formation when the pH exceeds 7.5.4
46

CER: 2CI' — Cl2 + 2¢ (1.16)
Hypochlorite formation:

CI+20H" — CIO"+ H20 + 2¢” (1.17)

Therefore, to address the above challenges, a catalyst material with a low
overpotential and a surface that is not easily blocked by precipitation to affect charge-
and mass-transfer is urgently needed. The work in Chapter 3 proposes two strategies
to respond to these demands: acting on the surface morphology to create micro-
nanostructures with high specific surface area may not only increase active sites and
enhance the electrochemical active area, but it can also help with desorption of gas
product and solid precipitation; constructing a heterojunction to create a phase interface

with strong electrochemical activity with the aim to lower the reaction overpotential.

1.2.2 Urea water electrolysis

As described in Section 1.1.4, in electrolysis of water for hydrogen production, the
OER at the anode is a slow 4-electron transfer process that requires high energy to
promote the dissociation of water molecules, leading to high energy consumption for
water electrolysis. At the same time, since the anode is at a higher potential, the metal
active sites in the catalyst will inevitably dissolve, resulting in a less stable catalyst.
These are the two reasons that have led to the fact that only commercial RuOz or IrO2
can be successfully used in OER at the anode. In fact, the more energy-demanding OER

produces O2 as a low-value product at the anode, while Hz is only produced at the
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cathode. A preferred approach is to replace the anodic OER reaction with a
thermodynamically more favorable reaction to reduce the overpotential of the anodic
electrooxidation reaction and thus decrease the energy consumption of electrolytic
hydrogen production. Therefore, small organic molecules, such as urea and
formaldehyde, are used as sacrificial agents to replace the OER reaction at the anode.
In the electrooxidation of these small molecules, the onset and overpotentials are often
lower than those of OER, and the choice of catalysts is not only limited to noble metal

catalysts, but also some transition metal catalysts can provide a good catalytic activity.

anode

Figure 1.8. Schematic diagram of hydrogen production via urea electrolysis.

In 2009, Boggs et al.*’ conducted an experiment where they extracted hydrogen
from one part of a solution and nitrogen from another using a urea-containing alkaline
solution. This extraction was achieved by applying a voltage of 1.5 V in a Hoffman
apparatus. Under standard conditions, the theoretical thermodynamic potential for
extracting urea into its components is about -0.46 V compared to the standard hydrogen
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electrode (SHE) and -0.83 V compared to the SHE for the hydrogen extraction.
Consequently, the theoretical thermodynamic overall cell voltage for urea electrolysis
is calculated to be 0.37 V, which is significantly lower than that required for
electrolyzing water (1.23 V). The mechanism behind urea electrolysis in alkaline
environments is illustrated in Figure 1.8. This process involves two half-reactions: the
extraction of hydrogen at the cathode and the decomposition of urea at the anode. At
the anode, one mole of urea reacts with six moles of hydroxyl ions (OH") to yield
nitrogen gas, water, and bicarbonate ions (COs3*"), while water molecules undergo
reduction at the cathode to produce hydrogen gas. In general, the overall reactions
during urea electrolysis generate nitrogen gas, hydrogen gas, and bicarbonate ions in
alkaline environments. These reactions, including the urea oxidation reaction (UOR),

the HER, and the overall urea electrolysis, are represented in equations (1.18-20).%8

Anode: CO(NH2)2 + 60H" — N2 + SH20 + CO3> + 6¢”
©=-0.46 Vvs. SHE (1.18)
Cathode: 6H20 + 6¢" — 3H2 + 60H" ¢=-0.83Vvs. SHE (1.19)

Overall: CO(NH2)2 + H20 — Na + 3Hz + CO32 E=037V (1.20)

Besides, UOR can purify industrial, agricultural, and domestic wastewaters
containing urea pollution, thereby achieving the dual purposes of producing clean
energy and solving environmental problems.*’ Indeed, urea has many applications in
industry and agriculture, and its production is an energy-intensive process. In addition,
the production of every 1 kg of urea in manufacturing plants contributes to 0.75 kg of
urea-containing wastewater, which has around 1 wt.% urea.’® At the same time, humans
and animals produce a great amount of urine every day, which contains about 2-2.5 wt.%

urea. The urea in untreated wastewater will naturally decompose to form ammonia,

31



which can be easily oxidized to nitrates, nitrites, or nitrogen oxides after being released
in the air. These substances are regarded as major contributors to the formation of acid
rain, causing severe health problems for human beings. Therefore, it is necessary and
urgent to remove urea in the urea-containing wastewater. However, the lack of
inexpensive and efficient catalysts for UOR hinders the development of this approach.
Researchers have developed a variety of materials and synthetic strategies to optimize
the performance of catalysts for UOR, including morphology design,’! defect
engineering,’”> doping,” heterostructure construction,>® and using noble metal-free
materials. Chapter 4 will look at catalyst design for the application of electrolysis of

urea-containing water.

1.2.3 Formaldehyde water electrolysis

Considering the primary role of the anodic reaction is to synergize with cathodic
hydrogen production, if the oxidation reaction also releases hydrogen, it would provide
an ideal strategy for the co-production of Hz at both the cathode and anode. In addition
to its low overpotential and rapid reaction kinetics, formaldehyde oxidation reaction
(FOR) offers another significant advantage: the generation of hydrogen through the
decomposition of formaldehyde. This means that we can not only carry out the HER at
the cathode, but also simultaneously produce hydrogen at the anode via the oxidation
of formaldehyde. This dual hydrogen production strategy further enhances the

efficiency of hydrogen production from water electrolysis.
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cathode anode

Figure 1.9. Schematic diagram of hydrogen production via formaldehyde electrolysis.

Similar to the UOR, formaldehyde oxidation reaction (FOR) has a very small
thermodynamic theoretical potential (Equations 1.21-1.23).%> And in the UOR process,
the gaseous products contain CO2, a greenhouse gas that is best avoided.’® Unlike UOR,
the gaseous product for FOR process is only hydrogen, as shown in Figure 1.9, which
opens up the possibility for simultaneous hydrogen production at the cathode and anode.
Furthermore, HCHO is a low-cost chemical feedstock with a gigantic annual yield,
while its oxidation product formate (and later formic acid) is a more valuable chemical.
Finally, coupling FOR with HER for Hz production may also provide environmental
benefits if toxic formaldehyde residues in wastewater pollutants could be adopted as
the feedstock.

Anode: 2HCHO + 40H" — 2HCOO" + Hz + 2H20 + 2¢

Eanode =-0.22 V - 0.059(pH) vs. NHE (1.21)

Cathode: 2H20 +2¢"— H2 + 20H" Ecathode =-0.83 V vs. NHE (1.22)

Overall: HCHO + OH" — HCOO" + H2 Ecen =0.22V (1.23)
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Formaldehyde electrocatalytic oxidation similarly requires catalysts to possess
good electrical conductivity, catalytic activity, and stability. It is particularly noteworthy
that formaldehyde is highly corrosive, which can lead to the degradation and

deactivation of catalyst materials, thereby affecting catalytic efficiency and lifespan.
1.3 Types of electrocatalysts

1.3.1 Precious metal-based catalysts

The performance of precious metal catalysts represented by Pt-based catalysts is
excellent. Moreover, Pt, as a typical electrochemical hydrogen evolution catalyst, is
more deeply investigated; its exchange current density is near the peak of the volcano
relationship diagram (Figure 1.10a), and its excellent performance is directly related
to the Pt-H chemical bonding energy. Pt, Pd, etc. as the representative elements of the
noble metal group are expensive. Therefore, in recent years, the main focus of the
research are: (a) surface modulation: reducing the size of noble metals, adjusting the
crystal surface and geometrical configuration to increase the proportion of surface
atoms or the exposure of high-activity surfaces, thereby improving the utilization and
activity of noble metal atoms;*® (b) alloying noble metals with abundant and
inexpensive metals to reduce the amount of noble metal used, increase the number of
active sites, improve performance, and lower costs; (c) compounding noble metals with

other catalysts in the form of single atoms,>® which will not be discussed in detail here.
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Figure 1.10.°” (a) Volcano plot by Trasatti for pure metals in acidic solution. (b)

Experimental volcano plot with the exchange current for HER values.

Among them, ruthenium (Ru), being the cheapest platinum-group metal with
plentiful d-orbital electrons, has recently been shown to have adequate adsorption
energies for adsorbed hydrogen (Hads) and oxygen (Oads),*® although its application as
a bifunctional catalyst in the field of overall water is hindered by its price and
insufficient catalytic performance for HER.®!"> % In the field of heterogeneous catalysis,
the use of nanoparticles is common to attain a high performance. To address the
agglomeration of nanoparticles occurring during the catalytic process, an efficient
strategy is to support these nanoparticles on various substrates and particularly on 2D
materials, owing to their high surface area and enhanced conductivity. TisC2 MXene, a
2D material with unique physicochemical properties, such as metallic conductivity,®
% high intercalation capacitance,® selective adsorption capability,® and rich surface
chemistry (-OH or -F termination)®’, is beneficial for the growth of other nanomaterials,
like noble metals,®® metal oxides,®? and so on.®” Given the small quantity of Ru required

to achieve an electrocatalytic activity comparable to or even better than that of non-
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noble metal catalysts, its cost performance is equivalent to that of other low-cost
element catalysts. Taking these factors into consideration, growing fine and scattered
RuO2 nanoparticles on the surface of Ti3C2 MXene is expected not only to decrease the
amount of Ru element to reduce cost, but also to enhance the active area of the catalyst

to improve the HER performance. See Chapter 3 for more details.

1.3.2 Transition metal-based catalysts

In addition to precious metal catalysts, researchers have developed a large number
of various catalysts based on inexpensive transition metals: transition metals, transition
metal alloys, transition metal oxides, transition metal nitrides, transition metal sulfides,
transition metal phosphides, transition metal carbides, and others.

Among them, non-noble transition metal-based catalysts are competitive
candidates for HER and UOR under alkaline conditions, owing to their excellent
electrocatalytic performance. For instance, the catalytic performance of nickel-based
nanomaterials has been demonstrated in numerous studies.’®’> Inspired by nickel-based
catalysts, there is no doubt that research on other transition metal catalysts for urea
oxidation is also worth exploring. However, there is still a significant gap in this area.
For these reasons, we chose cobalt, which, like nickel, is low-cost and has proven
catalytic performance in other fields, as the subject of the study. We assessed the UOR
and HER performances of cobalt oxide (Co304) with tunable morphological features
and varying degrees of crystallinity.”® Up to now, Co3O4 has been extensively studied
in other energy-related fields and thus has a sound research background.””*° The main
factors currently limiting the application of Co304 in the UOR and HER are poor
electrical conductivity and insufficient exposure of active sites due to particle

agglomeration. To address these problems, we introduced titanium carbide (Ti3Cz)
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MXene, which owns both high conductivity and enhanced specific surface area
due to its layered structure, as a support material. On the other hand, Co304 was
generally synthesized by a solvothermal reaction method at high temperature and high

pressure in most reports,3% 8

which brings safety concerns and limitations for large-
scale preparation. Thus, a simple synthetic method, which is safe and convenient for

industrialization is urgently needed. A nanocatalyst that combines Co0304 and Ti3Cz

MXene will be discussed in detail in Chapter 4.
1.4 Two-dimensional MXene-based catalysts

1.4.1 Overview of MXenes

In the 1960s-70s, Hans Nowotny's group discovered a new family of materials,
ternary carbides and nitrides, known as H phases.®® Little studied at the time, they
received a major boost in the 1990s when Professor Michel Barsoum's group at Drexel
University (Philadelphia, USA) undertook their systematic study.’” They found that
these materials formed a special class of ceramics with metallic properties.®® Further
research led to the synthesis and characterization of other materials of the same type.®’
These materials, which share the same crystallographic structure, have been grouped
together under the generic term Mn+1AXn (n=1, 2, or 3), more commonly referred to as
MAX phases, where M is a transition metal, A is an element from column 13 or 14 of
the periodic table and the element X is either carbon or nitrogen.”® °! Figure 1.11
depicts all the elements that can be used to create a MAX phase. One of the great
advantages of MAX phases is their chemical versatility. To date, over than 150 different

phases have been identified.”?
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Figure 1.11. Elements that may constitute the MAX phase.

Compared with their three-dimensional equivalents, two-dimensional materials
have the advantage of a much higher ratio of surface to volume atoms, enabling us to
limit the amount of material used in certain applications where the exposed surface
plays a major role. In addition, they often exhibit unique electron properties.”* Since
the discovery of graphene, other 2D materials have been synthesized. These can
generally be divided into two groups: materials with an elementary allotropic form
(silicene, germanene,” etc) and compounds including graphane, transition metal
dichalcogenides (MoS2, WS2, etc) or hexagonal boron nitride hBN.?> However, the lack
of flexibility of these materials and the impossibility of significantly varying their
chemical compositions beyond a few atomic percent limit the possibility of optimizing
their properties and, consequently, their field of application.

In this context, a new class of 2D materials with versatile chemistry was
discovered in 2011 at Drexel University (Philadelphia, USA), the MXenes.’® They are

synthesized by removing the element A layer in the three-dimensional nano-lamellar

38



ceramic precursors that are MAX phases. MXenes are named by analogy with MAX
phases and graphene. They are formed from transition metal carbide, nitride or
carbonitride sheets. Given the compositional richness of MAX phases as described
above, numerous MXenes of different M and X compositions can be obtained. In
addition, when the element A layer is removed, end groups such as -F, -OH and/or -O,

oreven -CL,”’

passivate the surface. This functionalization plays a key role in the surface
properties of MXenes, providing another means of modulating them. Consequently, the
formulation commonly encountered in the literature for MXenes is Mn+1XnTx with M
being the transition metal, n is the number of layers and X = C and/or N of the initial
MAX phase. Finally, Tx represents the end groups formed during synthesis. Since their
discovery, it has been accepted that the quantity of terminal groups x for a saturated
MXene phase is close to 2,%® although this value is still subject to debate. Given all

these compositional levels, MXenes are potentially the largest family of 2D materials,

with a wide range of properties offering a very broad spectrum of applications.

1.4.2 Synthesis of MXenes

MXenes are synthesized by exfoliation of the A element of the MAX phase. The
first synthesis was carried out in 2011 by Naguib et al.”® During this synthesis, a powder
of TisAIC2 MAX phase was immersed in concentrated hydrofluoric acid (HF) to remove
aluminum. The final suspension was then washed with ultrapure water via several
centrifugation cycles until the pH of the supernatant was around 6. The final powder
was filtered and dried. The TisC2Tx MXene is synthesized in the form of a multilayer
stack. The elimination of aluminum is explained by the anisotropic bonding forces at
play in the MAX phases. Indeed, M-A bonds are weaker than M-X bonds, which

explains why aluminum (A in the MAX phase) can be easily eliminated, leading to the
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formation of Mn+1Xn sheets linked together by weak hydrogen and/or van der Waals

bonds. The process is shown in Figure 1.12.
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Figure 1.12.°° Schematic of the exfoliation process for TisAlC>. (a) TisAlC structure.
(b) Al atoms replaced by OH after reaction with HF. (¢) Breakage of the hydrogen

bonds and separation of nanosheets after sonication in methanol.

Figure 1.13 shows SEM images recorded for the MAX phase, Ti3AlC2, and the
corresponding Ti3C2Tx MXene. The 2D character of this material can be clearly seen.

The proposed reaction mechanism for the exfoliation process leading to the

formation of MXene is summarized below:

Ti3AlC2 + 3HF = AlF3 + 3/2 H2 + Ti3Ca (1.24)

Ti3C2 + 2H20 = Ti3C2(OH)2 + Hz (1.25)

Ti3C2 + 2HF = TizC2F2 + Ha (1.26)
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Figure 1.13.%° Representative SEM images of (a) TisAIC2 MAX-phase raw particles;

(b) etched multilayered MXenes.

Aluminium fluoride (AlF3) is formed during exfoliation (Equation.1.24). The
solubility of this compound is relatively high, enabling it to be removed during the
washing stages. However, in some cases, it can remain trapped between the MXene
sheets. Its elimination and crystallization will depend on several parameters, resulting
from the exfoliation treatment (duration, temperature and MAX/F phase mass ratio).!%
Equations 1.25-1.26 indicate that the surface of MXene sheets is passivated by various
oxygenated (-OH or -O) and fluorinated (-F) end groups.'®! 12 However, in order to
control the synthesis and properties of the obtained MXene, numerous parameters need
to be taken into account, such as the mass ratio between the MAX phase and the
exfoliating agent, the concentration of the exfoliating medium, the reaction time, the
temperature and the particle size of the MAX phase used as precursor. All these
parameters need to be adjusted to achieve significant yields in the conversion of MAX

phase to MXene. Exfoliation conditions vary widely from one type of MAX phase to

another, due to variations in M-A bond energy strength.
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1.4.3 Properties and applications in electrocatalysis of MXene

MXenes have numerous properties, such as high electronic conductivity and
hydrophilic properties.!® 1% In addition, the many possible compositions of MXenes,
whether at the core by changing the nature of the M and X elements of the MAX phase,
or at the surface by playing on surface functionalization, depending on the exfoliating
medium, offer new properties. This chemical richness makes it possible to adjust the
properties of MXenes to suit the constraints of targeted applications. Below are
discussed some of the main characteristics of 2D MXene materials:

High electrical conductivity: MXene materials exhibit metallic levels of electrical
conductivity, with conductivity values reaching or even exceeding 10,000 S/cm.'% This
makes them highly promising as electrode materials in energy storage devices such as
supercapacitors and lithium-ion batteries. Excellent mechanical properties: MXene
materials possess high strength and good flexibility.!% This makes them suitable for use
in flexible electronic devices and nanocomposites. Rich surface chemistry: The surface
of MXene materials typically contains various functional groups, such as -OH, -F, and
-0.!%7 These groups endow MXene with excellent chemical reactivity, enabling diverse
surface modifications and functionalizations with other materials. High specific surface
area: As 2D materials, MXene has a high specific surface area, which facilitates
electrochemical reactions and enhances their efficiency in electrochemical energy
storage and catalytic applications.'® Outstanding thermal stability and conductivity:
MXene materials exhibit good stability at high temperatures and have excellent thermal
conductivity.'” This makes them suitable for use in high-temperature electronic devices
and thermal management systems. Optoelectronic properties: MXene materials

demonstrate good light absorption characteristics and photoelectric conversion
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efficiency, making them suitable for optoelectronic devices such as photodetectors and
solar cells. These properties make MXene materials highly promising for applications
in energy storage, electronic devices, sensors, catalysis, environmental remediation,
and more.

In the field of electrocatalytic hydrogen production, MXene's high electrical
conductivity can accelerate the electron transfer in the catalytic process and reduce the
resistance loss, thus improving the catalytic efficiency; its abundant active sites (-OH,-
F,-O and other functional groups) can help the generation and release of hydrogen
molecules. In addition, it is possible to optimize the catalytic activity by complexing
MXene with other catalytic materials (example: noble metal oxides— RuQOz2; transition
metals and their oxides— Co304 and Cu20) via functional groups on the surface of
MXene.

