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SUMMARY

Increasing demand of energy requires massive investment for exploration and utilization of
renewable energy sources in the energy balance. However, due to the intermittence of the
current renewable sources, the generated electricity must be stored under other forms to
correlate the fleeting production and the continuous consumption. Despite available
commercialized systems, seeking for new materials and new approaches for resolving this
problem is still matter of interest for scientific researches. Highlighted advancements have
recently oriented the community towards the utilization of nanoscale materials for efficient
energy storage and conversion. Although the advantages given by existing nanomaterials for
diverse applications, especially in the energy field, their performance is still lower than
theoretical purposes. Consequently, tailoring the physical-chemical properties at the molecular
scale becomes crucial not only for boosting the activities of the existed materials but also for
creating a new type of molecular entities for storing and releasing the energy. Accordingly, this
PhD work aim to develop new family of materials based on ionic liquid that exhibits a
multifunctionality towards energy applications. Our work is based on the knowhow in surface
functionalization and material preparation by simple methods to build up electrochemical
systems that can be utilized in various applications. Thus, this thesis will report different results

obtained by following this direction and is composed of six chapters:

Chapter 1 reports an overview of ionic liquid and polymeric ionic liquid. We propose to review
the available literature on the redox-IL from solution to immobilized substrates. Through this
chapter, we will achieve the following points: (1) Report the possible uses of ionic liquids in
electrochemistry; (2) Discuss about the physical-chemical behaviors of these compounds in
solution, (3) Show the immobilization of (Redox-active)—ionic liquids onto different substrates:
from thin layer to polymer and (4) Highlight recent advances using polymeric ionic liquids for

diverse applications.

Chapter 2 will be devoted to different electrochemical assisted approaches for the
immobilization of (redox)-ionic liquids to the electrode surface. We will focus on generating a
thin layer and polymeric film based ionic liquid. Furthermore, the different characteristics of

the new interfaces will be reported.

Chapter 3 concentrates on the use of the polymer ionic liquid modified electrodes as emerging
catalyst and as template for the generation of hybrid materials towards activation of small

molecules.

Chapter 4 studies the reactivity at micro/nanometer scale of diverse materials, including single
layer graphene, polymeric redox — ionic liquid, using the scanning electrochemical microscopy
(SECM).

v



Chapter 5 reports the potential applications of redox ionic liquid and focus on providing the
preliminary results towards the fabrication of flexible substrates with interesting functionalities:
possibility to convert the friction to electricity and energy storage by using polymeric redox
ionic liquids. These studies open a new opportunity to elaborate flexible, wearable and

implantable devices.

Finally, some concluding remarks are given to summarize different results obtained in the
previous chapters. Besides, different perspectives will be given by using ionic liquid as main

material for developing different energy storage and conversion systems.

Keywords: Energy storage and conversion, artificial skin, electrocatalysis, scanning
electrochemical microscopy, ionic liquids, polymers, triboelectricity, surface functionalization.



RESUME

Le développement durable nécessite des investissements massifs pour I'exploration et
l'utilisation des sources d'énergie renouvelables dans le bilan énergétique. Parmi diverses
formes de I’énergie, 1'¢lectricité est sans doute la forme la plus souhaitable pour les usages
quotidiens. Cependant, en raison de l'intermittence des sources d’énergie renouvelables,
1'¢lectricité doit étre stockée sous d'autres formes afin de corréler la production éphémeére et la
consommation en continue. Malgré la présence des systemes commerciaux de stockage
d'énergie, la recherche de nouveaux matériaux et de nouvelles approches pour résoudre ce
probléme est toujours en cours et attire également une grande attention. Les récents progrés ont
poussé la communauté scientifique vers l'utilisation de matériaux a 1'échelle nanométrique pour
des systemes de stockage et de conversion de l'énergie. Bien que ces derniers offrent des
avantages pour réduire les émissions de gaz a effet de serre, leurs performances sont encore
inférieures aux valeurs théoriques. Dans ce contexte, I’ingénierie a I'échelle moléculaire devient
cruciale non seulement pour créer un nouveau type d'entités moléculaires mais aussi pour
augmenter les performances des matériaux existants. Dans ce contexte, nous proposons
d’utiliser une nouvelle famille de matériaux a base de liquides ioniques pour diverses
d’applications, comprenant celles dans le domaine énergétique et pour le long terme, dans la
fabrication de la peau artificielle, ces objectifs font I’objet de ces travaux de these. Cette

dissertation est composée de cinq chapitres.

Le chapitre 1 présente différents aspects des liquides ioniques (LIs) et des polyméres a base de
LI décrites dans la littérature. Via ce chapitre, nous envisageons d’atteindre les points suivants
: (1) Décrire les utilisations possibles des liquides ioniques en électrochimie ; (2) Discuter des
comportements physico-chimiques de ces composés en solution, (3) Montrer I'immobilisation
de liquides ioniques (Redox-actifs) sur différents substrats : de couches minces aux polymeéres
et (4) Mettre en évidence les travaux marquant portant sur 1’utilisation des polymeéres ioniques

liquides dans diverses applications.

Le chapitre 2 présente différentes approches ¢électrochimiques pour l'immobilisation de liquides
ioniques rédox a la surface de I'¢lectrode. De plus, les différentes caractéristiques des nouvelles
interfaces seront reportées. Le chapitre 3 se concentre sur l'utilisation des polymeres LIs comme
catalyseurs émergents et comme matrices pour la génération de matériaux hybrides vers
l'activation de petites molécules (ORR, OER, HER). Le chapitre 4 étudie la réactivité a I'échelle
micro / nanométrique de divers matériaux, y compris les polymeéres liquides ioniques €lectro-
actifs, en utilisant la microscopie électrochimique a balayage (SECM). Le chapitre 5 présente
les résultats préliminaires de la fabrication de substrats flexibles avec des fonctionnalités
intéressantes : possibilité de convertir le frottement en électricité et stockage d'énergie en
utilisant des liquides ioniques redox polymériques. Ces études ouvrent de nouvelles

opportunités pour ¢laborer des dispositifs flexibles, portables et implantables.
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Mot-clés : Stockage et conversion d’énergie, peau artificielle, electrocatalyse, microscopy
¢lectrochimique a balayage, liquides ioniques, polymeres, triboelectricité, functionalisation de

surface.
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GLOSSARY

AFM
SEM
TEM
SECM
XPS
FT-IR
UV-Vis
NMR
DLS

GCPL

CED
SMG
EIS
CvV
LSV
CA

MW
SI-ATRP

RFLB
WE
CE
Ref
UME
SCE
RHE

EW

AE
EO

Atomic Force Microscopy

Scanning Electron Microscopy
Transmission Electron Microscopy
Scanning ElectroChemical Microscopy
X-ray Photoelectron Spectroscopy

Fourier Transform Infrared Spectroscopy
Ultraviolet — Visible Spectroscopy

Nuclear Magnetic Resonance Spectroscopy

Dynamic Light Scattering
Galvanostatic Cycling with Potential

Limitation

Coulombic Efficiency Determination
Special Modular Galvano
Electrochemical Impedance Spectroscopy
Cyclic Voltammetry

Linear Sweep Voltammetry

ChronoAmperommetry

Microwave

Surface-Initiated Atom Transfer Radical
Polymerization

Redox-flow lithium battery
Working Electrode

Counter Electrode
Reference Electrode
UltraMicroElectrode
Saturated Calomel Electrode
Reversible Hydrogen Electrode
Potential

Potential window

Peak potential

Peak-to-peak Separation
Standard potential
Overpotential

Electron transfer rate constant
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o Charge transfer coefficient

1 Current

j Current density

Ip Peak current

K-L Koutecky-Levich

PCET Proton coupled electron transfer

ICET Ion coupled electron transfer

0 Chemical shift

ppm Parts per million

C Concentration

hrs Hours

MeCN Acetonitrile

DMF Dimethylformamide

DCM Dichloromethane

IL Ionic liquid

PIL Poly(ionic liquid)