Finally, MXene materials offer the possibility to introduce other elements, such as
modification of "M" atoms (Ti, Mo, V, Cr, etc.) for elemental doping, which can further
enhance the catalytic performance.

Seh et al.!"” were the first to publish a theoretical study of a series of M2XTx
MXenes. To predict the HER performance of these materials, the authors used DFT
(density functional theory) calculations, comparing energy changes before and after
hydrogen adsorption on the MXene surface.''! They then experimentally tested the
electrochemical activities of M02CTx and Ti2CTx MXenes in acidic medium (0.5 M
H2SO4). In line with theoretical results, Mo2CTx MXene exhibited a much higher
activity towards HER than Ti2CTx. To deliver a current density of -10 mA cm?, a
potential of -283 mV vs. RHE for Mo2CTx is required, whereas a potential of -609 mV

vs. RHE is needed for Ti2CTx. The electrocatalytic performance of Mo2CTx derives
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from the existence of catalytic active sites on the surface of the MXene sheets.!!% '3

Handoko et al.''* also studied Mo2Ti2C3Tx, M02TiC2Tx, M0o2CTx and Ti2CTx MXenes
and found Mo2CTx to be the most promising catalyst among these MXenes, with a
potential of -189 mV to achieve a current density of -10 mA.cm™,

So far, an atomic engineering approach involving the partial replacement of
titanium (Ti) atoms in TizC2Tx with molybdenum (Mo) atoms has been shown to
effectively alter the kinetics of interfacial water adsorption. This affects vibrational
modes, binding energies, and adsorption sites of water molecules. Adding molybdenum
can also boost the chemical and thermal stability of MXenes, which is crucial for high
temperature applications or in chemically aggressive environments. Meanwhile, the
transition metal oxide Cu20 nanoflowers mentioned in Section 1.3.2 possess favorable
electronic properties for catalytic oxidation, numerous active sites, and redox properties.
These characteristics facilitate the breaking of the C-H bond in formaldehyde molecules,
while their ability to participate in the multiple electron transfer process further
enhances conversion to formic acid.

The study in Chapter 5 investigates the use of copper(I) oxide (Cu20)
nanoflowers as a base to support Mo2TiC2 MXene nanoclusters with the goal of
enhancing electrocatalysis. The Cu20 nanoflowers not only serve as active sites for
formaldehyde oxidation, but also increase the electrocatalyst's surface area when
combined with Mo2TiC2 MXene nanoclusters. This combination introduces more active
sites for the catalytic process, creating a potential synergy that leverages the high
electrical conductivity and structural benefits of Cu2O with the exceptional catalytic
properties of Mo2TiC2 MXene, leading to a significantly improved electrocatalytic

performance for both AFO and HER. This specific configuration ensures stability under
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harsh conditions, optimizes electronic properties for effective charge transfer, and

aligns with the growing demand for environmentally friendly energy technologies.

1.5 Objectives and structure of this thesis

The objective of my PhD thesis is to prepare MXenes and MXene-based catalysts
with high stability, good performance and low cost for H2 production by water
electrolysis. I. The MXene-based nanomaterial will be designed and assessed as a
catalyst for hydrogen evolution. II. Prepared MXene-based nanomaterials can catalyze
the electrolysis of seawater to produce hydrogen, mitigating the energetic challenge in
places where fresh water is scarce. IIl. Prepared MXene-based nanomaterials can
electrolyze wastewater containing impurities (e.g. urea or formaldehyde) to generate
hydrogen with low energy consumption and decompose contaminants in wastewater.

Chapter 1 covers current hydrogen production techniques, the fundamental
mechanisms of hydrogen and oxygen evolution reactions, and the challenges of
electrolysis using non-pure water sources such as seawater, urea, and formaldehyde
solutions. It also discusses different types of electrocatalysts and their preparation
strategies, highlighting the unique properties and synthesis of MXene materials with
the aim to investigate the synthesis methods, catalytic mechanisms, and performance
optimization of MXene catalysts in water electrolysis.

Chapter 2 outlines the materials and experimental techniques used in this research,
including the synthesis of MXenes and related composites. It covers the methods for
micromorphological characterization, such as scanning electron microscopy (SEM) and
transmission electron microscopy (TEM), and chemical composition analysis
techniques like X-ray diffraction (XRD), Raman spectroscopy, X-ray photoelectron

spectroscopy (XPS), and inductively coupled plasma atomic emission spectroscopy
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(ICP-AES). The chapter also details electrochemical characterization methods,
including cell fabrication, cyclic voltammetry, polarization curve measurements, and
electrochemical impedance spectroscopy, along with the evaluation criteria for water
electrolysis reactions. Additionally, it discusses production determination techniques,
such as the water displacement method and nuclear magnetic resonance (NMR).

In Chapter 3, an electrochemical method was applied for the deposition of
ruthenium oxide nanoparticles onto Ti3C2 MXene nanosheets loaded on nickel foam
(RuO2-Ti3C2/NF) and assessed as a bifunctional electrocatalyst for the formation of
H2/Oz2 in alkaline freshwater, simulated seawater, and real seawater electrolytes. The
open, fine, and uniform nanostructure design enables intrinsically a high density of
active sites to increase catalytic efficiency and prevents sediment build-up to mitigate
damage to catalytic performance in seawater. With the optimized RuO2 amount and
structure achieved by adjusting the number of electrodeposition cycles, the RuO»-
Ti3C2/NF electrode achieved low overpotential values (85 and 351 mV to drive 100 mA
cm™ for, respectively, HER and OER in 1 M KOH) and fast current response toward
both HER and OER. Owing to its excellent performance in both half-reactions, RuO2-
TisC2/NF acted as a bifunctional catalyst for the overall splitting of natural seawater
(collected from North Sea, Dunkerque, France) and showed better activity than the
benchmark RuOz || Pt/C pair. Moreover, the catalyst had long-term endurance (more
than 25 h) and high Faradaic efficiency (about 100%).

In Chapter 4, we applied a mild method to synthesize a 0D/2D Co0304/Ti3C2
MXene composite. The composite exhibited an excellent performance as an efficient
and stable electrocatalyst for UOR and HER in basic medium. In this strategy, Co3Os

nanoparticles were uniformly and finely dispersed on Ti3Cz by in situ electrostatic
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assembling of Co salt on Ti3C2 MXene nanosheet, followed by chemical reduction with
NaBHz4, solving the problem of insufficient exposure of active sites caused by too large
particle size and agglomeration of Co3O4 particles. As a result, the electrical
conductivity, catalytic activity and stability of the 0D/2D Co304/Ti3C2 MXene
composite were effectively enhanced. Co304/Ti3C2 MXene presented low overpotential
values of 1= 1.40 V (UOR) and n = 0.124 V (HER) to deliver = 10 mA cm™, which
were significantly improved compared to either pure TizC: MXene or Co3O4
nanoparticles. More importantly, a two-electrodes (Co0304/Ti3C2 || Co304/TizC2)
alkaline electrolyzer for overall urea electrolysis required a cell voltage of only 1.49 V
to drive 50 mA cm, which is 0.41 V lower compared to that for pure water splitting
recorded at the same current density. Furthermore, the electrolyzer exhibited great
stability with limited activity degradation after 40 h.

Chapter 5 introduces Cu2O-supported Mo2TiC2 MXene clusters as a catalyst
system for improved dual hydrogen production via coupled HER and FOR. The study
demonstrates that for overall formaldehyde electrolysis, a cell voltage of only 0.36 V is
required to achieve a current density of 50 mA cm™, which is 1.49 V lower than that
required for pure water splitting at the same current density. The investigation focuses
on catalytic efficiency, stability, and mechanistic pathways, aiming to advance both
theoretical understanding and practical implementation in sustainable energy systems.
The successful fabrication of Mo2TiC2/Cu20 composites and their excellent catalytic
activity for formaldehyde oxidation and hydrogen evolution reactions are highlighted,
showcasing their potential for applications such as water splitting and environmental
remediation. Future research will focus on collecting and analyzing the gaseous

products produced by the positive and negative electrodes to evaluate the feasibility of
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this strategy for dual hydrogen production.
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Chapter 2. Materials and experimental techniques

2.1 Products and materials

Cobalt(Il) chloride anhydrous (CoClz), ruthenium(IIl) chloride (RuCl3xH20),
potassium hydroxide (KOH), sodium chloride (NaCl), urea, Nafion 117 solution (5
wt %), hydrochloric acid (HCI, 36.5-38.0%), platinum on carbon (Pt/C), ruthenium(IV)
oxide (RuOz), sodium hydroxide (NaOH, >98%), potassium hydroxide (KOH, 95%,
GR), lithium fluoride (LiF) and formaldehyde solution (HCHO, 36.5-38 wt%, AR)
were purchased from Sigma-Aldrich Chemical Reagent Co., Ltd., France. Sodium
borohydride (NaBHa4), hydrofluoric acid (HF), ethanol, acetone and isopropanol were
obtained from Fisher Scientific, France. Ammonium persulfate ((NH4)2S20s, 98%, AR)
were purchased from Thermo Scientific TM.

The nickel foam (100 x 100 mm?, thickness = 1 pm) was obtained from Kunshan
Lvchuang Electronic Technology Co., Ltd., China. The copper foam (100 x 100 mm?,
thickness = 1 um) was purchased from Taiyuan Lizhiyuan Technology Co., China.

Titanium aluminum carbide (Ti3AlC2) MAX phase powder was procured from 11
Technology Co., Ltd., China.

Ag/AgCl reference electrode, platinum foil counter electrode, graphite counter
electrode, glassy-carbon working electrode, platinum electrode clips, glass mono-
electrolytic cell, H-type electrolytic cell were obtained from Shanghai Yueci Electronic
Technology Co., China.

The water used throughout the experiments in this thesis is purified with a Milli-

Q system.

2.2 Synthesis of MXenes and related composites
In this paper, three series of MXene-based electrocatalysts were prepared, namely:
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RuO2/Ti3C2/NF, Co304/Ti3C2 MXene and Mo2TiC2/Cu20 composites. Details of all
preparation methods are described in Chapter 3.1, Chapter 4.1 and Chapter 5.1,

respectively.
2.3 Micromorphological characterization techniques

2.3.1 Scanning electron microscopy (SEM)

Scanning Electron Microscope (SEM) collects the secondary electron signals
generated by the reflection of an electron beam bombarding the surface of a sample to
determine the morphology of the material surface.! It is characterized by simple sample
preparation and large magnification, which can be used to observe the microscopic
morphology of catalyst surface. In this thesis, the micromorphology of all materials was
examined with the aid of a JEOL JSM-7800F field-emission scanning electron
microscope (Figure 2.1) operating at 15 kV. The powder samples were ultrasonically
dispersed in an alcohol-water solution (1:1), dropped onto silicon wafers, and allowed
to dry thoroughly at room temperature before observation. The foam samples were

observed directly.
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Figure 2.1. Photo of JEOL JSM-7800F field-emission scanning electron microscope.

2.3.2 Transmission electron microscopy (TEM)

Transmission Electron Microscope (TEM) analyzes the compositional and
structural information of materials by collecting transmission electrons generated by a
high-speed stream of electrons bombarding a sample accelerated by an electric field,
with ultra-high magnification and imaging capabilities at the nanometer or even atomic

level.?
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Figure 2.2. Photo of FEI Tecnai G2-20 field-emission transmission electron

microscopy.

In this thesis, TEM images were recorded on a FEI Tecnai G2-20 WIN field-
emission transmission electron microscopy (Figure 2.2). Samples were prepared by
dispersing the material in ethanol (0.2 mg mL™') and then 5 pL of this solution was
drop-coated on a 200 mesh Cu grid for the high-resolution transmission electron

microscopy (HR-TEM) analysis.
2.4 Chemical composition characterization techniques

2.4.1 X-ray diffraction (XRD)

X-ray diffraction (XRD), a research tool for obtaining information on the

composition of a material, the structure or morphology of atoms or molecules within
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the material by X-ray diffraction of the material and analyzing its diffraction pattern.?
It is a versatile non-destructive analytical technique used to analyze the phase
composition, crystal structure, orientation and other physical properties of powder,

solid and liquid samples.

Figure 2.3. Photos of D8-PASSEUR.

In this thesis, the crystal structure of the synthesized nanomaterials was
investigated by powder X-ray diffraction analysis. XRD patterns were recorded using
a Bruker D8 Advance equipped with 1D LynxeEye detector and a 90-position robot-
shifter (Figure 2.3). The scanning rate is 3° min! and 26 value ranges from 10 to 80°
using Cu Ka (0= 1.54056A) as the X-ray source and operates at a generator voltage of
40 kV and a current of 40 mA. Powder samples are prepared by grinding and sieving
to obtain uniform fine powder, which is then loaded onto the XRD sample holder. The
surface is flattened, and the sample holder is placed in the X-ray diffractometer for

testing. The foam samples were tested directly.

2.4.2 Raman spectroscopy

Micro-Raman spectroscopy* measurements were performed on a Horiba Jobin
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Yvon LabRam HR Micro-Raman system combined with a 473-nm laser diode as
excitation source. Visible light was focused by a 100 objective. The scattered light
was collected by the same objective in backscattering configuration, dispersed by a
1800-mm focal length monochromator and detected by a CCD. Samples were prepared
by casting 50 pL aqueous or ethanol suspension of MXene composite on a clean silicon

wafer or ITO surface followed by drying in an oven at 80° C to remove the solvent.

2.4.3 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy’ experiments were performed on a PHI 5000
VersaProbe-Scanning ESCA Microprobe (ULVAC-PHI. Japan/USA) instrument, as
shown in Figure 2.4, at a base pressure below 5x107'® mbar. Monochromatic Al Ka
radiation was used and the X-ray beam, focused to a diameter of 100 pm, was scanned
on a 250 = 250 pum surface, at an operating power of 25 W (15 kV). Photoelectron
survey spectra were acquired using a hemispherical analyzer at pass energy of 117.4 eV
with a 0.4 eV energy step. Core-level spectra were acquired at pass energy of 23.5 eV
with a 0.1 eV energy step. All spectra were recorded with 90° between X-ray source
and analyzer and with the use of low energy electrons and low energy argon ions for
charge neutralization. After subtraction of the linear-type background, the core-level
spectra were decomposed into their components with mixed Gaussian-Lorentzian
(30:70) shape lines using the CasaXPS software. Quantification calculations were
performed using sensitivity factors supplied by PHI. The powder samples are dispersed
in an alcohol solution and then coated onto silicon wafers. After drying, they are placed

on the sample stage for testing, while block-like samples such as foam are tested directly.
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Figure 2.4. Photos of XPS and analysis chamber.

2.4.4 Inductively coupled plasma atomic emission spectroscopy (ICP-AES)

The amount of metal elements in prepared samples was determined with a Varian
(liberty II axial view) inductively coupled plasma-atomic emission spectrometer (ICP-
AES). The spectrometer was equipped with a pneumatic V-groove nebulizer and
Sturmun-Master inert PTFE spray chamber. Sample solutions were driven through
columns of resin by means of a multi-channel Gilson peristaltic pump equipped with
2.28 mm i.d. tubing. Teflon tubing. polyethylene bottles, and a pH meter (WTW) with
glass electrode were also used. For ICP-AES analysis of solid metal samples, they need
to be dissolved into a liquid form. Firstly, the RuO2-Ti3C2/NF and Pt/C/NF samples are
pre-treated to clean the surface and remove impurities, then dissolved in nitric acid.

Next, the solution is diluted to ensure that the concentration of metal ions falls within
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the detection range of the instrument. Finally, the sample solution is mixed thoroughly,

and quality control checks are performed to ensure accuracy.

2.5 Electrochemical characterization methods

2.5.1 Cell fabrication

In tests using a three-electrode system for only half-reactions, a glass electrolytic
single cell with a PTFE lid is used (Figure 2.5a). In two-electrode electrochemical tests
where gases are collected, a hermetically sealed H-type electrolytic cell with a threaded

lid (Figure 2.5b) is used.

Figure 2.5. Photographs of (a) three-electrode system and (b) H-type electrolytic cell.

The three-electrode system consisted of a working electrode (3 mm diameter
glassy carbon electrode or 1 x 1 cm? prepared sample plate), a counter electrode
(graphite rod) and a reference electrode (Ag/AgCl, saturated KCl solution), respectively.
A two-electrode test system (cathode and anode as working electrodes) was used in the
total electrolyzed water test, urea- or formaldehyde-assisted total electrolyzed water
using an electrochemical workstation.

The preparation of the working electrode for each chapter is detailed in the
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experimental section of each chapter.

2.5.2 Cyclic voltammetry with linear potential variation

(1) Linear Sweep Voltammetry (LSV): Linear Sweep Voltammetry is the most
basic electrochemical test method in water electrolysis test, which can show the
catalytic activity of the electrocatalyst and its overpotential under different current
densities most intuitively. The line scanning voltammetry curves of different
electrocatalysts can be used to directly compare their catalytic performance. In this
thesis, the line-scanning voltammetric curve tests were carried out at room temperature
using the ModuLab-MTS electrochemical Test Station (Solartron, France), and the
voltage range for the HER reaction were 0.9 ~-2.9 V (vs. Ag/AgCl reference electrode),
and the voltage range for the OER reaction was 0 ~ 2 V (vs. Ag/AgCl reference
electrode) at a scanning rate of 5 mV s'. The voltage values obtained from the LSV
curves were converted for use as a reversible hydrogen electrode (RHE) according to
equation 2.1, where Erue denotes the voltage relative to a standard reversible hydrogen
electrode, and Eag/agci represents the voltage obtained from the line scan voltammetry
curves relative to the Ag/AgCl reference electrode in the actual test. 0.198 V is the
standard electrode potential for the Ag/AgCl reference electrode containing saturated
potassium chloride solution as the electrolyte. The pH was 14 in a 1.0 mol L™! solution

of potassium hydroxide.
Erne= Eag/agci +0.198 +0.0591 x pH (2.1)

(2) Cyclic Voltammetry (CV): Cyclic voltammetry is one of the most commonly
used methods in electrochemical studies, in which the electrode can be controlled to
scan repeatedly at different scanning rates within a certain potential, enabling different
oxidation and reduction reactions to occur alternately on the electrode, and the current-

voltage curve is recorded. According to the shape of the curve, the degree of
69



reversibility of the electrode reaction can be judged. It is also possible to integrate the
corresponding peak area of the curve to obtain the real active area of the electrochemical
reaction. In this thesis, cyclic voltammetry is used to test the catalytic activity and

electrochemical active area of the electrocatalysts.

2.5.4 Electrochemical impedance spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS): Electrochemical Impedance
Spectroscopy (EIS) is a relatively new electrochemical measurement technique that
does not have a long history of development, but is now widely used in electrochemical
fields, such as secondary batteries, fuel cells, corrosion protection and electrocatalysis.
The response of an electrochemical system is observed by applying a small amplitude
AC sinusoidal potential wave at different frequencies to the system, i.e., the ratio of the
AC potential to the current signal, and this response is used to analyze the
electrochemical properties of the system. The electrochemical system is regarded as an
equivalent circuit, which is formed by combining various basic circuit elements in
series or parallel, etc. By electrochemical impedance spectroscopy, the composition of
the equivalent circuit as well as the size of the elements can be determined, and the
electrochemical meanings of the elements can be utilized to analyze the structure of the
electrochemical system and the electrode processes. The test is performed over a
frequency range of 0.01 ~ 100000 Hz with an AC voltage amplitude of 5 mV and a

corresponding test voltage of 0 or -100 mV (vs. RHE) for the HER reaction.

2.5.5 Evaluation criteria for electrolytic water reactions

Criteria for evaluating the reactivity of HER and OER include, among others,
overpotential (especially at specific exchange current densities, e.g., 10, 100 mA cm™),
Tafel slope, electrochemical surface area (ECSA), electrochemical impedance

spectroscopy (EIS) and stability tests.
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(1) Overpotential (n): Due to the additional potential barriers to be overcome
during the reaction process, the actual working voltage is always higher than the
theoretical decomposition voltage when the water electrolysis reaction is in progress
(the theoretical decomposition voltages for the HER and OER are 0 and 1.23 V,
respectively, with respect to a standard hydrogen electrode). Therefore, the
overpotential at a specific current density is the most intuitive indicator for evaluating
the activity of the HER and OER reactions, and the lower the overpotential, the better
the electrochemical activity of the catalyst and the higher the energy utilization
efficiency.

(2) Tafel slope: Tafel slope is an important kinetic parameter, calculated according
to Tafel's formula, which can be used to determine the kinetic rate and reaction
mechanism of the reaction. According to the description of the HER reaction
mechanism in the previous section, the HER reaction usually involves three different
reaction steps, and the step that determines the reaction rate can be inferred by
calculating the Tafel slope. Specifically, the Tafel slopes are 30, 40, and 118 mV dec!
when the reaction consists of the Tafel, the Heyrovsky and the Volmer steps as the rate-
determining steps, respectively.

(3) Electrochemical impedance spectrum: By observing the shape of the
electrochemical impedance spectrum in the high-frequency and low-frequency regions,
we can analyze the controlling steps in the electrochemical reaction, such as
semicircular or nearly semicircular curves appearing in the high-frequency region,
indicating that the most probable controlling step is the charge-transferring step in the

reaction; if the quantities of the real part and the imaginary part in the low-frequency

region are linearly correlated, it indicates that the reaction is controlled by diffusion
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steps at this voltage. The value of the charge transfer impedance can be obtained by
fitting, and the smaller the value of this impedance in the electrocatalytic reaction, the
faster the reaction proceeds. EIS data were gathered in the frequency range of 10° and

0.01 Hz.

(4) Double layer capacitance (double layer capacitance, Cai): In the non-Faraday
current region to test the double layer capacitance, using the CV curve in a small
window of potential (0.1 V) between the scan rate of 5 ~ 100 mV s, respectively. The
current density value of the potential at the midpoint at different scanning rates was
taken as the horizontal coordinate of the scanning rate and the corresponding current
density value as the vertical coordinate, and the slope obtained was the capacitance
value of the double layer.

(5) Electrochemical surface area (ECSA): ECSA represents the real active area of
the electrocatalyst, which gives a clear indication on the catalytic activity of the catalyst.
The electrochemical active surface area is generally measured by indirect way (equation
2.2), which needs requires first the determination of the double layer capacitance value
(Ca1) in the non-Faraday current region. Where Cs is the specific capacitance, which
represents the capacitance of a flat metal without defects in the ideal state, here Cai is
the double electric layer capacitance value in the non-Faradaic current region.

ECSA = Ca/Cs (22)

(6) Stability testing: Stability can be assessed by cyclic voltammetry at faster scan
rates, or by applying a constant voltage or current to the electrode system. After a certain
period of time, the stability can be judged by the curve fluctuation condition or
comparing the linear scanning voltammetric curve before and after the cyclic test.

(7) iR compensation: The electrochemical data in Chapters 4 and 5 were not iR

compensated. In Chapter 3, all the LSV curves were iR-corrected (85 %) using
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equation (2.3):%7

Ecompensated = Emeasured — I X Rs X 85 % (23)

Ecompensated 18 the potential after iR-compensation (V), Emeasured is the actual
measured potential value (V), I is the actual measured current (A), Rs is the solution

resistance, which can be obtained by the EIS.

2.6 Quantification of hydrogen

2.6.1 Water displacement method

Displacement of water is a commonly used, simple, and effective method for
collecting gases in the laboratory. It is suitable for collecting gases that are insoluble or
only slightly soluble in water, such as oxygen, hydrogen, and nitrogen. The principle of
this method is illustrated in Figure 2.6.

Two gas collection tubes were filled with water and inverted in a water basin. One
end of a tube was connected to the sealed cathode compartment of the H-type
electrolytic cell, and the other end was inserted into the mouth of the collection tube.
Similarly, another tube was used to collect the gas product from the anode compartment.

Observe the volume change of the gas products in the collection tubes and record the

~
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Figure 2.6. Schematic diagram of the drainage method.

gas production.
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2.6.2 Nuclear magnetic resonance (NMR)

Liquid-phase NMR can be used to characterize the molecular structure and
dynamic behavior of liquid catalytic products. For example, through hydrogen spectra
("H NMR) and carbon spectra (*C NMR), the molecular structure, functional group
positions, and coordination environment of the substance being measured can be
determined, allowing for both qualitative and quantitative analysis of the products. By
comparing the chemical shifts and coupling patterns in the NMR spectra, the structure
and composition of the products can be identified. Comparing these with standard
spectra can confirm the type of products. The non-destructive nature of NMR
technology makes it highly suitable for quantitative analysis. By integrating peak areas,
the concentrations of different components can be directly measured, enabling precise

quantitative analysis.

Figure 2.7. Photo of a Bruker 300 MHz.
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In this thesis, the "TH NMR and '*C spectra was collected on a Bruker 300 MHz
liquid NMR spectrometers (Figure 2.7). The NMR samples were prepared by mixing
0.55 mL of electrolyte with 0.05 mL of D20 containing 1% (w/w) 3-(trimethylsilyl)-1-
propanesulfonic acid, sodium salt (DSS). DSS is used as an internal standard. All 1H

NMR experiments were conducted using the Water suppression method.
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Chapter 3. Ruthenium Oxide Nanoparticles Immobilized on Tiz;C»

MXene Nanosheets for Boosting Seawater Electrolysis
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Abstract

Seawater electrolysis represents a viable alternative for large-scale synthesis of
hydrogen (Hz), which is recognized as the most promising clean energy source, without
relying on scarce fresh water. However, high energy cost and harmful chlorine
chemistry in seawater limited its development. Herein, an effective catalyst based on a
ruthenium nanoparticles-Ti3C2 MXene composite loaded on nickel foam (RuO:-
Ti3C2/NF) with an open, fine, and homogeneous nanostructure was devised and
synthesized by electrodeposition for high performance and stable overall seawater
splitting. To drive a current density of 100 mA cm?, the RuOx-Ti3C2/NF electrode
required a small overpotential of 85 and 351 mV for HER and OER in 1 M KOH with
only a slight increase in 1 M KOH seawater (156 and 378 mV for, respectively, HER
and OER). An assembled RuO:-Ti3C2/NF-based two-electrode cell required an
overpotential of only 1.84 V to acquire 100 mA cm™ in 1 M KOH seawater and
maintained its activity for over 25 h. This low cell voltage effectively prevented
chlorine electrochemical evolution without anode protection. These promising results
open up new avenues for the effective conversion of abundant seawater resources to

hydrogen fuel.
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In this chapter, we aim to provide a solution, seawater splitting, for the sustainable

development of H> energy in coastal arid regions, as illustrated in Figure 3.1.

Energy conversion

Electrlmty Consumption tﬁ

Figure 3.1. Hydrogen energy cycle model in areas without sufficient freshwater

Seawater splitting

resources.

3.1 Experimental section

3.1.1 Synthesis of Titanium Carbide (TizC2) MXene Nanosheets.

Delaminated Ti3C2 MXene nanosheets were obtained by liquid etching of the
pristine Ti3AlC2 bulk phase. First, lithium fluoride (LiF, 1 g) was added to a 9 M
hydrochloric acid (HCI, 20 mL) solution and stirred (rotation speed was 400 rpm) in a
Teflon beaker (volume was 100 mL) for 30 min until complete dissolution. Then,
Ti3AIC2 (1 g) was slowly dropped to the above solution under stirring. Finally, the
mixed solution was heated to 35 °C for 48 h under stirring. The resulting suspension
was centrifuged (3500 rpm, 10 min), and the supernatant was poured off after
centrifugation. Then, deionized water was added, and the suspension was thoroughly
shaken and sonicated for 10 min. The precipitate was separated by centrifugation, and

the above cleaning operation was repeated until the pH was close to neutral.
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The obtained precipitate (accordion-shaped MXene) was dispersed in ethanol (as
an intercalation agent) and sonicated for 1 h. The precipitate, collected by centrifugation
at high speed (10000 rpm, 10 min), was redispersed ultrasonically in deionized water;
the supernatant suspension obtained by centrifugation at low speed (3500 rpm, 10 min)
was single-layer or few-layer MXene nanosheets. After concentration calibration, the
prepared delaminated MXene nanosheets were kept in nitrogen-saturated deionized

water to inhibit their oxidation.

3.1.2 Preparation of TizC2/NF.

Nickel foam (NF, 1.0 x 1.5 cm?) was rinsed with acetone, diluted HCI (6 M),
deionized water, and ethanol to limit the oxidized layer thickness. In short, Ti3Ca-
MXene/ nickel foam (Ti3C2/NF) was synthesized by adopting the following procedure.
A piece of clean NF was completely soaked in few-layer Ti3C2 solution (1 mg mL™") for
30 min and then dried for 10 min at 60 °C in an oven; this process was repeated 2 times,

and the resulting Ti3C2/NF was rinsed with water thoroughly and dried at 60 °C for 2 h.

3.1.3 Synthesis of RuO2/NF and RuO»/TizC2/NF Composites.

11 mg of RuCls-xH20 and 117 mg of NaCl were placed in 20 mL of DI water and
stirred magnetically for 5 min to form a dark brown solution, which was used as the
electrolyte for electrochemical deposition. Electrochemical deposition was carried out
in a three-electrode cell comprising a Pt foil (counter electrode), a Ag/AgCl electrode
(reference electrode), and TizC2/NF (working electrode). Cyclic voltammetry was
adopted in this electrodeposition process, in which the highest voltage was 1 V, the
lowest voltage was -1.4 V, the scanning speed was 5 mV s’!, and the number of cycles
was 1, 3, or 5. As-prepared RuO2-1/Ti3C2/NF, RuO2-3/Ti3C2/NF, and RuO2-5/Ti3C2/NF
electrodes were rinsed with deionized water and air-dried. The control sample

(RuO2/NF) was prepared using bare NF as the working electrode.
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3.1.4 Electrochemical Measurements

Hydrogen evolution reaction (HER) and oxygen evolution reaction (OER)
experiments were conducted in a conventional three-electrode system by linear sweep
voltammetry (LSV) at a sweep rate of 5 mV s™! in electrolytes consisting of 1M KOH,
IM KOH + 1M NaCl or 1M KOH + seawater. The counter electrode was a graphite rod,
while the reference electrode was an Ag/AgCl (saturated KCI). The working electrodes
are the prepared composite materials. As benchmark, the commercial Pt/C/NF and
RuO2/NF were prepared by the coating method. A slurry (10 mg of commercial Pt/C or
RuO: catalyst, 500 puL of DI, 450 pL of isopropanol, and 50 pL of Nafion) was deposited
ona 1 x 1 cm? piece of clean NF with a mass loading of 1.6 mg cm™ (optimum load for
performance in line with literature reports).! After adding KOH and filtering the
precipitate, which was mostly generated by magnesium hydroxide (~ 1.31 g/L Mg*" in
seawater),” natural seawater that had been collected from the North sea in Dunkerque,

France, was utilized as the electrolyte with a final pH of 14.

3.1.5 Faradaic Efficiency Measurements for the HER.

The ratio of an experimentally evolved gas amount to the theoretically predicted
one is known as the Faradaic efficiency (FE), which can be calculated using equation
(3.3

FE=Vm/Vix100% (3.1)
Vm is the measured amount of gas produced (mL), and Vi is the theoretical amount

(mL), which can be calculated using the following equation (3.2-3.4):

Vi=nxM/p (3.2)
n=Q/(axF) (3.3
Q=1 (3.4)

n is the theoretical amount (mol) of produced gas; M is the molar mass of the gas
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(g/mol); p is the density at normal temperature and pressure (g/mL); Q is the
accumulated charge (C); a is the number of electrons transferred (n = 2 for HER and n
= 4 for OER); F is the Faraday constant (96485 C mol™); I is the current (A); and ¢ is

the time (s). A water drainage method was used to capture the generated gas.
3.2 Results and discussion

3.2.1 Synthesis and Structural Characterization of RuQ,-TizC,/NF.

It is necessary to characterize the major electrocatalytic interface of the
electrocatalysts in order to confirm that RuO2-Ti3C2 was successfully formed on the
surface of NF. The formation process of RuO2-Ti3C2/NF is depicted in Figure 3.2. First,
the stonelike TisAlC2 MAX precursor was etched selectively by strong acid (LiF/HCI)
to remove Al atomic layers, yielding accordion-type Ti3C2 MXene nanosheets. Figure
3.3(a) depicts the scanning electron microscopy (SEM) image of the compact bulk
morphology of the MAX raw material. This morphology contrasts with the loosely
stacked structure of TizC: (Figure 3.3b), revealing the successful etching of the Al
layers. After the washing and exfoliation procedures, a few-layered Ti3C2 MXene was
subsequently produced as an aqueous dispersion. According to Figure 3.3(c), the
formation of 2D single- or few-layered Ti3C. MXene with a lateral size of
approximately 3 um is clearly evidenced. During this process, numerous hydrophilic (-

F and -OH) functional groups might theoretically be generated on the surface of TisCo.
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Figure 3.2. Schematic illustration of the preparation of RuO2-TizC2/NF.

Figure 3.3. SEM images of (a) bulk TisAlC2 MAX phase, (b) accordion-like Ti3C2

MXene and (c¢) single or few-layer Ti3C2 MXene.
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At the same time, a significant amount of positively charged Ni*" was generated
on the NF surface during cleaning by HCI. Therefore, when the cleaned NF was
immersed in the Ti3C2 aqueous suspension, the negatively charged TizCz and the
positively charged NF attract and combine with each other, forming Ti3C2/NF through
electrostatic interactions.

The electrochemical deposition of RuOz2 particles, which involves cathodic and
anodic scans, is the last stage. During this process, Ru*" species are converted to low
valence before changing to high valence. Figure 3.4 depicts a characteristic CV for the
development of the RuO»-Ti3zC2/NF composites after 3 cycles. The reduction of Ru**
species is evidenced by the existence of peak R1 on the negative sweep, in which Ru
(Ru metal or oxy-chloro-ruthenium species) deposits onto TizC2/NF, generating Ru

nanoparticles.

1st
2nd
3rd

Current Density (mA cm™3)
o
\ll
\
1

-1.0 -0.5 0.0 0.5 1.0
Potential vs. Ag/AgCI (V)

Figure 3.4. CV behavior of RuO2 nanoparticles’ growth on Ti2C3/NF (scan rate = 5

mV s™).
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In the subsequent positive scanning process, Ru species are oxidized to hydrous
oxides (RuOx'nH20) and then further oxidized to a higher oxidation state (i.e., hydroxyl
Ru®" species).* The two-step oxidation process is evidenced by the presence in Figure
3.4 of the redox peaks of the O1 and the O2 redox peaks, respectively. During the next
negative scan, these hydroxyl Ru®" components are converted back to hydroxyl Ru*"
(RuOx'nH20) at peak R2’s potential and then are gradually reduced to lower oxidation
states. Finally, the Ru** species in the plating solution are once more deposited at greater
negative potentials.

The microscopic morphology of RuO2-TizC2/NF was studied by SEM (Figure 3.5)
and TEM (Figure 3.6), in which the dark spots are RuO: particles and the light sheets
correspond to Ti3C2 MXene. The ultrafine RuO2 nanoparticles (mean size of ~ 15 nm)
are uniformly deposited on relatively large Ti3Cz layers. Unlike RuO2 particles grown
on Ti3C2 nanosheets, which have an exceptionally tiny size and a greater distribution
area, when RuOz particles are directly deposited on the surface of NF, as illustrated in
Figure 3.7, RuO2 particles not only easily agglomerate, disrupting charge transfer, but
also form larger crystalline particles with a size of 2 um, reducing the active area. That
was expected, as the use of TizC2 MXene as a support material could dramatically
expand the active area of the catalyst and expose more RuO: sites, hence promoting

electrolyte transport and improving catalytic activity.
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Figure 3.5. SEM micrographs of RuO:-Ti3Ca/NF.
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Figure 3.6. (a-d) TEM images of RuO2-Ti3C2 (inset in a is the particle size

distribution histogram of RuO2 nanoparticles).
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Figure 3.7. SEM image of RuO2/NF.

Obviously, diffraction rings of Ti3C2 (006), Ni (111), and RuO2 (211), (301), (202),
and (321) could be easily evidenced in the selected area electron diffraction (SAED)
plot (Figure 3.8a). High-resolution TEM (HRTEM) further revealed the phase structure
of RuO2-Ti3C2/NF. The typical fringe spacings of 0.25 nm in Figure 3.8b and 0.95 nm
in Figure 3.9 could be assigned to the (006) and (002) planes of Ti3Cz and 0.32 nm to
the (110) diffraction plane of RuO2.> The above results are corroborated by the XRD
data, which will be analyzed in detail later. Moreover, the TEM dark-field image and
corresponding element mapping analysis (Figure 3.8c) of RuO:2-TizC2/NF revealed
uniform dispersion of Ru, O, Ti, and C, evidencing the effective integration of RuO2 on
the NF surface. A tiny loading quantity of Ru was confirmed by its content of merely

4.09 atom % determined by EDX analysis (Figure 3.10).
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Figure 3.8. (a) SAED pattern, (b) HRTEM image and (¢) HAADF-STEM image and

EDS elemental (Ru, O, Ti and C) mappings of RuO2-TizC2/NF.

Figure 3.9. HRTEM image of RuO2-TizC2/NF.
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Figure 3.10. EDX spectrum of RuO2-Ti3C2/NF; the inset corresponds to elemental

composition.