TFSI Bis(trifluoromethanesulfonyl)amide

Fe Ferrocene

Fc* Ferrocenium

AQ Anthraquinone

PMDETA Pentamethyl-diethylenetriamine

PAMI Poly(1-allyl-3-methylimidazolium)

EMIES 1-ethyl-3-methylimidazolium ethylsulfate
Tetra n-butylammonium

TBAPFs hexafluorophosphate

C-Dots Carbon Dots

NPs Nanoparticles

GC Glassy Carbon Electrode

ITO Indium Tin Oxide
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PREFACE AND GENERAL INTRODUCTION

Life, the magnificent process, appears on Earth billions of years ago. Beginning from non-living
chemical substances, e.g. carbon, nitrogen and water, numerous reactions and transformations
conducted to the formation of autonomous systems with open-ended evolutionary capacities,
that defined living-systems!?. Depending on the evolution level, the living-structures are very
diverse. Though, whatever the creatures are, from the simplest primitive life-form like bacteria
to the most complex creature, human; there are always a protective layer, named “skin”. The
latter acts as a barrier between the inner parts of creatures and the surrounding environment. To
ensure the protection role, the skin which has a unique double-layer’s structure must cover the
whole body, resulting to the largest and heaviest organ’. Besides, it can also perform multiple
tasks, such as regulating body temperature, preventing adsorption of harmful irradiations,
acting as body’s sensory device, preventing loss of moisture, avoiding penetration of liquid,
dirt and chemical products*. However, by suffering serious damages (diseases, injuries, etc.),

the body cannot act fast enough to manufacture necessary tissues to heal the wound.

Inspired from the nature, artificial skin (AS) that mimed natural skin has been nowadays widely
investigated and developed. Among various approaches for producing artificial skin, synthetic
membrane can provide a fully flexible system bearing desired functionalities resulting from
surface modifications which can be not only used in medicine but also in material sciences (e.g.
soft robotic)>®. In this context, our research group desires to embark on this field by providing
our expertise in energy by using an expanding class of material, ionic liquid. The final goal of
this research is to develop flexible functionalized transparent film for fabrication of electronic
skin. Beside the basic roles of human skin, the layer should have a highly energetical autonomy,
i.e. it can generate necessary electricity using environmental sources, and has other task-specific

functions.

During the past 2 decades, the notion “ionic liquid” and its derivatives attract a rising research
interest as solvent — electrolyte for electrochemical processes. However, the recent studies show
the ability to use ionic liquids (IL) and ionic liquid-based polymers (PIL), labeled task-specific
ionic liquids, as main components for a large spectrum of applications. Despite the development
of these materials, the number of reports is relatively limited and the fundamental understanding
of IL and PIL properties is still opened for further investigations.

The first chapter is reserved for recent advances from fundamental researches to practical uses
in the field of ionic liquid. Being used as green solvent, ionic liquids and its derivatives are
quite harmful for environment and human health. To resolve this problem, different approaches
have been proposed to immobilize ionic liquid onto various substrates to reduce the quantity of
IL and to generate new interesting interfaces from thin layer ionic liquid to polymeric ionic
liquid. In this context, self-assembled monolayer and electrochemical tools are among the most

powerful techniques to graft IL and PIL onto material surfaces from nanoscale to large area.
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The IL-modified substrates exhibit unusual behaviors compared to other organic materials
providing the possibility to use them in sensing, catalysis, energy applications, and so on. In
parallel with the traditional ionic liquids, redox-active ionic liquids (RIL) and redox-active
polymer ionic liquids appear as new candidates for the integration in electrochemical processes.
They have been successfully used as electro-responsive materials for reversible electrochemical

switchable wettability and electrochemical energy storage’.