The composition and crystal structure of Ti3C2/NF, RuO2/NF, and RuO»-TizC2/NF
were examined by XRD analysis. As shown in Figure 3.11, the raw Ti3AlC: MAX
phase featured sharp peaks that match the standard 26 degrees stated in the literature.®
The strongest peak at 20 = 39° vanished after selective etching, indicating that all of the
Al atoms in the lattice have been removed, and the peaks at (002) and (004) shifted to
lower angles, suggesting that the interplanar spacing has increased, implying that
TisAlC2 was fully transformed into TisC2 upon etching. Furthermore, the peak
intensities of Ti3C2 MXene became substantially weaker, which can be attributed to the

existence of thin layers.
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Figure 3.11. XRD patterns of TisAlC2 MAX and Ti3C2 MXene powder samples.

In addition, Figure 3.12(a) depicts also the XRD plots of TizC2/NF, RuO2/NF and
RuO2-TisC2/NF, displaying diffraction peaks at 28.02° and 35.07° ascribed,
respectively, to the (110) and (101) planes of RuO2 (PDF #431027). The diffraction
peaks of RuO: can still be identified, although their relative intensities are weak due to
its presence in a low amount. The diffraction peaks were essentially undetectable (gray
line in Figure 3.12a) when few-layer Ti3C2 MXene nanosheets were loaded on the
surface of the NF framework. This is most likely due to the TizC2 nanosheets being
excessively thin and considerably smaller than the distinctive Ni characteristic peaks.
X-ray photoelectron spectroscopy (XPS) was utilized to validate the surface elemental
composition of the Ti3C2/NF, RuO2/NF, and RuO:2-Ti3C2/NF. The survey spectrum of
Ti3C2 MXene powder obtained after Al etching, as shown in Figure 3.13, displayed
peaks corresponding to F, O, Ti, C, and Cl elements.” Among them, F, O, and ClI
originate from LiF and HCI etchants, which form -F, -OH, -Cl, and other polar

functional groups on the surface of Ti3C> MXene nanosheets, favoring electrostatic
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interactions between TizCz sheets and positively charged NF. Furthermore, there was
no peak in the spectrum at the position corresponding to the Al element, indicating that
the Al atomic layer has been totally removed. Core-level XPS plots of Ti 2p and Ru 3p
of RuO»-Ti3C2/NF are depicted in Figure 3.12(c) and (d) to verify the valence state of
the elements on its surface. The Ti 2p spectrum was deconvoluted into four doublets
representing Ti-C, Ti**, Ti*", and Ti*', whose 2p3/2 peaks are located at 455.8, 456.4,
457.2, and 458.2 eV, respectively, in accordance with the previous report on TizC2.!
Likewise, the corresponding 2p1/2 orbital plots are also fitted with four species at 460.8,
461.8, 463.1, and 464.0 eV. On this basis, the components located at 462.5 and 485.1

eV corresponding to the 3ps2 and 3pi2 orbitals of Ru are also observed.'"!?
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Figure 3.12. (a) X-ray diffractograms, (b) XPS survey spectra of Ti3C2/NF, RuO2/NF

and RuO»-Ti3C2/NF, and core level XPS plots of (¢) Ti 2p + Ru 3p and (d) Ti 2p + Ru
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3p32 of RuO2-TizCa/NF.

According to the literature, these binding energies correspond to the +IV oxide
valence state of ruthenium, further indicating that RuO2 was synthesized on the Ti3Cz

nanosheets.

Ti,C, MXene powder

Intensity (a.u.)

800 700 600 500 400 300 200 100
Binding energy (eV)

Figure 3.13. XPS survey scan of TisC2 MXene powder sample.

3.2.2 Hydrogen Evolution Reaction (HER).

A three-electrode device was applied to assess the electrocatalytic performance of
NF, Ti3C2/NF, RuO2/NF, and RuO»-Ti3C2/NF. The performance of Pt/C (commercial
catalyst) was also recorded as a supplementary benchmark for HER. Figure 3.14(a)
shows the linear sweep voltammetry (LSV) curves with 85%-iR compensation
performed in 1 M KOH solution of the above catalysts. The RuO2-TizC2/NF
electrocatalyst displayed remarkable HER activity, as compared with the others, even
surpassing Pt/C (commercial). Inductively coupled plasma mass spectrometry (ICP-MS)
analysis of RuO2-Ti3C2/NF revealed that the content of ruthenium was only 0.02 wt.%,
which was more than a hundred times lower than the loading mass of the Pt/C catalyst

(1.6 mg/cm?, 2.29 wt.%). This is the optimal loading mass with the highest activity for
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commercial Pt/C/NF catalysts, and it is comparable with commercial catalytic
performance reported in the literature.! In this work, RuO»-Ti3C2/NF outperformed the
Pt/C/NF activity with extremely minimal Ru loading, resulting in a low-cost catalyst.
As illustrated in Figure 3.14(b), RuO2-Ti3C2/NF required overpotentials of 20 and
85 mV to acquire, respectively, 10 and 100 mA cm, which are significantly lower than
those of Ti3C2/NF (150 and 299 mV) and RuO2/NF (82 and 177 mV), demonstrating a
notable increase of activity upon hybridization of Ti3C2 and RuO2. RuO2-TizC2/NF also
featured the most favorable reaction kinetics among these electrocatalysts with a Tafel
slope of 45.8 mV dec! (Figure 3.16a), outperforming TizC2/NF (141.5 mV dec™),
RuO2/NF (73.4 mV dec!), and Pt/C catalysts (62.6 mV dec'). The interfacial
interaction of RuO2 and Ti3C2 in the composite may shorten the electron/ion transport

and mass diffusion channel, which is thought to be the cause of the rapid HER kinetics.
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Figure 3.14. Electrocatalytic HER performance of the as-prepared catalysts: (a) LSV
plots and (b) overpotentials at 10, 50, and 100 mA cm™ for HER of NF, TizC2/NF,

RuO2/NF, RuO:2-TizC2/NF, and Pt/C/NF.

The HER performance of RuO:2-Ti3C2/NF composites, prepared using various

electrochemical Ru deposition cycles, was evaluated as shown in Figure 3.15(a,b), in
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order to determine the loading mass of RuO2 with the optimal activity. According to the
LSV curves, the most prominent electrochemical signals for the HER were acquired for
RuO:-Ti3C2/NF with the same superiority for Tafel slopes. When the amount of
deposited RuO2 was insufficient (RuO2-1/Ti3C2/NF), the nanoparticles were rarely
detected on the Ti3C2 MXene sheets (Figure 3.15c¢), resulting in a lack of active sites
for the catalytic process. In contrast, when the number of deposition cycles was above
three (RuO2-5/Ti3C2/NF), excessive development and accumulation of RuO2 particles
generated a thicker deposition layer, which not only blocked the transfer channel of
charge and mass but also fell off, deteriorating durability. This was confirmed
morphologically by SEM imaging, as shown in Figure 3.15(d). The following

electrochemical studies were thus performed on the optimal RuO2-3/Ti3C2/NF.
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Figure 3.15. (a) LSV curves and (b) Tafel plots for HER of RuO:-Ti3C2/NF prepared
by 1, 3 or 5 deposition cycles of RuOz particles. SEM images of RuO2-TizC2/NF
prepared by (¢) 1 and (d) 5 deposition cycles of RuOz particles.
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In addition, as summarized in Figure 3.16(b) and Table 3.1, compared to the
majority of other Ru- or TizCz-based electrocatalysts described thus far, the HER
performance of RuO:2-TizC2/NF was not inferior. With the aim to understand the
enhancement mechanism of RuO:-TizC2/NF, the electron transport and transfer
properties and electrochemically active surface area (ECSA) of various catalysts were
investigated. The electrochemical impedance spectroscopy (EIS) was performed, and
the Nyquist plots with a simplified equivalent circuit are displayed in Figure 3.17.
According to this fitting model, RuO2-Ti3C2/NF exhibited the most competitive charge-
transfer kinetics as expected, which was inferred from the low charge transfer resistance

(Ret) of 1.21 Q compared to TisC2/NF (15.06 Q) and RuO2/NF (3.67 Q), as detailed in

Table 3.2.
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Figure 3.16. (a) Tafel plots of RuO2-Ti3C2/NF, RuO2/NF, Pt/C/NF and TizC2/NF. (b)
Comparison of overpotentials (at 10 mA cm) and Tafel slopes of RuO2-Ti3C2/NF and

other Ru-based HER catalysts (detailed in Table 3.1).
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Table 3.1. Comparison of HER activity of RuO2-TizC2/NF with recently reported Ru-

based electrocatalysts in 1.0 M KOH electrolyte.

Overpotential (mV) Tafel slope

Electrocatalyst Reference
at 10 mA-cm™ (mV dec™)
Ru@ZIF-L(Co)/FL- 20 28 13
Ti3C2Tx

RuSA-N-S-TizsCaTx 76 90 14
Ru@B-T13C2Tx 62.9 100 15
Ru-TisC2Tx@600 96 187.9 16
Ru-CoN/Ti3C2Tx 48.8 44.1 17
RuSA-N-Ti3C2Tx 27 29 8
RuCo0204/Ti3C2Tx 55 46 19
Ru-SA/Ti3C2Tx 70 27.7 20
Ru/c-Ti3C2Tx/NF 37 60 2
Ru@SGO 96 79 22
COF-rGO-Ru 42 46 23
Ru2P 57 43 H

RuO:-Ti;C2/NF 20 45.8 This work
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Figure 3.17. Nyquist plots in the frequency range of 10° and 0.01 Hz

(detailed in Table 3.2) of Ti3C2/NF, RuO2/NF, RuO2-Ti3zC2/NF, and Pt/C/NF.

Table 3.2. Solution resistance (Rs) and charge transfer resistance (Rct) values of

Ti3C2/NF, RuO2/NF, RuO:-TizC2/NF and Pt/C.

Catalyst R () R (©2)

Ti3C2/NF 0.86 15.06

RuO2/NF 0.83 3.67
RuO:-TizC2/NF 0.78 1.21
Commercial Pt/C 0.82 1.12

As a measure of ECSA, Figure 3.18(a) depicts the double-layer capacitance (Cai)
values of Ti3C2/NF, RuO2/NF, and RuO2-Ti3C2/NF determined from the CV curves
(Figure 3.19). After further calculation, RuO2-TizC2/NF exhibited the largest ECSA

among the tested catalysts up to 456.50 cm™, over four times greater than that of
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TisC2/NF (110.75 cm™), considerably larger than that of RuO2/NF (355.00 cm™) and
higher than that of commercial Pt/C/NF catalysts (414.25 cm™). The values of Ca and
ECSA are listed in Table 3.3. A catalyst is expected to perform well electrocatalytically
if it owns a larger ESCA, as this measure is directly related to electrochemically active
sites.?> Even after normalizing the HER current density to the ECSA, the RuOz-
TisC2/NF electrocatalyst still featured the best performance (Figure 3.18b), which
implies that RuO2-Ti3C2/NF has the greatest intrinsic catalytic activity per unit ECSA.
Additionally, during a 40 h galvanostatic study to assess catalytic durability, RuO:-
Ti3C2/NF revealed a minor drop of the current density in 1 M KOH (Figure 3.20). The
LSV curve after the 40-h durability test almost overlapped with the original one, further

testifying its stability.

(a) (b) oo
20F . RUO,TI,C,NF 2
u0,-TiyCyf a ——Ti,C,/INF
=- Rug, /e & o 02t RuO,/NF
Ti,C,INF i : )
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E : 2
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%] o =T
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Figure 3.18 (a) Double layer capacitance (Ca) and (b) ECSA-normalized HER

polarization curves of TizC2/NF, RuO2/NF, RuO2-Ti3C2/NF, and Pt/C/NF..
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Figure 3.19. CV curves of (a) Ti3C2/NF, (b) Ti3sC2/NF, (¢) RuO2-TizC2/NF and (d)

Pt/C/NF in the non-Faradaic region of 1.145-1.245 V vs. RHE at various scan rates.

Table 3.3. Cai and ECSAs of TizC2/NF, RuO2/NF and RuO:2-TizCo/NF.

Catalyst Ca (mF ecm?) ECSA (cm?)
Ti3C2/NF 443 110.75
RuO2/NF 14.20 355.00
RuO2-Ti3C2/NF 18.26 456.50
Pt/C/NF 16.57 414.25
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Figure 3.20. Chronoamperometry curves recorded at 20 mA cm for 40 h. (inset:

LSV curves of RuO2-TizC2/NF before and after 40 h durability test).

3.2.3 Oxygen Evolution Reaction (OER).

As another essential half reaction, the oxygen evolution reaction (OER)
performance of NF, TizCo/NF, RuO2/NF, and RuO»-Ti3C2/NF was also assessed and
compared with commercial RuO: catalyst as the benchmark, as presented in Figure
3.21(a).

As expected, RuO2-TizCo/NF displayed the most enhanced activity with an
overpotential of 351 mV to attain 100 mA cm, which is smaller than that of TizC2/NF,
RuO2/NF, and even commercial RuO2. More details about the overpotentials acquired
at different current densities can be found in Figure 3.21(b). Similar to the HER, their
Tafel slopes for the OER were also determined, as shown in Figure 3.21(c). The RuO»-
TisC2/NF showed better kinetics with a Tafel slope of 127.5 mV dec™!, as compared to
that of Ti3C2/NF (135.8 mV dec™') and RuO2/ NF (129.4 mV dec) and near that of

commercial RuO: catalyst (98.3 mV de™). In terms of charge transfer capability, the
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Nyquist plots, acquired for the above catalysts (Figure 3.21d), revealed a similar trend.
The measured semicircle curve of RuO2-Ti3C2/NF has the lowest diameter, meaning
the smallest Ret (1.40 Q) among the prepared catalysts (the specific values of Ret and Rs
are summarized in Table 3.4). It is worth noting that an oxidation peak of up to 50 mA
cm is visible in the LSV curve. After examining the entire redox process (CV curves
depicted in Figure 3.22a), a symmetrical reduction peak was observed in the reduction
process, indicating that these peaks are in fact due to Ni(II)/Ni(IIT) redox peaks. A 40-
h stability test at a current density of 20 mA cm™ was performed according to the
measured CV curve in Figure 3.22(a). Figure 3.22(b) attests that the attenuation of the
current after the durability test is negligible, and the LSV curve (inset in Figure 3.22b)

remained practically the same as before, demonstrating the catalyst’s stability.
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Figure 3.21. Electrocatalytic OER activity of the as-prepared catalysts: (a) LSV

curves, (b) Overpotentials at 50 and 100 mA cm™ for OER, (c) Tafel plots, (d)
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Nyquist plots in the frequency range of 105 and 0.01 Hz of NF, Ti3C2/NF, RuO2/NF,

RuO2, and RuO2-TizC2/NF.

Table 3.4. Solution resistance (Rs) and charge transfer resistance (Ret) values of

Ti3C2/NF, RuO2/NF, RuO:2-Ti3C2/NF and Pt/C.

Catalyst R (2) Ret (2)
T13Co/NF 1.46 31.51
RuO2/NF 1.42 5.88
RuO;-TizC2/NF 1.49 1.40
Commercial RuO2 1.49 13.06
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Figure 3.22. (a) The real measured CV curve (black) and the CV curve after iR-
compensation (red) of RuO2-Ti3C2/NF for OER. (b) Chronoamperometry curves
recorded at 20 mA cm™ for 40 h (inset: LSV curves of RuO»-Ti3C2/NF before and

after 40 h durability test).

102



3.2.4 Overall Water and Seawater Splitting.

To investigate the applicability of RuO2-Ti3C2/NF for hydrogen generation from
seawater splitting, LSV curves for HER and OER tests in | M KOH, 1 M KOH + 0.5
M NaCl (simulated seawater), and 1 M KOH seawater are recorded (Figure 3.23a). It
could be observed that despite the LSV curves of RuO2-Ti3C2/NF for HER and the OER
experiencing a slight negative shift for HER and positive for OER in both simulated
and actual seawater, the catalyst was able to achieve a high catalytic activity. Only low
overpotentials of 156 mV for the HER and 378 mV for the OER were necessary for
RuO»-Ti3C2/NF to drive a current density of 100 mA cm in seawater. Compared to its
overpotentials in 1 M KOH (85 mV for HER and 351 mV for OER) and 1 M KOH +
0.5 M NaCl (117 mV for HER and 352 mV for OER), the incremental values are
acceptable (Figure 3.23b). In particular, the overpotential for the OER was
substantially lower than the theoretical value (480 mV) of the chlorine electro-oxidation
reaction (CIOR), indicating that the RuO2-Ti3C2/NF catalyst may efficiently avoid
CIOR during the real seawater splitting process.

Additionally, Figure 3.23(c) displays the i-t curve of RuO2-TizC2/NF for HER and
OER at 20 mA cm™ recorded for 40 h in seawater, which showed little current
attenuation on both the anode and cathode, attesting the good electrochemical stability
of the RuO2-Ti3C2/NF bifunctional catalyst. Noteworthy is the fact that the attenuation
of HER was more pronounced than OER, which could be ascribed to the twice gas

production on the cathode.
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Figure 3.23. (a) LSV plots of RuO2-Ti3C2/NF for HER and OER in 1 M KOH, 1 M

KOH + 0.5 M NaCl, and 1 M KOH seawater electrolytes. (b) Overpotential of RuO2-

TisC2/NF in the above electrolytes at 10, 50, and 100 mA cm for HER and OER. (c)

Chronoamperometry i-t plots of 40 h for HER and OER in 1 M KOH and 1 M KOH

seawater.

To scrutinize the corrosion resistance of the RuO2-Ti3C2/NF electrode in saline

environments, corrosion polarization curves were acquired before and after the

extended stability tests for the HER and the OER, as illustrated in Figure 3.24. The

initial corrosion potential (Ecorr) of the RuO2-TizC2/NF electrode was 0.55 V,

accompanied by a corrosion current density (icorr) of 1.21 mA cm™. Remarkably, no

significant shift in Ecorr and icorr was observed after a 40-h catalytic process in seawater,
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suggesting that the RuO:2-TizCo/NF electrode retained its corrosion resistance

throughout the duration of the test.
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Figure 3.24. Corrosion polarization curves of RuO2-Ti3C2/NF before (a), after HER

(b) and OER (¢) for 40 h in 1M KOH seawater.

The seawater electrolyte utilized during OER long-time stability test was further
analyzed using the N,N-diethyl-phenylenediamine (DPD) reagent to check if any
hypochlorite (C1O") was generated in order to further validate that no CIOR occurred.
Iodide is converted to iodine by ClO", and iodine then oxidizes DPD to a species that is
pink in color,?® as shown in Figure 3.25, with visible color development even at very
low concentrations (10# M) of ClO". Interestingly, the reagent did not manifest any
color change in the seawater electrolyte upon a 40-h long-time stability OER test,

testifying that the OER did not result in the formation of hypochlorite.
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Figure 3.25. Photographs of (a) 10 M, (b) 0 M NaClO solution and (c) seawater

electrolytes after a 40-h long-time stability OER test.