Before going to further applications using (electroactive)ionic liquids, the attachment of the
molecules onto electrode becomes crucial task towards the formation of multifunctional and
flexible substrates with well-controlled physical-chemical properties. In the continuation of the
previous works, we propose in the chapter 2, by means of electrochemical approaches, the
surface functionalization of novel redox-active ionic liquids with different morphologies
ranging from very thin layer to dense polymer film. The simultaneous presence of both charges

from the backbone and redox-active groups at the surface generates unusual properties® !,

In the chapter 3, we mainly focus on the utilization of poly (ionic liquid) based materials as an
efficient catalyst towards the activation of small molecules (H2, O2, H20, etc.). The
electrocatalytic performance of the hybrid materials by embedding the nanoparticles (Au, Pt/C,
C dots, etc.) inside the polymer brush-like structure is fully described in this chapter.
Interestingly, the cationic properties of the polymer backbone, the poly(ionic liquid) can be
used as a host-guest platform for capturing metal ions. Later, it can also act as template for the

electrochemical generation of metal clusters under self-electrolytic conditions'!3,

The chapter 4 is mainly reserved to the use of poly(ferrocenated-IL) in scanning
electrochemical microscopy application. Thus, the polymerization of FcIL onto
ultramicroelectrode increases the sensibility of the surface of the ultramicroelectrode (UME).
Consequently, the modified UME can detect the presence of conductive substrates without
using mediator in solution. From preliminary results, we propose to use the immobilized probe
SECM for surface mapping to prevent border effect caused by the diffusion of the mediator in
solution. This chapter is also devoted to the investigation of the local properties of graphene

and modified graphene supported onto flexible and transparent substrate!*!>.

The chapter 5 will shed light on the potential use of the ionic liquid in energy'®. Thus, we will
present the preliminary results for the elaboration of flexible electrodes for further developing
of artificial skin by using different approaches. Each family of substrates presents also potential

uses in various applications such as wearable supercapacitors and triboelectric nanogenerators.

The last part of this dissertation is reserved for some concluding remarks and the prospects

based on the ongoing works.
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CHAPTER 1

TIONIC LIQUIDS AND POLYMERS: FROM
MOLECULAR CONCEPT TO FUNCTIONAL
MATERIALS

This chapter provides an overview of (redox-active) — ionic liquids and polymer based ionic
liquids. The flexible design of these new families of ionic liquids allows for the tuning of
various properties. Furthermore, these compounds can act as active materials for diverse
applications. In this chapter, different approaches and procedures for immobilizing redox-active
ionic liquids, from thin layers to polymers, are mentioned and discussed. Importantly, polymer
ionic liquids have largely contributed to recent advances in polymer sciences and are becoming
key materials in different fields, such as energy storage (batteries, supercapacitors), energy
conversion (actuators), and information processing (sensors). The highlighted reports cited
below provide strong evidences on multifunctional aspects of ionic liquid-based materials
which are considered as the background and starting point of my Ph.D. works described in this

thesis.

Green solvent

Electrolyte

Epoxy Supramolecular
materials

Hybrid materials Ionogel

Bolioer Liquid crystal

Lubricant
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1.1  INTRODUCTION

Although the first synthesized ionic liquid was reported at the beginning of the last century, we
had to wait until the 1990s to see the great innovation of this family of compounds. Since then,
ionic liquids and their derivatives have attracted a lot of interest from the scientific world and
have become a real multidisciplinary field. So, what makes ionic liquids different from other
compounds? According to the common definition, an ionic liquid is a molten salt with a melting
temperature below 100 °C. However, according to the structures and properties of various ionic
liquids reported in the literature, an alternative definition of ionic liquid can be attributed as
salts that contains at least one organic component (cation and/or anion) and in which the ions
are poorly coordinated results to highly polar compounds. Importantly, ionic liquid can melt
without any decomposition. The characteristics that can be attributed to ionic liquids are a wide
liquidus range, very low vapor pressure, and thermal stability with unusual solvent properties.
These properties make ionic liquids one of the best choices as solvents for green chemistry and
for sustainability science. Overcome with knowledge about ionic liquids at this time,
researchers’ and scientists’ imaginations make ionic liquids rather more useful than only being
used in organic synthesis. Thus, the limits are being further pushed to tailor the physical-
chemical properties of ionic liquids by generating new structures for use in the field of

electrochemistry, in which the development of this type of compound becomes unlimited.
1.2 ELECTROCHEMISTRY IN IONIC LIQUIDS

In 1982, dialkylimidazolium chloroaluminate-based ionic liquids were the very first room-
temperature ionic liquids (RTILs) to enter the electrochemistry field for use in the
electrodeposition of aluminum, according to the reported work by Wilkes and co-workers'.
Since then, different studies have been performed to investigate the electrochemical behaviors
not only of ionic liquids themselves, but also of other materials in ionic liquids. From an
electrochemical point of view, ionic liquids simultaneously play the role of a solvent and a
supporting electrolyte. A good electrolyte for electrochemical measurements and for devices
should exhibit a strong resistance to electro-oxidation and reduction. This behavior is indicated
by a large electrochemical window (EW). For different families of ionic liquids (imidazolium,
pyrrolidium, ammonium, etc.), a broad EW was observed (3.5 to 6 V), which depends upon the
composition of the ionic liquid as listed in Table 1.1. Compared with the usual organic solvents
in use nowadays, whose EWs result partially from the interactions between the electrolyte and
the solvent, the EW of ionic liquids is as an intrinsic value that is characteristic for each ionic
liquid structure. In addition, the vapor pressure of RTILs is much lower than that of other
organic solvents providing strong stability over time, which is extremely beneficial for long-
term, non-volatile electrochemical devices. By possessing advantageous electrochemical
properties, ionic liquids are being used in numerous applications in the electrochemistry field,
especially for electrodeposition processes. Indeed, a large variety of metals, metal oxides and

semiconductors have been deposited in ionic liquid media.
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Table 1.1 Typical electrochemical windows of different types of ionic liquid.

hodic Anodi
. Cat 0(.11c nOdI? Electrochemical Reference Working
Tonic liquid!®¢/ potential potential )
limit (V) limit (V) window (V) electrode electrode
[1-Et-3-MeIm™]
(TESIT -1.8 2.3 4.1 I/1y Pt
[1-Et-3-MeIm™]
(OTF? -1.7 2 3.7 I/1y Pt
[1-Bu-3-MeIm™]
(BET -1.6 2.5 4.1 Pt QRE Pt
.
[1-Bu-3-MeIm™]
(P -1.6 2.55 4.15 Pt QRE Pt
.
[1,2-Me2-3-PrIm"]
. . . 1"/L1
THCT 0.28 5.65 5.37 Li"/Li GC
\C-
[1,2-Me2-3-PrIm"]
0.2 54 5.2 Li|Li GC
[TFSI]*
[1-Me-3-PrPyrro”]
-2.5 2.8 53 Ag Wire Pt
[TFSI]® s
[1-Bu-3-MePyrro']
TESIT -3 2.5 5.5 AglAg" GC
[EtsHexAmm'"]
TESIT -2.5 2 4.5 AglAg" GC
ButPyri“][BF+ ] -1 2.4 3.4 Ag wire Pt
y g
[EtsS*][TFSI)’ -2 2.7 4.7 Pt GC
[But3S*][TFSI)’ -2.1 2.8 4.8 Pt GC

1.2.1 Electrodeposition of Metals, Metal Alloys and Semiconductors

As mentioned in the previous subsection, the first metal to be electrodeposited in an ionic liquid
was aluminum. The main problem with this process is that the precursor, AICI3, which is a
Lewis acid, is highly sensitive to the presence of water, which induces the formation of basic
AICl3 and as a consequence inhibits the electrodeposition process. However, this deposition
process becomes much more feasible in ionic liquid medium!'® and the morphology of the

deposits can also be controlled'!. From this successful process, a large number of metals and
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metal alloys (Pd, Cu, Fe, Al-Mn, etc.) have been electrodeposited onto different substrates in
ionic liquid media!?4,

Besides the electrodeposition of different metals, the electrodeposition of semiconductors in
ionic liquids has also been investigated. Only a few published studies mention the use of ionic
liquids for the electrodeposition of semiconductors'4'®. Despite the feasibility of generating
different SCs on a surface (IV, III-V, and p-type SCs) from these solvents, the main problem

with this process is the homogeneity of the generated surface.
1.2.2  Electropolymerization of Conducting Polymers

In this context, it would be remiss not to discuss the possible electro-polymerization of
conducting polymers in ionic liquid media. High quality, homogeneous and smooth-surface
poly(3-alkylthiophene)s were electrochemically prepared in [1-But-3-MeIm'][PFs] as

promising materials for electrochromic devices!’