Considering the good HER and OER activities of RuO2-Ti3C2/NF not only in 1 M
KOH but also in 1 M KOH + 0.5 M NaCl and 1 M KOH seawater, its potential as a
bifunctional catalyst for total seawater splitting deserves further investigation. In order
to achieve total water splitting, a two-electrode electrolyzer was constructed employing
RuO2-TisC2/NF as both the anode and cathode (Figure 3.26a). As anticipated, the
electrolyzer demonstrated good activity for total water splitting in alkaline pure water
and seawater electrolytes, as depicted in Figure 3.26(b). The RuO2-Ti3C2/NF based
electrolyzer required 1.82 V to drive a current density of 100 mA cm™ in a 1 M KOH
solution, a value significantly lower than the voltage necessary for the commercial Pt/C
|| RuOz2 cell (1.95 V). Moreover, the RuO2-Ti3C2/NF (+, —) cell necessitated a voltage
of 1.84 V to acquire 100 mA cm™ in 1 M KOH saltwater for total seawater splitting
(Figure 3.26b, Table 3.5). Furthermore, the durability for total seawater splitting was
studied by multistage chronopotentiometry, as shown in Figure 3.26¢c. When the

voltage was increased or decreased (from 1.5 to 1.9 V and back to 1.5 V), the current
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responded in time and could remain almost constant in every stage within 10000 s. The
whole stability test lasted up to 25 h, demonstrating the electrochemical stability of the
RuO:-TisC2/NF (+, —) cell for total water spitting in both alkaline pure water and

saltwater.
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Figure 3.26. (a) Schematic of the overall water-splitting system. (b) Polarization
curves of RuOs-Ti3zC2/NF (+, —) and commercial RuOz (+) || Pt/C (=) in 1 M KOH and
1 M KOH seawater in a two-electrode system for overall water splitting. (c)
Multipotential stability test: i-t curves of RuO2-Ti3C2/NF (+,—)in 1 M KOH and 1 M

KOH seawater.
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Table 3.5. Comparison of RuO2-TizC2/NF for overall water splitting with previously

reported electrocatalysts.

Potential (V)
Electrocatalyst Electrolyte Reference
for 100 mA-cm
1.88 1 M KOH
NixB/B4+C/B-Cpr/NF 27
1.95 1 M KOH seawater
1.8 1 M KOH
Mn-doped Ni2P/Fe:P 28
1.84 1 M KOH seawater
1.62 1 M KOH
Ru MOF CoFe 29
1.7 1 M KOH seawater
asymmetric Co-N3P; 2.07 1 M KOH seawater 30
Er-MoO2 2.2 1 M KOH seawater 31
CoB@MOF@CC 1.87 simulated seawater 32
Ru02-C-300 1.7 for 33 mA-cm? | 1 M KOH seawater 3
CoS2-MoS2/CC >25 simulated seawater 34
1.82 1M KOH
RuO:-TizC,/NF This work
1.84 1 M KOH seawater

Last but not least, SEM and XPS were conducted to examine the stability of the
RuO»-Ti3C2/NF catalyst after a multipotential stability test in 1 M KOH seawater
electrolyte in terms of microscopic morphology and chemical composition. The

microstructure of the RuO: nanoparticle and TizC2 MXene nanosheet was well-
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preserved following either the HER or the OER as seen in Figure 3.27, demonstrating
its superior corrosion resistance and mechanical stability in saltwater. As shown in
Figure 3.28, the Ru 3p12 peak location of the RuO2-TizC2/NF catalyst did not change
much over a protracted OER process, showing that its valence state was not affected.
However, the peak intensity decreased slightly, and this, together with the fact that the
peak intensity of lattice oxygen also diminished during the OER process (Figure 3.29),
indicates that RuO2 was dissolved to some extent. Of note, the peak intensity of oxygen

33.36 in the high-resolution

vacancies, which participate actively in catalytic processes,
spectrum of the O 1s (Figure 3.29) was not affected after HER but rather increased
dramatically after OER. As a result, the chemical composition stability of the RuO:-

Ti3C2/NF catalyst was confirmed further in seawater electrolyte.

(a) (b)

Figure 3.27. SEM images of RuO2-Ti3C2/NF after (a) HER and (b) OER

multipotential stability tests in 1M KOH seawater.
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Figure 3.28. XPS core level spectra of the Ru 3pi2 of RuO2-Ti3C2/NF before (black)
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Figure 3.29. XPS core level spectra of the O 1s of RuO»2-Ti3C2/NF before (a), and

after (b) HER and (¢) OER multipotential stability tests in IM KOH seawater.
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From the above electrochemical results, it is critical to determine the Faradaic
efficiency (FE) by measuring the real gas production rate if the catalyst can be used in
practice. For this purpose, the gases produced on the anodic (O2) and cathodic (H2)
electrodes were collected in alkaline seawater utilizing a drainage approach. Figure
3.30(a) depicts the setup, with purple-red liquid burets measuring the volume of
generated Hz and the orange one measuring O2. The measurement period was 1800 s,
and the input constant current density was 30 mA cm™.

Figure 3.30(b) depicts the quantities of O2 and H2 produced at various periods,
whose corresponding specific values were charted in Figure 3.30(c). At the end of the
measurement, the volumes of Hz and Oz gas were 6.5 and 3.2 mL, respectively, with a
ratio of 2.03:1, in line with the theoretical value of 2:1. After calculation, the FEs for
HER and OER were 96.44% and ~100%, respectively, confirming the excellent dual-
functional electrocatalytic activity of RuO2-Ti3C2/NF and that no evident side reactions

took place even in seawater electrolytes.
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Figure 3.30. (a) Device for monitoring gas production via the drain method. (b) The
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volume of gas produced at the anode and cathode at various periods. (¢) A comparison

of the quantities of experimental and theoretical H2 and Oz gaseous products vs. time.

Moreover, solar panels with a voltage of 2 V were used as the power source for
the seawater electrocatalytic cells, and countless bubbles were generated on the surface
of the electrodes (Figure 3.31 a-b). According to the above discussion, RuO2-Ti3C2/NF

is believed to be a reliable and effective electrocatalyst for overall seawater splitting.

Figure 3.31. (a) The photo of overall seawater splitting powered by solar panels (2

V). (b) The enlarged view of (a) with obvious bubbles.
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3.3 Conclusion

In summary, tiny RuOz particles were grown via an electrodeposition method on
single- or few-layered TisC: sheets loaded on nickel foam (RuO:2-Ti3C2/NF). The
prepared RuO2-Ti3C2/NF had an open nanostructure that promotes the transport of
charge and mass, thereby improving the catalytic activity and reducing the
overpotential and ultimately effectively avoiding chlorine poisoning in the complex ion
condition of seawater. The RuO2-Ti3C2/NF featured remarkable performance for HER,
OER, and overall water splitting not only in KOH electrolyte, but also in simulated
seawater and real seawater. Furthermore, with a stability of 25 h in overall seawater
splitting and a Faradaic efficiency of almost 100%, the catalyst demonstrated its
applicability in the field of seawater electrolysis. Owing to its high catalytic activity for
hydrogen generation by saltwater electrolysis, it presents an effective solution to the

energy problem in places with limited freshwater supplies.
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Abstract

Electrocatalytic water splitting to produce hydrogen (H2) is a sustainable way of
meeting energy demands at no environmental cost. However, the sluggish anodic
reaction imposes a considerable overpotential requirement. By contrast, the
electrocatalytic urea oxidation reaction offers the prospect of energy saving Ha
production together with urea-rich wastewater purification. In this work, a 0D/2D
C0304/T13C2 MXene composite was synthesized by a simple solution reaction approach
under mild conditions and applied as an efficient and stable electrocatalyst for hydrogen
evolution reaction (HER) and urea oxidation reaction (UOR) in basic medium (1 M
KOH + 0.5 M urea). The Co304/Ti3C2 MXene electrodes delivered a current density of
10 mA cm™ at an overpotential of 124 mV for HER and required 1.40 V to reach 10
mA cm? for UOR. The hybrid catalyst could maintain high activity after 40 h
continuous catalytic reaction for both UOR and HER. Its catalytic performance was
significantly improved compared to that of pure Ti3C2 MXene and Co304 solving the
problem of insufficient exposure of active sites caused by too large particle size and
agglomeration of Co304 particles. Notably, Co304/Ti3C2 MXene was applied as a
bifunctional catalyst for overall urea-containing water splitting, and showed certain
energy saving advantages compared with other reported Co-based catalysts. This work
provides a strategy for application other than noble metal-based electrode materials for

urea-containing wastewater purification coupled with H2 production.
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4.1 Experimental section

4.2.1 Synthesis of Titanium Carbide (TizCz) MXene

The layered TizC2 was synthesized by liquid etching of the pristine TisAlCz. The
etching was carried out by immersing the Ti3AIC2 powder in 40% HF aqueous solution
and stirred for 24 h at room temperature. In this process, Al layers were removed,
producing multilayered TizC2 MXene nanosheets. The chemical reaction processes of

HF etching are summarized below (equation 4.1-4.3):!2

TisAlC2 + 3HF = AlF3 + 3/2H2 + Ti3Cz (3.1
Ti3C2 + 2H20 = TizC2(OH)2 + Ha (3.2)
Ti3C2 + 2HF = Ti3C2F + Ha (3.3)

Then, the precipitate was repeatedly ultrasonicated, centrifuged, and rinsed with
deionized water until the pH of the supernatant reached 6. The prepared MXene was

stored in nitrogen-saturated deionized water to prevent oxidation.

4.1.2 Synthesis of Cobalt Oxide (Co0304) and Co0304/Ti3C:

MXene composite. First, 40 mg of Ti3C2 MXene was uniformly dispersed in 40
mL of deionized water and ultrasonicated for 60 min at room temperature. Then, 2.17,
10.85, 21.70, and 43.40 mg of CoCl> were separately added into the MXene colloidal
solution under stirring for 10 min. After that, the mixed solution was heated to 70 °C
and an aqueous solution of NaBH4 of different concentrations (20, 100, 200, and 400
mg NaBHa4 dispersed in 20 mL of deionized water) was slowly added into the MXene
colloidal under stirring. After 10 min reaction, the resulting products were separated by
centrifugation, washed with deionized water several times, and finally dried at 60 °C
overnight. The samples were named as Co0304/TizC2 (1:10), Co304/TizC2 (1:2),
Co304/Ti3C2 (1:1), and Co304/Ti3C2 (1:0.5), where the ratio refers to the mass ratio.

The Co304 was prepared using the same method without adding TizC2 MXene.
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4.1.3 Fabrication of the Electrodes

The prepared sample (5 mg) and Nafion 117 solution (~5 wt.%, 5 pL) were
uniformly dispersed in ethanol (500 pL) by sonication. The slurry (2 pL) was drop-
casted onto a polished glassy carbon disk (d = 3.0 mm, area: 0.071 cm?) and dried at
room temperature. The current density was calculated by dividing the actual current
value, measured by the electrochemical workstation, by the area (j = I/S, where j is the
current density, I refers to the current, and S corresponds to the surface area of the
electrode). Similarly, Pt/C and RuOz electrodes were prepared under otherwise identical
conditions. The glassy carbon (GC) electrodes loaded with different samples were used
in UOR and HER electrochemical tests. For the overall water splitting test, the
C0304/Ti3C2 MXene slurry was prepared by a similar process® (10 mg of Co304/TizC2
MXene catalyst, 500 puL of DI, 450 pL of isopropanol, and 50 uL of Nafion), and then
deposited on a 0.5 x 0.5 cm piece of nickel foam (NF) with a mass loading of 1.6 mg
cm. Prior to Co304/Ti3C2 MXene loading, the NF was cleaned with acetone, diluted
HCI (6 M), DI water, and ethanol to reduce the oxidized layer thickness. The benchmark
precious metal catalysts Pt/C and RuO2 were casted on NF at the same mass loading

(1.6 mg cm™) and the same area (0.5 x 0.5 cm?).

4.1.4 Electrochemical Measurements

UOR and HER electrochemical measurements were carried out by the linear
sweep voltammetry (LSV) method in a standard three-electrode system in 1 M KOH +
0.5 M urea electrolyte at room temperature using a Metrohm potentiostat. A graphite
rod and Ag/AgCl (saturated KCl) electrodes act as the counter and the reference
electrodes, respectively. The sweep rate was set to 5 mV s™! for LSV measurements. All
values of potential were calculated with respect to the reversible hydrogen electrode

(RHE) according to equation 4.4:*
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Erue = Eagager +0.197V + 0.059pH (4.4)
where Ernk is the potential versus RHE and Eagagcl is the measured potential against
the saturated Ag/AgCl reference electrode. In this work, the pH of 1 M KOH solution
is around 14 and that of 1 M KOH + 0.5 M urea is 13.9. All polarization curves were
not IR-corrected. During the long-term test, a carbon rod acted as the counter electrode
to avoid the influence of platinum deposition. The electrochemically active surface area
(ECSA) was measured by the cyclic voltammetry (CV) method in a non-Faradaic
region at various scan rates. The ECSA was estimated by equation 4.5:°

ECSA = Ca/Cs (4.5)
where electrochemical double-layered capacitance (Ca) was determined by extracting
the slope of the fitted linear relationship between scan rate and charging current
(equation 4.6). Cs is the specific capacitance for a flat surface.

Ca1=d(ja-jc)/2dv (4.6)
in which the ja is the anodic current density, jc is the cathodic current density, v is the

scan rate, d/d is a derivative calculation.

4.1.5 Faradaic Efficiency Measurements for the HER

Gas chromatography (GC, Agilent 7890A gas chromatograph) was used to
monitor the released H2 using an automatic gas sampling valve that was pneumatically
actuated. Custom sealed glass-to-metal adapters and 1/8 in. copper tubing were used to
connect the electrolysis cell to the GC apparatus. Ar was used as the carrier gas, and the
oven temperature was set to 45 °C. Ar flow rate was around 3 mL min'.

Gas chromatography (GC) was used to determine the volume of Hz liberated under
the employed experimental conditions (a controlled potentiostatic electrolysis (CPE);
the electrode was held at -1.0 V vs. RHE for 1 h in 1 M KOH+0.5 M urea solution at
25 °C). This volume is referred to as Vmeasured. Equation 4.6 was used to estimate the
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FE value:

FE = Vimeasured/V calculated (4.6)
Where Vecalculated represents the theoretical volume of Hz (the amount of the gas
calculated from the charge passed through the WE during CA assuming 100% Faradaic
efficiency). Measurements were conducted in a two-compartment bulk electrolysis cell
with standard configuration. The cell consists of three electrodes: a working electrode,
a counter electrode (a graphite rod, Sigma-Aldrich, 99.999%) and a Hg/HgO, NaOH
(0.1 M) as the reference electrode. Equation 4.7 shown below was used to calculate the
Faradaic efficiency values for the HER:

Faradaic efficiency (%) = [F2mol H2 (GC)100]/Q(CPE) 4.7)
Where F is the Faraday’s constant (F = 96485 C), mol Hz (GC) refers to the amount of
H: released during a controlled potential electrolysis (CPE) by GC, and Q(CPE) is the
charge passed through the WE during the CPE. The factor (2) is the number of electrons

transferred during the HER (n = 2 due to H" reduction, 2H" + 2¢™ = H>).
4.2 Results and discussion

4.2.1. Fabrication and Characterization of the 0D/2D

Co0304/Ti3C2 MXene Composite. The preparation of 0D/2D Co304/Ti3C2 MXene
composite is illustrated in Figure 4.1. First, the bulk TisAlC2 MAX phase was
selectively etched by hydrofluoric acid (HF) to remove Al layers, resulting in
accordion-like layered Ti3C2 MXene nanosheets. On the surface of Ti3C2 MXene, many
negative hydrophilic functional groups (-O, -F, and -OH) could be potentially produced
upon etching by HF,® which can form strong electrostatic interactions with Co** ions,
resulting in tight adsorption of Co cations on the surface of TizC> MXene. Upon
addition of the reducing agent (NaBH4), the Co?" ions adsorbed on the surface were in

situ reduced to Co-CoO particles. The resulting Co-CoO/Ti3C2 MXene composite was
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further dried in air at 60 °C to produce 0D/2D Co0304/Ti3C2 MXene composite.

- HF - CoCl, 60 C, air

TI3A|CQ Max Ti,C, MXene » Co-CoO/Ti;C, MXene ’ C0530,/Ti;C, MXene

Etch:ng NaBH, Oxidation
Reduction
® & @ ¢ & @
% % <@y MXene sheet
% m ( Co-CoO particle @ Co;0, particle

Figure 4.1. Schematic illustration of the synthetic procedure of 0D/2D Co0304/Ti3C2

e o2 ©=

MXene composite.

The morphology of TisAlC2 MAX, Ti3C2 MXene nanosheets, 0D/2D Co0304/Ti3C2
MXene, and pure Co30O4 nanoparticles was assessed by scanning electron microscopy
(SEM). Figure 4.2 depicts the tightly stacked morphology of bulk Ti3AlC2 MAX with
a width of the upper surface of about 10 pum. After removing the Al atomic interlayer
by etching in HF, Ti3C2 MXene was well-delaminated and exhibited an accordion-like
structure with a regular gap layer, as shown in Figure 4.3(a). From the SEM
micrographs in Figure 4.3(b-c¢), it could be evidenced that a large number of fine and
uniform 0D Co304 nanoparticles with a diameter of about 14 nm are not only dispersed
on the Ti3C2 MXene surface, but also within the interlayer gap.

To estimate the size of 0D Co30s4 particles on TisC2 MXene, we obtained the
particle size distribution histogram according to the SEM image in Figure 4.4(a). The
black line in Figure 4.4(b) is a simple GaussAMP fit showing size distribution, which
reveals a mean diameter of Co3Os particles of about 14.1 nm. In contrast, the Co304
particles synthesized without support material (Figure 4.3d) stuck together, causing
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serious agglomeration. In addition, their size (~400 nm) is much larger than that of
C0304 nanoparticles grown on the Ti3C2 MXene. As can be seen from Figure 4.4(e),
elemental mapping analysis highlighted the uniform distribution of Ti, C, Co and O
elements in Co304/Ti3C2 MXene, implying the successful hybridization of TizCa
MXene with 0D Co304 nanoparticles. In addition to the above elements, the F element
was also detected to be uniformly distributed (Figure 4.5), indicating that there are F-
containing groups on the TizC2 MXene surface after HF etching. Loading Co0304
nanoparticles on Ti3C2 MXene reduced the large particle size and inhibited the
aggregation of Co304 particles, manifesting the strong interaction between Co30O4 and
TisC2 MXene,’ thus increasing the active sites involved in the catalytic reaction from

the perspective of morphology.