. Another typical example is the
electrochemical polymerization of poly(aniline), which is well-known for its use in energy
applications. In addition, CF3COOH-doped poly(aniline) nanotubule structures, with a
diameter of around 120 nm, were obtained after electrochemical polymerization in an IL

solution containing aniline monomers and trifluoroacetic acid'® (Figure 1.1).

Figure 1.1 SEM images of PANI deposited onto ITO synthesized from BMIPF¢ containing 1.0 M CF;COOH.

Others conducting polymers have also been electrochemically synthesized in ionic liquids, such
as poly(pyrrole)', poly(p-phenylene)*® and poly(3,4-ethylenedioxythiophene)?!. Compared to
a classical solvent, the use of ionic liquids as an electrolytic medium provides different

morphological structures and offers new interface properties.

1.3 REDOX-ACTIVE IONIC LIQUIDS

In the previous subsection, the different aspects of electrochemistry in ionic liquids were briefly
described. Nevertheless, the potential of ionic liquids in electrochemistry is much more
considerable than just being limited to their use as a solvent—electrolyte. Recently, new families
of ionic liquids known as “task specific ionic liquids” have been introduced that are based on
ionic liquids bearing functional groups. As an example, the introduction of a redox group to an

ionic liquid framework led to the formation of a new class of ionic liquids labeled as redox-
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active ionic liquids. The first redox-active ionic liquids were prepared by Grétzel’s group in
2004; they contained a redox active counter-anion ([I'] and [SeCN™]) and were successfully
used in a dye sensitized solar cell system?2. R. Balasubramanian et al.*> in 2006 reported the
electrochemical behaviors of ferrocenated imidazolium compounds whose ferrocenyl group is
connected to the imidazolium ring by an organic linker (Figure 1.2, left). This work shows that
the viscosity of the redox ionic liquid depends on the length of the linker and the side chains.
In Figure 1.2, right, the electrochemical response of the undiluted ferrocenated ionic liquid is
strongly influenced by the temperature and, as a consequence, the viscosity of the medium
following the Williams—Landel-Ferry (WLF) model**. Compared to the electrochemical
behavior of ferrocene in solution, a positive shift in terms of the formal potential is observed
for the ferrocenated ionic liquid. Indeed, linking an electron attractor group (imidazolium) to
the ferrocene induces a withdrawing effect due to the positive charge. The electron density of
ferrocene decreases, resulting in a lower energy level of the highest occupied molecular orbital

(HOMO) and in an increase of the oxidation potential®.

Recently, a hybrid redox system based on imidazolium ionic liquids was investigated by X.
Chen et al.*® A mixture of 2 redox ionic liquids containing imidazolium functionalized with
2,2,6,6-tetramethyl-piperidinyl-1-oxyl ([MeIm"™~TEMPO][ TFSI]) and [1-Pro-3-MeIm"][I]
was used to produce a Gritzel-type cell. The reported bi-redox couple electrolyte showed strong
absorption only in the UV region and a higher redox potential compared with the I'/I3~ redox
couple. Later, a bi-redox ionic liquid molecule was reported by O. Fontaine et al.?”?® In these
studies, a series of ionic liquids containing anions and cations that are functionalized with
anthraquinone (AQ) and TEMPO moieties, respectively, was electrochemically studied (Figure
1.3).