Figure 4.2. SEM image of the bulk TisAlC2 MAX phase.
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Figure 4.3. SEM images of (a) accordion-like layered TizC2 MXene nanosheets,

Co0304/Ti3C2 MXene composite at (b) low and (¢) high magnifications, and (d) pure

Co0304 nanoparticles. (e) Elemental mapping of Co304/Ti3C2 MXene composite.
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Figure 4.4. (a) SEM image Co0304/Ti3C2 MXene composite and (b) the particle size

distribution histogram of Co3Os particles on Ti3C2 MXene.
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Figure 4.5. Element mapping of Co304/Ti3C2 MXene for F and Si (Si originates from

the Si wafer base).

The phase structures of TizAlC: MAX, TisC: MXene nanosheets, 0D/2D
C0304/T13C2 MXene and pure Co304 were determined by X-ray diffraction (XRD)
analysis. Figure 4.6(a) displays the diffraction peaks of Ti3sAlC2 MAX at 26 of 9.5°,

19.1°, 39.0°, 41.7°, and 56.4° corresponding respectively to the (002), (004), (104),
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(105), and (109) planes of Ti3AlC2 MAX phase. These peaks are sharp and intense with
their positions being consistent with those reported in the literature.® After HF chemical
etching, a shift of the (001) diffraction peak to low-angle position, indicating a c-cell
parameter increase. The disappearance of the (104) peak of MAX, located at 39°,
accompanied by the appearance of the characteristic (006) and (111) crystal planes at
respectively 20 = 27.7 and 35.8° suggest the formation of Ti3C2 MXene. These results
proved that the Al atomic layers were effectively etched and the TizAlC2 MAX was
transformed into TisC2 MXene.? Additionally, different from the diffraction peaks of
TizAlCz, the peak intensities of Ti3C2 are much weaker and broader due to the thinner
layered structure of TisC2.” In the XRD pattern of Co304/Ti3C2 MXene composite,
diffraction peaks at 26 of 19°,31.2°,36.9°,44.8°, 59.4°, and 65.2° assigned to the (111),
(220), (311), (400), (551), and (400) planes of Co304 (PDF #42—1467) are obvious.
Compared with the XRD patterns of the prepared Co3O4 without MXene (Figure 4.6b),
the characteristic peaks of Co30O4 in the Co0304/Ti3C2 MXene composite are more
evident, which can be ascribed to higher crystallinity of the grown Co3O4 particles after
introducing Ti3C2 MXene as a support material. The reason behind the better
crystallinity of Co30O4 nanoparticles upon their support on MXene sheets, as compared
to pure Co304, is most likely due to the formation Co-CoO particles on MXene layers
with relative larger surface energy, which are easier to be completely converted into
C0304 upon thermal annealing at 60 °C. In contrast, pure Co-CoO particles are larger
with a lower surface energy. Therefore, they are difficult to be fully transformed into

C0304 and show poor crystallinity.

128



—
Q
S

4+— Co0,0,/Ti,C, MXene (b)

=) Co,0,
—_— —— -
5\ 5
LM e : L
S 3 >
? = g 5 = = i =
) ‘il =] bl = n
c e =18 - c
= Is - T = PDF#42-1467 Co,0,
S g 3 30,
=1 3 =
- A e B gl
10 20 30 40 50 60 70 20 30 40 50 60 70
2 Theta (degree) 2 Theta (degree)

Figure 4.6. XRD patterns of (a) TisAlC2 MAX, TizsC2 MXene, Co304/Ti3C2 MXene

composite and (b) pure Co30a4.

The Raman spectra of TisAlCz before and after HF etching also further proved that
the Al element was removed completely, as shown in Figure 4.7. The four dominant
Raman peaks of Ti3AlCz could be assigned to Al-Ti vibrations (I and II), while bands
III and IV involve Ti-C vibrations.’ '° Peaks I and II of Al-Ti vibrations have almost
disappeared in the Raman plot of TisC2 MXene, confirming the successful shedding of
Al. At the same time, the peaks III and IV became broader with weaker intensities,

which can be attributed to the formation of Ti3C> thinner layers.’
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Figure 4.7. Raman spectra of TisAIC2 MAX and TizC2 MXene.

X-ray photoelectron spectroscopy (XPS) spectra were acquired to analyze the
elemental composition and valence states of the pure Co3Os, TisC2 MXene and
Co304/Ti3C2 MXene, as shown in Figures 4.8, 4.9. From the survey spectra of Ti3C2
MXene and Co304/Ti3C2 MXene (Figure 4.8a), except for Ti, C, O, F, and Co elements,
no other chemical element was detected, suggesting the complete removal of Al layers,
in good agreement with the XRD and Raman observations. Double checking this
assumption, a high-resolution spectrum at the position corresponding to the binding
energy of the Al did not show any obvious signal (Figure 4.8b), which further confirms
the above results. Additionally, the intensity of the F 1s peak became weaker and the
intensity of the peak O 1s increased after formation of Co304/Ti3C2 MXene (Figure
4.8a). This is due to the growth of Co304 particles covering the -F functional groups

and likewise increasing the content of O element.
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Figure 4.8. (a) XPS survey spectra of TisC2 MXene, pure Co304/Ti3C2 MXene
composite, and Co304. (b) High-resolution XPS spectrum of the Al 2s of Co304/Ti3C2

MXene composite.

For Ti 2p spectrum of Co304/Ti3C2 MXene (Figure 4.9a), it was fitted with four
doublets due to Ti 2p32 and Ti 2pi2 with a peak area ratio of 2:1. The four peaks of
2p3/2 are located at 454.4, 455.5, 457.7, and 458.3 eV, corresponding to the Ti-C, Ti*",
Ti**, and Ti*, respectively, consistent with reported data.!® !' Likewise, the
corresponding 2p1.2 orbital spectra are also deconvoluted into four components at 460.3,
461.5, 463.3, and 464.2 eV. Besides, the high-resolution Co 2p plot of Co304 (Figure
4.9b) exhibits two broad peaks at around 781 and 796 eV with a binding energy
separation of 15 eV due to the spin—orbit splitting of the 2p orbital into 2p3/2 and 2p1.2,
suggesting the formation of Co0304.!” Further, the four resulting peaks upon
deconvolution analysis at 780.9 and 796.5 eV are assigned respectively to Co>" 2p3»
and Co" 2p1/2, while the components at 782.4 and 797.9 eV are ascribed to Co*" 2p32
and Co*" 2p152, respectively.'® The other two peaks are the corresponding satellite peaks

(786.8 and 803.5 eV). From Figure 4.9(¢c), it could be seen that the peaks of Co 2p in
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Co304/Ti13C2 MXene composite were slightly shifted to higher binding energies (781.0,
796.5, 782.6, and 798.1 eV) compared with those of Co3Os, revealing the charge
transfer from the Co3O4 nanoparticles to Ti3C2 MXene.” All these aspects demonstrated
the successful growth of zero-dimensional Co304 nanoparticles on two-dimensional

Ti3C2 MXene nanosheets, forming a 0D/2D Co304/Ti3C2 MXene composite.
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Figure 4.9. High-resolution XPS spectra for (a) Ti 2p of Co304/Ti3C2 MXene

composite; Co 2p of (b) pure Co304 and (¢) Co304/Ti3C2 MXene composite.

4.2.2. Electrocatalytic Performance of C0304/TizC; MXene Composite for
Urea Oxidation Reaction (UOR)

The electrocatalytic UOR performance of the Co304/Ti3C2 MXene composite was
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surveyed in a typical three-electrode setup. As shown in Figure 4.10, the linear sweep
voltammetry (LSV) curves of the Co304/T13C2 MXene composite, deposited on a glassy
carbon electrode, were recorded in different electrolytes. The current response in 0.5 M
urea without KOH is negligible compared to that in 1 M KOH, indicating that both
OER and UOR need to be performed under alkaline conditions. Obviously, the anodic
current density tested in 1 M KOH+0.5 M urea (corresponding to the UOR process)
increased significantly compared to that recorded without urea (corresponding to the
OER process). At the same time, Co304/T13C2 MXene required a drive potential of 1.69
V to attain 40 mA cm during the process of OER, while it only demanded 1.49 V for
UOR. This result revealed convincingly that Co3O4/Ti3C2 MXene is an excellent

electrocatalyst for UOR in alkaline electrolyte and more energy efficient than for OER.

'g 150} ——1.0 M KOH + 0.5 M Urea
- ——1.0 M KOH
§_ ——0.5 M Urea
2 100
B
c
[
o
= s} 1.49V 1.69V
o
5
o ~
0 ——
113 1?4 1:6 1jG 17

Potential vs. RHE (V)

Figure 4.10. Electrocatalytic performance for urea oxidation reaction. LSV curves of

the C0304/Ti3C2 MXene in 1.0M KOH with/without urea at a scan rate of S mV s™'.

To assess the material ratio with the best performance, we carried out parameter

optimization experiments: the UOR properties of composites with different
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Co0304/Ti3C2 MXene ratios were tested, as shown in Figure 4.11(a-b). As can be seen
from the LSV curves, for UOR, Co304/Ti3C2 MXene (1:1) featured the most obvious
electrochemical signals, corresponding to the results of the Tafel slopes. In addition, the
electrocatalytic activity of Co304/Ti3C2 MXene was assessed in 1 M KOH containing
different urea concentrations (0.1, 0.3, and 0.5 M). The results in Figure 4.12 clearly
indicate that the current density decreased upon decreasing the urea concentration
below 0.5 M and approached that of OER for 1 M KOH+0.1 M urea. The catalytic
properties of all materials are summarized in Table 4.1. From their SEM image (Figure
4.13a-d) analysis, when the Co salt amount was low (Co304/Ti3C2 MXene 1:10 and
1:2), Co304 particles were hardly seen to grow on the Ti3zC2 MXene sheet surface
(Figure 4.13a), resulting in insufficient active sites to participate in the catalytic
reaction. On the contrary, when too much Co salt was introduced, a large number of
flocculent agglomerates were formed (Figure 4.13d), blocking the gaps of the Ti3Cz
MXene sheets which hindered the charge transfer, thus deteriorating the electrocatalytic
performance. The subsequent electrochemical experiments were carried out on

Co0304/T13C2 MXene (1:1).
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Figure 4.11. (a) LSV curves for UOR and (b) Tafel plots of Co304/Ti3C2 MXene
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(1:10), Co304/Ti3C2 MXene (1:2), Co304/Ti3C2 MXene (1:1) and Co304/Ti3C2 MXene

(1:0.5)in 1 M KOH + 0.5 M urea at the scan rate of 5 mV s\,
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Figure 4.12. LSV curves of Co0304/Ti3C2 MXene for UOR in 1M KOH containing

different urea concentrations.

Figure 4.13. SEM images of (a) Co304/Ti3C2 MXene (1:10), (b) Co304/Ti3C2 MXene

(1:2), (¢) Co304/Ti3C2 MXene (1:1) and (d) Co304/Ti3C2 MXene (1:0.5).
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Table 4.1. Comparison of UOR and HER properties of different materials in this

work.
Potential Tafel slope  Overpotential Tafel slope
Catalyst (Vvs. RHE)at (mVdec!) (Vvs.RHE)at (mV dec?)
2 -2
10 mA cm for UOR 10 mA cm for HER
for UOR for HER
Pure Ti3C2 MXene 1.67 156 0.80 114
Pure Co304 1.50 256 0.44 150
Co304/T13C2 1.42 179 0.34 165
MXene (1:10)
Co304/T13C2 1.43 148 0.26 140
MXene (1:2)
Co0304/TizC: 1.40 149 0.124 105
MXene (1:1)
Co304/T13C2 1.42 150 0.22 121
MXene (1:0.5)
RuO2 1.58 119 - -
Pt/C - - 0.054 29

In order to compare the UOR behaviors of various materials, Figure 4.14(a)

presents the LSV curves of glassy carbon (GC) electrodes casted with different

materials of the same amount (20 pg). As the voltage was increased, the bare GC

electrode showed almost no current response, reflecting its lack of electrocatalytic

activity, while Ti3C2 MXene merely exhibited slight activity. In addition, although pure

Co0304 was active for UOR and required a potential of 1.50 V to drive 10 mA cm?,

136



Co304/Ti13C2 MXene displayed significantly improved catalytic activity, necessitating
only a potential of 1.40 V to drive 10 mA cm™, which even outperformed commercial
Ruz0 catalyst. Figure 4.14(b) details the potentials required for various materials to
achieve different current densities of 10, 30, and 50 mA cm?, further illustrating the
catalytic performance advantage of Co304/Ti3C2 MXene composite. Table 4.2
compares the catalytic potentials for UOR of Co0304/Ti3C2 MXene composite and other
reported transition metal-based electrocatalysts, and our material still featured

superiority.
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Figure 4.14 (a) LSV curves and (b) the required potentials of the Co304/Ti3C2
MXene, Co304, TizC2 MXene, commercial Ru20O and bare glassy carbon electrode in

IM KOH+0.5M urea at a scan rate of 5 mV s
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Table 4.2. Comparison of catalytic potentials for UOR of reported transition

metal-based electrocatalysts.

Onset potential Mo Reference
(V vs. RHE) (V vs. RHE)
Ag/ZnO 1.43 1.56 14
CoS2/Ti mesh 1.27 1.40 15
Ni-NiO 1.37 1.41 16
CoFe LDH/MOF 1.36 1.45 17
C02GeO4 1.38 1.42 18
Co0304/Ti3C; MXene 1.32 1.40 This work

The reaction kinetics of UOR were studied through the analysis of the Tafel plots,
Figure 4.15(a). The Tafel slope of Co304/Ti3C2 MXene (149 mV dec!) was lower than
that of Co304 (256 mV dec™!) and TisC2 MXene (156 mV dec™), even close to that of
benchmark Ru20 catalyst (119 mV dec™), implying the competitive catalytic kinetics
of Co304/T13C2 MXene. Notably, although the current density response of pure Co3O4
was more obvious than that of TisC: MXene, its Tafel slope was much smaller
compared to that of Ti3C2 MXene. The reason for this phenomenon is that Co3O4 has
high intrinsic catalytic activity, but its catalytic kinetics are affected by particle
agglomeration, hindering its electron transport. TisC2 MXene itself owned poor
reactivity, but the multilayer structure accelerated the ion/electron transfer and finally
achieved better kinetics. LSV curves of Co304/Ti3C2 MXene, acquired at different scan
rates in Figure 4.15(b), revealed that the current density changed only slightly as the

scan rate was increased, indicating the efficient charge and mass transport of
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Co0304/Ti3C2 MXene composite.!® To verify whether Co304/Ti3C2 MXene can be
flexibly applied in practical catalytic reactions, a multistep chronopotentiometric curve
was recorded in 1 M KOH+0.5 M urea, where the voltage increased from 1.49 to 1.66
V corresponding to a current density increase from 40 to 120 mA cm™ with an
increment of 10 mA cm™ per 200 s. As shown in Figure 4.15(c), each voltage step was
straight and flat, implying that the voltage responded immediately (response time was
less than 1 s) and could be maintained for 200 s without decay. This result confirmed
the excellent mechanical robustness, conductivity, mass transport and electron transfer
of C0304/Ti3C2 MXene.?* 2! Last but not least, the LSV curves of Co304/Ti3C2 MXene
before and after the continuous chronoamperometry test are depicted in Figure 4.15(d),
in which only a negligible positive shift was obvious, further supporting this point. All
the above results proved that Co3O4/Ti3C2 MXene had superior catalytic performance
as an electrocatalyst for UOR with high efficiency and durability.

Even though, the UOR oxidation produces CO: thereby making the hydrogen
produced on the cathode dirty, this also applies for the traditional hydrogen evolution
strategy (OER-HER) which produces Oz and Hz. As the product of OER, Oz is of
limited value, and there is even a safety problem about the mixture of O2 and H».?
According to reports, the methods of purifying Hz in industry and separating it from
gases such as Oz, N2, and CO: are the same, such as low temperature and temperature
swing adsorption method, cryogenic separation and so on. Therefore, this issue should
not limit the application of biomass oxidation methods such as UOR in the field of

hydrogen production from water.
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Figure 4.15 (a) Tafel plots of Co304/Ti3C2 MXene, Co304, Ti3C2 MXene and
commercial Ru20. (b) LSV curves of the Co304/Ti3C2 MXene in 1M KOH+0.5M
urea at various scan rates from 5 to 50 mV s™! (inset: plot of the current density vs.

scan rate at 1.6 V). (¢) Multi-current process of the Co304/Ti3C2 MXene in 1M
KOH+0.5M urea. The current density started from 40 mA cm™ and ended at 120 mA
cm? with an increment of 10 mA cm per 200 s. (d) LSV curves of the C0304/Ti3C2

MXene before and after long-term stability test.

4.2.3. Electrocatalytic Performance of Co0304/TizC2; MXene Composite for

Hydrogen Evolution Reaction (HER)

In addition to electrocatalytic UOR performance, HER activity is another equally

crucial factor for water splitting. First, to examine the influence of urea on HER process,
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the LSV curves of Co304/Ti3C2 MXene in alkaline electrolyte with and without urea
were recorded in Figure 4.16(a). Interestingly, there was only a minuscule negative
potential shift of 0.015 V at the current density of 100 mA cm after adding 0.5 M urea,
demonstrating the limited effect of urea addition on the HER process. Similar to UOR,
different ratios of Co0304/Ti3C2 MXene were also investigated for HER performance
testing.

The results in Figure 4.17(a,b) also followed the same trend as he UOR test, and
the details are recorded in Table 4.1. Figure 4.16(b) depicts the LSV curves of different
materials for HER without iR correction, including the commercial Pt/C catalyst. Pt/C
casted on glassy carbon exhibited superior activity, whereas bare glassy carbon
displayed almost no activity and pure Ti3C2 MXene had poor HER activity with a barely
visible current. Meanwhile, Co304/Ti3C2 MXene required an overpotential of 124 mV
to attain a current density of 10 mA cm™, which is greatly enhanced as compared to
pure Co304 (444 mV at 10 mA cm™) (Figure 4.18). Thus, similar to the UOR study,
TizC2 MXene played a key role as an efficacious conductive framework or charge
channels for HER.> Likewise, the reaction kinetics of the catalysts during the HER
process were assessed through the determination of the slope values from the Tafel plots
(Figure 4.16c¢). In line with the above results, C0304/Ti3C2 MXene recorded the
smallest Tafel slope of 105 mV per decade (mV dec™!), revealing fast HER kinetics
following the Volmer-Heyrovsky mechanism.®> The long-term stability of Co3O4/Ti3C2
MXene for HER is depicted in Figure 4.16(d). After 40 h of continuous catalysis, the
current density could still maintain 90% of its initial value and a little change in LSV,

which further demonstrated its catalytic durability for HER.
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Figure 4.16. Electrocatalytic performance for hydrogen evolution reaction. (a) LSV
curves of the Co30s4/MXene in 1M KOH with and without urea at a scan rate of 5 mV
s''. (b) LSV curves of the Co304/Ti3C2 MXene, Co30a, Ti3C2, commercial Pt/C and
bare glassy carbon electrode in 1M KOH+0.5M urea at a scan rate of 5 mV s\, (¢)
Tafel plots of Co304/Ti3C2, Co304, TisC2 MXene and commercial Pt/C. (d) Current
density vs. time curve of the Co304/Ti3C2 MXene under the static potential of -0.2 V
for 40 h (inset: LSV curves of the Co304/Ti3C2 MXene before and after long-term

stability test).
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Figure 4.17. (a) LSV curves for HER and (b) Tafel plots of Co304/Ti3C2 MXene
(1:10), Co304/Ti13C2 MXene (1:2), Co304/Ti3C2 MXene (1:1) and Co304/Ti3C2 MXene

(1:0.5) in 1M KOH + 0.5M urea, scan rate=5 mV s™'.