JO\ B. DILUTED
Fe—LINKER™ " SIDECHAIN N
X 110 uvA —
Fc - Ferrocenyl A. UNDILUTED ' </
n, cP
linker side chain (25°C)® Pok e1ntlal (V)ovg AgIAg%I -
1 C4Hg CH3; or C4Ho na¢ 3 nA
2 C(,H]: CH3 or C4H<) 8.5 x 103 ‘IQ
3 COO—C3H¢ CHj3 or C4Ho 1.4 x 107 C. SIMULATED
4 COO—CgH )2 CH; or C4Ho 5.8 x 10° —348K
5 COO—C“ng CH3 or C4H<) 1.6 x 105 _338 K
6 COO—C3H4OC2H4 CH3 or C.aHx) 54 x 105 —328 K
7 COO—C3H¢ C,H40CH3 na¢ —318K
8 COO—CgHj2 C,H40OCH; na‘
@X = Br~, PFs, or BF4~. All ILs listed are either fluid or glassy 15 1 . 0.5 b 0.5 1 0.5 0
materials except for 1:CHj+Br, 2:CHjBr, and 2-CHj;+PF, which are solids. Potential (V) vs Ag QRE Potential (V)

b All viscosities are for X = PFg and side chain = C4Hy. ¢ Not measured.

Figure 1.2 (Left) Intrinsically Electroactive Ionic Liquids, (Right) (A) CV (10 mV/s) of undiluted 8.PF¢ at 12.5
pum radius Pt micro disk electrode, in vacuum at indicated temperatures. (B) CV of 1,CH3,PFs (right
curve) and carboxylated 3,CH3,PFs (left curve) in dilute CH,Cl, solution with 0.2 M TBACIO4
electrolyte. (C) Digital simulation (blue curve) CV (10 mV/s) of undiluted 8.PFs at 75 °C, compared
to experimental result (red curve). The green curve is ideal CV with no iRUNC effect.
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Tethering redox-active moieties onto both the cation and the anion allows the density of the
redox-active groups in the liquid state to be increased up to the bulk density of a redox-active
solid. In addition, the bi-redox IL provided double the specific energy in a supercapacitor based
on activated carbon and graphene oxide electrodes compared to the same approach without
redox active groups. At the same time, the power capability and cycling stability were
maintained. The enhanced capacitance is sustained for 2000 cycles without degradation.
Moreover, the bi-redox IL enabled high-capacity/high rate charge storage, overcoming a major
hurdle for high-energy supercapacitors, opening up a wide new field for redox materials and
their applications.

a b
TFSI- BMIm*
:
T-— ®
. O \=

AQ-PFS™ MIm*-TEMPO

Figure 1.3 Comparison of charge storage in EDLC with IL electrolyte and the bi-redox IL-enhanced pseudo-
capacitor. a) Structure of the herein used BMImTFSI IL and the bi-redox IL comprising a
perfluorosulfonate anion bearing anthraquinone (AQ—PFS™) and a methyl imidazolium cation bearing
TEMPO (MIm*-TEMPO?®). b) and ¢) Charge storage in a purely capacitive EDLC comprising porous
carbon electrodes and an IL electrolyte.

1.4 IMMOBILIZATION OF IONIC LIQUIDS AND REDOX-ACTIVE IONIC
LIQUIDS

1.4.1 Introduction

From laboratory research to real-life applications, the role of surface modification with organic
layers is always crucial. Indeed, the atoms at the surface of a material behave completely
different compared to the bulk atoms because of the leakage in terms of the coordination
number. As a consequence, they have a different free energy, density of states, structure and
reactivity. Thus, the attachment of organic molecules onto the surface is considered to be a
facile approach to provide novel physical-chemical properties to the materials®-°. The
immobilization of organic molecules has been successfully integrated in several applications,
including smart surfaces, molecular electronics, photovoltaics, catalysis and surface wettability,
and several reviews have been devoted to this topic and related applications! 3%, It is well-
known that the surface atoms are more reactive than the other atoms in the bulk of the material,
which implies the enhancement of the physisorption and chemisorption of molecules from the

ambient environment at the surface.
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Introducing an organic layer onto the surface could act as an organic barrier for protection
and/or to generate new interfaces involving novel properties, which can be helpful in different
fields such as anti-corrosion, super-hydrophobic/super-hydrophilic surfaces, inks and paints,
etc. Tonic liquids could also be deposited onto a surface, providing new properties to the

interface’ .