HER
800 | HER 1, Dae
— HER M3
E HER 1, 627
Z 600}
= 541
3
"d:'; 444
< 400 |
g 295
]
> 222
O 200 }
124
03
54, %
0

P/C Co0,0,/Ti,C, MXene Co,0, Ti,C, MXene

Figure 4.18. The overpotentials of Co304/Ti3C2 MXene, Co304, TizC2 MXene and
commercial Pt/C at different current densities (10, 30, and 50 mA cm™) in IM KOH +

0.5M urea, scan rate=5 mV s\

4.2.4. Synergistic Mechanism Analysis

The catalytic activity of Co304/Ti3C2 MXene as an electrode material for UOR
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and HER has been demonstrated. In order to deeply investigate the kinetic mechanism

of the performance

improvement of Co304/Ti3C2 MXene, we performed

electrochemical impedance spectroscopy (EIS) tests. The semicircle at lower

frequencies represents the charge transfer resistance (Rct).2* 2 It can be seen from the

Nyquist plots in Figure 4.19 that Co304/Ti3C2 MXene featured the smallest radius (Rt

= 20.7 Q) compared with pure Co304 (Ret = 156.7 Q) and TizC2 MXene (Ret = 365.5

Q), revealing its remarkable electron transport capability (Table 4.3).
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Figure 4.19. Nyquist plots of the Co304/Ti3C2 MXene, C0304 and TizC2 MXene from

100 kHz to 0.01 Hz frequency in 1M KOH + 0.5M urea. The insert is the equivalent

circuit.
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Table 4.3. Solution resistance (Rs) and charge transfer resistance (Rect) values of

pure Co304, Ti3C2 MXene and Co304/Ti3C2 MXene.

Rs /Q Re/Q

Pure Co304 15.72 156.7
Ti3C2 MXene 13.78 365.5
Co0304/T13C2 MXene 12.07 20.7

Furthermore, the electrochemically effective surface area (ECSA) plays a key role
in catalytic activity as it is related to the number of active sites.”> ECSA has a linear
relationship with the electrochemical double-layer capacitance (Cai),?® which can be
estimated by a typical cyclic voltammetry (CV) method. The CV curves of TizCz
MXene, C0304, and Co0304/T13C2 MXene were acquired at increased scan rates (20-120
mV s!) within the non-Faradaic region, and the results are displayed in Figure 4.20(a-
¢). As expected, the Cai of C0304/Ti3C2 MXene (2.3 mF cm?) is the highest, which is
almost ten times larger than those of TizC: MXene and Co3Os (Figure 4.20d),
indicating that more active sites are exposed in Co304/Ti3C2 MXene composite. The
above results further confirmed that the 2D multilayer MXene sheets provided a huge
surface area for Co3O4 nanoparticles, which increased the channels for charge transfer;
this strategy reduced the size of Co3Os particles, alleviating the severe agglomeration

of Co304 nanoparticles and enabling more exposed active sites.
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Figure 4.20. Determination of electrochemically effective surface area. Cyclic

voltammograms of (a) Co304/Ti3C2 MXene, (b) Co304 and (c¢) TizC2 MXene in the

0.87 to 0.97 V vs. RHE potential range at various scan rates. (d) Double-layer

charging currents of Co304/Ti3C2 MXene, Co304 and TizC2 MXene recorded at 0.92 V

4.2.5. Overall Urea Electrolysis

at various scan rates in 1M KOH + 0.5M urea.

Taking the performance for UOR and HER into account, a dual-electrode system

with Co304/Ti3C2 MXene as both cathode and anode (Co304/Ti3C2 MXene ||

Co0304/T13C2 MXene) was constructed to study its practical performance as a catalyst

for full urea-containing water splitting. In this way, the complexity of the device can be

effectively solved to reduce the cost in practical industrial catalysis.”’ For the
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convenience of testing, C0304/Ti3C2 MXene powder sample was dispersed into a
uniform slurry and then drop-coated on Ni foam. As shown in the inset of Figure 4.21a,
in the electrolyte containing urea, urea was oxidized at the anode to produce CO2 and
N2, and hydrogen evolved at the cathode; without urea, the oxygen evolution reaction
occurred at the anode replacing the urea oxidation reaction. Figure 4.21a depicts the
LSV curves of Co304/T13C2 MXene || Co304/Ti3C2 MXene: a driving potential of 1.49
V was required when the current density reached 50 mA cm?, whereas 1.90 V was
necessary in absence of urea (for OER and HER). The catalytic process required 0.41
V less to operate the overall urea-containing water electrolysis, and can effectively
reduce the cost in practical applications. To eliminate the influence of Ni foam substrate
on the performance, the electrocatalytic performance of bare Ni foam was also tested
as cathode and anode (Figure 4.21b). It was clearly observed that there was no obvious
signal on bare Ni foam, indicating the catalytic activity was attributed to the active
materials coated on Ni foam.

In addition, compared with the performance of commercial Pt/C || RuOs2,
C0304/T13C2 MXene || Co304/Ti3C2 MXene still displayed significant superiority,
which validated its suitability as a bifunctional catalyst for overall urea-containing
water splitting. For instance, the Co304/Ti3C2 MXene || Co304/Ti3C2 MXene required
cell voltages of 1.04, 1.20, 1.32, and 1.41 V at respectively 10, 20, 30, and 40 mA cm’
2; these values are lower than 1.46, 1.71, 1.85, and 1.98 V recorded for Pt/C || RuO: at
the same current densities (Figure 4.21b). To further explore this point, the LSV curves
of Co304/Ti3C2 MXene, Pt/C, and Ru20 for UOR and HER are illustrated in Figure
4.21c. The operation voltage of the cell at a current density of 10 mA cm? for
C0304/T13C2 MXene || Co304/Ti3C2 MXene system was only 1.54 V, which surpassed
that of the Pt/C || RuOz couple (1.63 V). Similarly, the activity of Co304/Ti3C2 MXene

|| Co304/Ti3C2 MXene can still maintain 93.56% after 40 h of continuous catalytic
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reaction (Figure 4.21d). The LSV curve was almost unchanged, so the stability of the
bifunctional catalyst was verified. Compared with the reported Co-based bifunctional
catalysts, C0304/Ti3C2 MXene showed the smallest applied potential of 1.49 V at 50

mA cm (Figure 4.22 and Table 4.4).
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Figure 4.21. Electrocatalytic performance for overall water splitting. (a) Polarization
curves for the Co304/Ti3Cz2 Il Co304/Ti3C2in 1M KOH with and without 0.5M urea at
a scan rate of 5 mV s’! (inset: photograph of the overall water splitting reaction
performed using the bifunctional Co304/Ti3C2 MXene catalyst). (b) Polarization
curves for the Co304/Ti3Cz Il Co304/Ti3C2, Pt/C Il RuO2 and Ni foam Il Ni foam in 1M
KOH+0.5M urea. (¢) LSV curves of the Co304/Ti3C2 MXene and Pt/C Il RuOz2 for
HER and UOR, respectively. (d) Current density vs. time curve of the Co304/Ti3Cz2 |l
Co0304/Ti3C2 under the static potential of 1.5 V for 40 h (inset: LSV curves of the

C0304/T13C2 Il Co304/Ti3C2 before and after long-term stability test).
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Figure 4.22 Comparison of cell voltage of different catalysts for overall urea-

containing water splitting.

Table 4.4. Comparison of cell voltage at 50 mA cm of reported transition metal-

based bi-functional catalysts for urea overall splitting.

Cell voltage at 50 mA cm™ Reference
CoS2 NA/Ti 1.85V 15
CuCo0204 1.58V 28
Co2Mo30s 1.50V 2
Ru-Co2P/N-C/NF 1.53V 30
ZnCoP/Ti 1.63V 3
P-C0Sy(OH),NN/Ti 152V 32
C0304@Co2P4012 >1.80 V 33
NiFeCo LDH/NF 1.64 V 3

Co0304/Ti3C2; MXene 149V This work
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Figure 4.23. SEM image C0304/Ti3C2 MXene composite after (a) UOR and (b) HER

for 40 h. (¢) High-resolution XPS spectra for Co 2p of Co304/Ti3C2 MXene composite

after UOR and HER for 40 h.

As shown in Figure 4.23(a-b), the as-fabricated Co304/Ti3C2 MXene composite
retained well the accordion structure with nanoparticles on the surface of sheets after
the long-term catalytic process, which supports the stability of Co304/Ti3C2 MXene
composite from the morphological point of view. In addition, to examine the change in
the chemical composition of Co0304/Ti3C2 MXene composite after the 40 h

electrocatalytic process, high-resolution XPS spectra for Co 2p of Co304/Ti3C2 MXene
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composite after UOR and HER are depicted in Figure 4.23(c). The valence state of Co
had no obvious change compared with that before long-time stability test (Figure 4.9c¢).
It is worth mentioning that, after the UOR process, the intensity of the peak of Co 2p
was slightly weakened and the relative peak area of Co®" became larger. This shows
that in the UOR catalytic process, Co3O4 was further oxidized to form more +3-valent
Co ions, which will be more conducive to its adsorption of OH in the alkaline
electrolyte, thereby improving the catalytic activity. For HER, Co reduction was not
that obvious. Indeed, the increase of Co?" content after the HER test is about 1 at.%, as
compared to about 10 at.% after the UOR test. Therefore, it is hard to conclude with
accuracy the reduction of Co** during the HER process.

To further assess its electrocatalytic efficacy toward the HER and support
electrochemical results, faradaic efficiency (FE) measurements were also carried out on
the best-performing catalyst, Co304/Ti3C2. As shown in Figure 4.24, the H> amount
measured by Co3z04/Ti3C2 MXene as cathode catalyst was almost in agreement with the
calculated value, which presents a Faradaic efficiency (FE) of 97.9% close to 100%,

demonstrating its real gas production performance.
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Figure 4.24. Amount of hydrogen vs. time for Co304/Ti3C2 MXene.
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4.3 Conclusion

In summary, a novel 0D/2D Co0304/T13C2 MXene composite was synthesized by a
simple solution reaction under mild conditions. As an efficient and stable bifunctional
electrocatalyst for urea oxidation reaction (UOR) and hydrogen evolution reaction
(HER) in basic medium, it showed improved performance compared to pure TizCa
MXene and Co30s, solving the problem of insufficient exposure of active sites caused
by too large particle size and agglomeration of Co304 particles. It is worth mentioning
that the overall water splitting cell constructed using Co304/Ti3C2 MXene as a catalyst
could maintain its catalytic activity for over 40 h. Its high efficiency, stability, and
practical applicability as a bifunctional electrocatalyst have been fully verified. This
work provided a new strategy for the application of cheap abundant materials for
energy-saving Hz production coupled with urea containing wastewater purification. In
a follow up study, it will be interesting to assess the catalytic performance of Co304
supported on single-layer or few-layer MXene nanosheets to gain further understanding

on the influence of the MXene structure on the catalytic activity.
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Abstract

As the global shift towards renewable energy accelerates, the quest for efficient
hydrogen (Hz) production methods becomes increasingly urgent.! Electrolysis-based
overall water splitting (OWS) holds promise for H2 generation due to its environmental
benefits, yet it faces challenges like high energy requirements, particularly from the
oxygen evolution reaction (OER).? Anodic oxidation emerges as an alternative to
traditional OER, offering low-voltage decomposition of various organics.’ Notably,
formaldehyde oxidation reaction (FOR) stands out for its dual hydrogen production
capability, enhancing both cathodic hydrogen evolution reaction (HER) and anodic
hydrogen release."” *7 By leveraging MXenes and Cu2O nanoflowers, this study
introduces Cu2O-supported Mo2TiC2 MXene clusters as a catalyst system for improved
dual hydrogen production via coupled HER and FOR. For overall formaldehyde
electrolysis, it required a cell voltage of only 0.36 V to achieve a current density of 50
mA cm2, which is 1.49 V lower than the voltage required for pure water splitting at the
same current density. The investigation focuses on catalytic efficiency, stability, and
mechanistic pathways, aiming to advance both theoretical understanding and practical

implementation in sustainable energy systems.
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5.1 Experimental section

5.1.1 Synthesis of Molybdenum-Titanium Carbide (Mo:TiC2) MXene

nanoclusters

The preparation of Mo2TiC2 MXene nanoclusters involved the liquid etching of
the precursor M02TiAlCz bulk phase. Initially, a solution was prepared by dissolving
1g of lithium fluoride (LiF) in 15 mL of 9M hydrochloric acid (HCI). This solution was
stirred at 400 rpm for an hour at 55°C in a 100 mL Teflon beaker until LiF was fully
dissolved. Then, 1 g of M02TiAIC2 was gradually added to the solution while stirring.
The mixture was maintained at 55 °C for 72 hours with continuous stirring. The
resulting suspension was centrifuged for 10 minutes at 3500 rpm. The supernatant was
discarded by post-centrifugation, and deionized water was added to the suspension,
followed by shaking and sonication for 10 minutes. The process of centrifugation and
cleaning was repeated until the pH was neutral. The resulting precipitate, which was
accordion-shaped Mo2TiC2 MXene, was dispersed in deionized water and sonicated for
1 hour. The precipitate was collected after high-speed centrifugation (10000 rpm, 10
minutes) and re-dispersed in deionized water using ultrasonication. The supernatant
suspension obtained from low-speed centrifugation (3500 rpm, 10 minutes) contained
Mo:TiC2 MXene nanoclusters. After adjusting the concentration, the resulting
delaminated MXene nanoclusters were stored in nitrogen-saturated deionized water to

prevent oxidation.

5.1.2 Preparation of Cu2O/CF

Copper foam (CF, 1 x 1.5 x 0.1 cm?) was ultrasonically cleaned with acetone,
diluted HCI (0.5 M) and deionized water to remove oxidized layer thickness. 7.2 g
NaOH and 2.74 g (NH4)2S20s were dissolved separately in 30 mL DI water; the two

solutions were then mixed at 60 °C and stirred thoroughly. A piece of clean CF was
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completely immersed in this mixture for 30 minutes at 60°C. It was turned over once
halfway through. It was then rinsed several times sequentially with water and ethanol.
At this point, the CF surface was oxidized to copper hydroxide (Cu(OH)2) with the
color change to blue-black (Cu(OH)2 and CuO mixture). Subsequently, the piece of
foam was dried in oven at 60°C overnight, and the lattice water was further stripped out
to give CuO (totally black). To synthesize Cu2O/CF nanosheets, the obtained CuO/CF
was immersed in a solution containing 40 mL of 1 M KOH/HCHO for 1 hour and then

rinsed 3 times with water and ethanol, followed by drying at room temperature.

5.1.3 Synthesis of Mo, TiC,/CF and Mo, TiC,/Cu2O/CF

In short, Mo2TiC2/CF and Mo2TiC2/Cu20/CF were synthesized by adopting the
following procedure. A piece of obtained Cu20O/CF was completely soaked in Mo2TiCz
MXene nanoclusters solution (1 mg mL™) for 15 minutes and then dried for 10 minutes
at 60 °C in oven; this process was repeated 2 times, and the resulting Mo2TiC2/CF was
rinsed with water thoroughly and dried at 60 °C for 2 hours to yield Mo2TiC2/Cu20/CF.
The control sample (M02TiC2/CF) was prepared using a piece of clean CF to replace

the piece of Cu2O/CF.
5.2 Results and discussion

5.2.1. Fabrication and Characterization of the Mo, TiC,2/Cu;O/CF

Mo2TiC2 nanosheets were synthesized by a top-down wet chemical etching
combined with a liquid-phase exfoliation process, in which the aluminum layer in the
Mo2TiAIC: was first etched with a hydrofluoric acid (HF) solution, then delaminated
by ultrasonic waves, as shown in Figure 5.1. The stone-like Mo2TiAlC2 MAX phase
was selectively etched in HF to dissolve the atomic layer of aluminum. Figure 5.2(a)

depicts the scanning electron microscope (SEM) image of the Mo2TiAlIC: MAX
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precursor, in which its tightly packed laminar structure could be observed. After HF
etching, M0o2TiC2 MXene was obtained as the Al element in Mo2TiAIC2 was removed,
showing an accordion-like multilayer morphology, as shown in Figure 5.2(b). Finally,
after ultrasonic exfoliation, Mo2TiC2 MXene nanoclusters were prepared, as shown in
Figure 5.2(c,d). The clusters are approximately 500 nm in size and consist of layered

single or few-layer Mo2TiC2 MXene nanosheets.

LiF + HCI
72 h

—
Etching

Mo, TIAIC, Mo,TiC, nanosheets

Ultrasonic 1h
Delaminating

Mo,TiC, clusters

Figure 5.1. Schematic illustration of the preparation of Mo2TiC2/Cu20/CF.
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Figure 5.2. SEM images of (a) the bulk M0o2TiAlC2 MAX phase, (b) accordion-like

layered Mo2TiC2 MXene nanosheets and (¢,d) Mo2TiC2 nanoclusters.

The brief preparation process of Mo2TiC2/Cu20 composites is shown in Figure
5.3. Copper foam (CF) has a porous 3D network structure (Figure 5.4a,b) with
uniformly distributed pores, providing a high surface area. The cleaned CF surface is
smooth and has a certain rough structure, which increases active reaction sites, making

it suitable for electrochemical and catalytic applications.
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Figure 5.3. Schematic illustration of the preparation of Mo2TiC2/Cu20/CF

composites.

Figure 5.4. SEM images of bare copper foam (CF) at (a) low and (b) high

magnifications.

Subsequently, a Cu20 catalyst with a two-dimensional flake-like structure (Figure
5.5¢,d) was prepared from CF using a two-step chemical method (Figure 5.3) to
investigate the HCHO oxidation reaction. Firstly, the elemental copper on the CF
surface was oxidized to divalent CuO, as shown in Figure 5.5(a,b). Subsequently, the
divalent copper was reduced to monovalent Cu20, with no significant change in

morphology, retaining the nanoflower structure composed of two-dimensional
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nanoflakes. The Mo2TiC2/Cu20/CF composites were synthesized by a simple soaking
method, which is attributed to the electrostatic effect due to the difference in surface
charges of MXene and Cu20. After strong acid etching, many negatively charged
functional groups, such as -F, -OH, and =0,* form on the surface of Mo>TiC2 MXene
nanosheets, resulting in a strongly negatively charged surface. The Cu20 surface carries
a positive charge,” which can electrostatically attract the negatively charged MXene
surface, thereby coupling the two to produce the Mo2TiC2/Cu20/CF composite. Figure
5.6 shows the final morphology of M02TiC2/Cu20/CF composite. It could be seen that
the basic morphology of Cu20 on the CF framework was maintained, with additional

clusters of Mo2TiCz nanosheets loaded on top (as indicated by the red arrow).

CuO/CF E(9)]

Figure 5.5. SEM images of (a,b) CuO/CF and (¢,d) Cu2O/CF at (a,c) low and (b,d)

high magnifications.
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Figure 5.6. (a,b) SEM images of M02TiC2/Cu20/CF composite at different

magnifications.

X-ray diffraction (XRD) was conducted to examine the structural properties of the
prepared electrode materials. Figure 5.7 presents the XRD patterns of the Mo2TiAIC2
MAX phase and the exfoliated Mo02TiC2 MXene. The Mo2TiAlIC: MAX phase
precursor depicts main diffraction peaks at 260 values of 9.4°, 19.0°, and 28.6°,
corresponding to the (002), (004), and (006) planes, respectively. After treating the
MAX precursor with HF, these peaks shifted to lower angles at 6.6°, 13.2°, and 18.9°,
corresponding to the (002), (004), and (006) planes, respectively, which aligns with
previously reported data.® ' !! This shift towards lower angles indicates an increase in
d-spacing and the c-lattice parameter due to the intercalation of water molecules and
the attachment of surface terminal groups among the MXene sheets, which replace the
A element.'? The (002) peak of Mo2TiC2 MXene is more intense compared to the (002)
peak of Mo2TiAIC2 MAX, suggesting that the selective etching of the “Al” layer and
the attachment of surface functional groups reduced defects in the original Mo2TiAlIC2
structure, thereby improving structural stability and overall crystallinity of Mo2TiCoa.
Additionally, the diffraction peaks between 35° and 45° correspond to a small fraction

of unreacted MAX phase in the MXene sample.
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Figure 5.7. XRD patterns of M02TiAIC2 MAX phase and Mo2TiC2 MXene powders.

Figure 5.8 examines the XRD patterns of the CF, CuO/CF, CuxO/CF, and
Mo2TiC2/Cu20/CF composite. The clean pure copper foam shows diffraction peaks at
20 angles 0f 43.3°, 50.4°, and 74.1°, corresponding to the (111), (200), and (220) crystal
planes of elemental copper (PDF #04-0836).1* After surface oxidation, CuO/CF
exhibits characteristic peaks corresponding to both CuO (PDF #48-1548) and Cu(OH):
(PDF #13-0420).'* The formation of Cu(OH): is due to the CuO lattice readily
absorbing water molecules. Subsequently, CuxO/CF was obtained through reduction,
and its XRD pattern comprises diffraction peaks at 36.4°, 42.3°, and 61.3°, ascribed
respectively to the (111), (200), and (220) planes of the standard Cu20 reference (PDF
#05-0667)."5 After loading Mo2TiC2 MXene onto the Cu20 nanoflowers, the XRD
pattern did not display characteristic peaks of M02TiC2 MXene. This is because the
peak intensity of the Mo2TiC2 MXene sheets is much lower than that of the Cu-based

materials, thus being obscured.
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Figure 5.8. XRD patterns of CF, CuO/CF, Cu20/CF and Mo2TiC2/Cu20/CF

composite.

5.2.2. Formaldehyde Oxidation Reaction (FOR)

The electrocatalytic FOR performance of the Mo2TiC2/Cu2O/CF composite was
evaluated using a standard three-electrode setup. Figure 5.9 presents the linear sweep
voltammetry (LSV) curves of the Mo2TiC2/Cu20/CF composite recorded in 1 M KOH
with/without | M HCHO. When the electrolyte does not contain formaldehyde, the LSV

curve of Mo2TiC2/Cu20/CF composite still retained the typical copper redox features
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and showed the oxygen evolution reaction (OER). Initially, the oxidation peak at 0.57
VreE indicates the oxidation of Cu’ to Cu®, the peak at 1 Vrug corresponds to the
oxidation of Cu* to Cu®*, and the peak at 1.32 Vrue signifies the transition of Cu from
+2 to higher oxidation states.! The increase in current density beyond 1.5 Vrue is due
to the oxygen evolution reaction (OER) with a potential of 1.69 V, which is required to
drive a current density of 100 mA cm?. Surprisingly, when the electrolyte contains 1 M
HCHO, an ultra-low onset potential of -0.09 Vrue was required for formaldehyde
oxidation reaction (FOR), and a sharp increase in the current density occurred with
further potential increase, achieving outstanding anodic oxidation performance with a
current density of 100 mA cm™ at an extremely low potential of 0.23 Vrue, which
represents a potential difference of 1.46 V compared to the traditional OER. This result
revealed convincingly that Mo2TiC2/Cu20/CF composite is an excellent electrocatalyst

for FOR in alkaline electrolyte and more energy efficient than for OER.
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Figure 5.9. LSV curves of the M0o2TiC2/Cu20/CF composite in 1| M KOH

with/without 1 M HCHO at a scan rate of 5 mV s’
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The results in Figure 5.10 clearly indicate that the current density declined upon
decreasing the formadehyde concentration below 1 M, but even with only 0.1 M HCHO,
the current density is significantly increased compared to when HCHO is completely
absent, corresponding to the formaldehyde oxidation reaction (FOR). According to
Faraday's law and reaction kinetics principles, the current density is proportional to the

concentration of the reactant (formaldehyde).
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Figure 5.10. LSV curves of Mo2TiC2/Cu20/CF composite for FOR in 1 M KOH

containing different HCHO concentrations.

To compare the FOR behavior, Figure 5.11(a) depicts the LSV curves of various
materials with a consistent electrode area. As the voltage increases, the pure copper
foam electrode also displayed some FOR activity, indicating that Cu-based materials
inherently possess good catalytic oxidation activity for formaldehyde, while Mo2TiCa
MXene/CF merely exhibited slight enhancement in activity. Additionally, Cu2O/CF
demonstrated higher FOR catalytic activity and required a potential of 0.24 VruE to

drive 100 mA cm™, proving that Cu* owns greater FOR catalytic advantages compared
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to Cu’. Mo2TiC2/Cu20/CF composite featured significantly improved catalytic activity,
requiring only a potential of 0.13 Ve to drive 10 mA cm™. Figure 5.11(b) details the
potentials required for various materials to achieve different current densities of 10, 50,
and 100 mA cm?, further illustrating the catalytic performance advantage of

Mo2TiC2/Cu20/CF composite.
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Figure 5.11. (a) LSV curves and (b) the required potentials of the Mo2TiC2/Cu20O/CF

composite, Cu20/CF and Mo2TiC2 MXene/CF in 1 M KOH + 1 M HCHO.

The catalytic activity of Mo2TiC2/Cu20/CF as an electrode material for FOR has
been demonstrated. In order to deeply investigate the kinetic mechanism of the
performance improvement of Mo2TiC2/Cu20/CF, we performed electrochemical
impedance spectroscopy (EIS) tests. The starting position of the semicircle indicates
the solution resistance (Rs), which theoretically is unrelated to the charge transfer
properties of the catalyst. The semicircle at lower frequencies represents the charge
transfer resistance (Rc).!®!7 It can be seen from the Nyquist plots in Figure 5.12 that

Mo2TiC2/Cu20/CF featured the smallest radius (Ret = 3.39 Q) compared with pure
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Cu20/CF (Ret = 18.75 Q) and Mo2TiC2/CF (Ret = 36.92 Q), revealing its remarkable
electron transport capability (Table 5.1). After introducing Mo2TiC2 MXene, the charge
transfer resistance significantly decreases, indicating that the addition of Mo2TiCa
MXene greatly enhances the charge transfer performance of the catalyst. This
improvement is attributed to Mo2TiC2 MXene's unique atomic structure and large

surface area.
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Figure 5.12. Nyquist plots of the Mo2TiC2/Cu20/CF, Cu20/CF, M02TiC2/CF and CF
in the100 kHz to 0.01 Hz frequency range in 1M KOH + 1M HCHO. The insert is the

equivalent circuit.
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Table 5.1. Solution resistance (Rs) and charge transfer resistance (Ret) values of

Mo:2TiC2/Cu20/CF, Cu20/CF, Mo2TiC2/CF and CF.

R /Q Rt/Q2
Mo, TiC,/CuO/CF 1.18 3.39
Cu;O/CF 0.96 18.75
Mo, TiC,/CF 0.95 36.92
CF 1.278 655.80

To further investigate the stability for FOR, chronoamperometry analysis was
conducted on the Mo2TiC2/Cu20/CF catalyst, as shown in Figure 5.13(a). Initially, at
an applied voltage of 0.13 Vrug, the catalytic current density of Mo2TiC2/Cu20/CF was
approximately 100 mA cm. Subsequently, the current density gradually decreased as
the catalysis time increased, due to the formaldehyde in the electrolyte gradually being
reduced to hydrogen and formate. After 7 hours, the current response was nearly zero,
indicating that the formaldehyde in the electrolyte was almost completely decomposed.

The 'H NMR before and after 7-hour electrolysis of electrolyte in Figure 5.13(b)
confirmed this hypothesis. In the 'H NMR spectrum, the characteristic peak of formate
(HCOQO) usually appears in the chemical shift range of about 8.3-8.5 ppm. This peak
is produced by the hydrogen (H) in the formate. Since the hydrogen atom in formate is
directly connected to the carbonyl group (C=0), it will show a singlet because it has no
neighboring hydrogen atoms to couple with. After 7 hours of potentiostatic catalysis,
the peak at 8.45 ppm significantly increased, indicating a substantial rise in the
concentration of formate produced by formaldehyde oxidation. The characteristic peak
of formate that appeared before the reaction began could be due to partial oxidation of

formaldehyde in the aqueous solution caused by its instability in air. The methanol peak
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at a chemical shift of 3.3 ppm is due to the presence of methanol used as a stabilizer in
the purchased formaldehyde solution. The peak at 4.80 ppm originates from deuterium
oxide (D20). This peak overlaps with the 'H peak of formaldehyde. From the intensity
change of this peak, it can be observed that the formaldehyde content significantly
decreases after 7 hours of reaction. These results all demonstrate that the formaldehyde
in the electrolyte is oxidized and decomposed into formate after a prolonged catalytic
reaction. Furthermore, to analyze the carbon balance before and after catalysis, it is

necessary to test the *C NMR spectrum of the electrolyte for quantitative analysis.
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Figure 5.13. (a) Five consecutive 7-hour chronoamperometry cycles of FOR at 0.13
Vrae of Mo2TiC2/Cu20/CF in 1M KOH + 1M HCHO (the electrolyte was replaced
every seven hours). (b) 'H NMR spectra before and after 7-hour electrolysis of

electrolyte by using Mo2TiC2/Cu20/CF.

It is worth noting that after five rounds of 7-hour potentiostatic catalysis, the rate
of decrease in current response remained similar to the first round, nearly reaching zero
within 7 hours. Furthermore, after 5x7 hours, its LSV curve showed only negligible
decay compared to the initial curve (Figure 5.14), verifying the long-term stability of

the M02TiC2/Cu20/CF composite catalyst.
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Figure 5.14. LSV curves of the M02TiC2/Cu20/CF composite before and after long-

term stability test.

5.2.3. HER and Overall Formaldehyde Electrolysis

Figure 5.15(a) depicts the LSV curves of different materials for HER without iR
correction, including the commercial Pt/C catalyst. Pt/C casted on CF exhibited
superior activity, whereas Mo2TiC2/Cu20/CF, Cu20/CF, Mo:TiC2/CF displayed similar
activity and pure CF had related poor HER activity. Meanwhile, Mo2TiC2/Cu20/CF
MXene required an overpotential of 378 mV to attain a current density of 100 mA cm’
2, which is slightly enhanced as compared to pure Cu20/CF (402 mV at 100 mA cm™)
(Figure 5.15b). Thus, similar to the FOR study, Mo2TiC2 MXene played a key role as
an efficacious conductive framework or charge channels for HER. The long-term
stability of Mo2TiC2/Cu2O/CF for HER is depicted in Figure 5.16. After 30 h of
continuous catalysis under different constant potentials, the current density could still
maintain 95.8% of its initial value under 100 mA cm, which demonstrated its catalytic
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durability for HER.
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Figure 5.15. Electrocatalytic performance for hydrogen evolution reaction. LSV
curves of the Mo2TiC2/Cu20/CF, Cu2O/CF, M02TiC2/CF and CF electrode in 1M
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&
o

95.8% \
100 I —————————r

Current Density (mA cm™)

0 5 10 15 20 25 30
Time (h)

-150

Figure 5.16. Current density vs. time curves of the Mo2TiC2/Cu20/CF under the static

potential of -0.2 V for 30 h.

Continuously, FOR and HER were conducted within a potential window (Figure
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5.17). The potential difference between the cathode and anode was 1.61V at a current
density of +100 mA cm?. Considering the good HER and FOR activities of
Mo2TiC2/Cu20/CF composites in 1M KOH + 1M HCHO, its potential as a bifunctional
catalyst for total formaldehyde-containing water deserves further investigation. In order
to achieve total water splitting, a two-electrode electrolyzer that produces H> gas
simultaneously at both electrodes was constructed employing Mo2TiC2/Cu2O/CF as
both the anode and cathode (Figure 5.18a). The Mo2TiC2/Cu20/CF-based electrolyzer
only required 1.62 V to drive a current density of 100 mA cm™ in a 1 M KOH solution
(Figure 5.18b), a value corresponding to the potential difference measured for HER
and FOR at a current density of 100 mA cm™ in a three-electrode system (Figure 5.17).
In addition, for overall formaldehyde electrolysis, it required a cell voltage of only 0.36
V to drive 50 mA cm™, which is 1.49 V lower compared to that for pure water splitting
recorded at the same current density. This results in significant savings in the energy

consumption required for hydrogen production.
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Figure 5.17. LSV curves of the Mo2TiC2/Cu20/CF for HER and FOR, respectively.
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Figure 5.18. (a) Schematic of the overall water-splitting system. (b) Polarization
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system for overall water splitting.

It is worth noting that although the HER performance of this catalyst allows it to
be used as a bifunctional catalyst, if a more efficient hydrogen evolution catalyst is used

for the cathode, the cell voltage could potentially be further reduced.

5.3 Conclusion

The study demonstrates the successful fabrication of Mo2TiC2/Cu20O/CF
composites and their excellent catalytic activity for formaldehyde oxidation and
hydrogen evolution reactions. These composites exhibit superior performance in
electrochemical reactions, making them promising candidates for applications such as
water splitting and environmental remediation. Overall, the study highlights the
potential of Mo2TiC2/Cu20/CF composites in advancing electrochemical technologies.
Further, we will continue to collect and analyze the gaseous products produced by the
positive and negative electrodes to determine the possibility of this strategy for twofold

hydrogen production.
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Chapter 6. Conclusion and perspectives

In this thesis, significant strides were made towards addressing the global energy
crisis and environmental degradation by developing innovative electrocatalysts for
hydrogen production via water electrolysis. The research focused on creating stable,
efficient, and cost-effective MXene and MXene-based catalysts for water splitting,
seawater electrolysis, and wastewater treatment.

Key achievements include the successful electrodeposition of RuO: particles onto
TisC2 sheets supported on nickel foam (RuO2-Ti3C2/NF). This structure demonstrated
remarkable catalytic activity and stability in hydrogen evolution reaction (HER),
oxygen evolution reaction (OER), and overall water splitting, even in challenging
seawater conditions. The RuO2-Ti3C2/NF catalyst showed good stability over 25 hours
and nearly 100% Faradaic efficiency, providing a viable solution for energy generation
in regions with limited freshwater resources.

Additionally, the synthesis of a Co0304/Ti3C2 MXene composite under mild
conditions yielded a highly efficient and stable electrocatalyst for both urea oxidation
reaction (UOR) and HER in alkaline media. This composite outperformed its individual
components by addressing issues such as insufficient active site exposure and particle
agglomeration, offering a new approach for energy-efficient hydrogen production and
urea-containing wastewater purification.

Finally, a novel M02TiC2 MXene cluster complex supported by Cu20 nanoflowers
was synthesized using a simple immersion method. This catalyst was effective in HER
coupled with formaldehyde oxidation reaction, enabling hydrogen production at both
the cathode and anode and producing formic acid, a valuable fuel, while reducing the

overall electrical energy consumption.
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Perspectives

The promising results from this thesis highlight the potential of MXene-based
catalysts in various electrochemical applications. Future research should focus on the
following areas:

Optimization and scaling: Further optimization of synthesis methods and catalyst
compositions to enhance performance and scalability for industrial applications. This
includes refining electrodeposition techniques, improving material stability, and
developing cost-effective large-scale production methods.

Durability studies: Conducting long-term stability and durability tests under real-
world conditions is crucial to ensure the practical viability and commercial adoption of
these catalysts. This includes exploring the impact of different environmental factors
and operational conditions on catalyst performance.

Broader applications: Expanding the scope of MXene-based catalysts to other
electrochemical processes, such as carbon dioxide reduction, nitrogen fixation, and
ammonia synthesis, could open new avenues for sustainable energy and environmental
applications. This requires exploring the unique properties of MXenes and their
interaction with various reactants.

Integration into systems: Integrating these catalysts into complete electrochemical
systems, such as electrolyzers and fuel cells, and evaluating their performance in pilot-
scale setups is essential for transitioning from laboratory research to real-world
applications. Collaborations with industry partners can facilitate this transition and
address practical challenges.

Advanced characterization techniques: Utilizing advanced characterization
techniques to gain deeper insights into the structure-property relationships of MXene-
based catalysts can help identify the key factors influencing their performance.

Techniques such as in situ/operando spectroscopy, high-resolution electron microscopy,
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and computational modeling can provide valuable information.

Environmental and economic impact: Assessing the environmental and economic
impact of MXene-based catalysts in comparison to conventional catalysts is important
for understanding their potential benefits and limitations. Life cycle analysis and cost-
benefit analysis can provide a comprehensive evaluation of their sustainability and
commercial viability.

Policy and regulatory considerations: Engaging with policymakers and regulatory
bodies to promote the adoption of MXene-based technologies in sustainable energy and
environmental applications is crucial. Developing standards and guidelines for the safe
and efficient use of these materials can facilitate their acceptance and implementation.

By addressing these areas, the potential of MXene-based materials in contributing
to a sustainable and carbon-free energy future can be fully realized. This work lays a
strong foundation for the development of next-generation electrocatalysts, driving
forward the vision of sustainable hydrogen production and environmental remediation.
The ongoing advancements in MXene research promise to revolutionize the field of
electrocatalysis, paving the way for cleaner, more efficient, and more sustainable

energy solutions.
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