1.4.2  Approaches to form Thin Layers of lonic Liquids

Self-assembled monolayers (SAMs) of organic molecules consist of organic assemblies formed
by the well-arranged adsorption of organic molecules that have a specific functionalized head
group from the solution or the gas phase onto the surface of a solid or onto the surface of a
liquid (in the case of liquid metals and its alloys). The most widely studied branch of SAMs is
the adsorption of alkanethiols on gold, silver and copper. The strong affinity of thiols (~SH) for
the surface of noble metals is the key factor leading to the generation of well-defined organic

layers that have other functionalities at the exposed interface.

Thiol-terminated imidazolium-based ionic liquids have been immobilized onto Au substrates
by dipping the Au substrate into a millimolar ethanolic solution of the thiol-terminated IL
for a few hours®. This procedure is widely used for the formation of alkanethiols derivatives
on gold substrates (Figure 1.4). Actually, a well-defined structure of the SAM can only be
achieved by immersing the substrate for a few hours in order to overcome the slow
rearrangement rate of the adsorbates. Different parameters such as temperature, purity of the
adsorbate, concentration of oxygen in the solution, solvent, immersion time, etc., should be
considered to achieve a good SAM. A generalized scheme of the surface modification of a noble

metal by a thiol-terminated IL SAM is presented in Figure 1.4.

B. Lee et al* also demonstrated direct counter-anion exchange from the 1.9 nm IL-SAM
layer by simple immersion of the ionic liquid-modified substrate into different solutions

containing the target counter-anion.

R\ R\ R\
x® No_ X® N X® N
Self-assembled monolayer (SAM) of ionic liquid <@ <@ <@
N N N

R
g o 5§
W x
> Noble metal

R = alkyl chain or task-specific group
X = counter anion

Figure 1.4 Self-assembled monolayer of thiol-functionalized imidazolium based ionic liquid on noble metal (Au,
Ag, Cu, etc.).
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The influence of the counter-anion on the water wettability of the substrate was also
demonstrated. Different counter-anions were found to influence the water contact angle of the
substrate in the following order: TFSI”" > PF¢ > CF3SO3;™ > ClO4™ > BF4 > Br . Shortly after
this work, an IL-SAM on a gold substrate was reported to be able to exhibit selective redox-
switchable behaviors toward Ru**/Ru** in the presence of [Fe(CN)s]*~ as a counter-anion*’, The
electrons pass through the IL-SAM layer in the presence of [Fe(CN)s]*~ showing the redox
signal of the Ru*"/Ru** couple. However, the detected signal is cutoff by adding SCN™ or
OCN' into the solution. A self-assembled monolayer of ionic liquid was also applied to gold
nanoparticles in order to selectively detect counter-anions*® or to make a new class of enzymatic
biosensors* by studying the displacement of the plasmonic band of the IL-functionalized Au

nanoparticles.

Besides the formation of a self-assembled monolayer using thiol-terminated ILs on noble metal
surfaces, IL-SAMs can also be formed on hydroxyl modified surfaces by using alkoxysilanes

bearing imidazolium moieties. As reported by B. Gadenne et al.*®

, well-ordered silica particles
were synthesized via template-directed polycondensation of triethoxysilylated imidazolium.
The materials prepared via this technique depend strongly on the length of the alkyl side chain.
Whereas a short alkyl chain (methyl, allyl) gave a lamellar structure, longer chains lead to the
formation of nanostructured silica with hexagonal symmetry, which can be attributed to the
micellar arrangement of the surfactant molecules. In the case of short chains, the ionic liquid
molecules interact only with the polar head of the surfactant, while in the case of longer chains,
in addition to the interaction described for the previous case, the alkyl chain of the ionic liquid
can also interact with the hydrophobic tail of the surfactant by being incorporated into a micellar
arrangement. More recently, the surface of modified silica gels functionalized with a monolayer
of covalently attached 1-(1-trimethoxysilane) propyl-2,3-dimethyl-imidazolium chloride,
tetrafluoroborate or hexafluorophosphate ionic moieties was used to catalyze the aldol reaction.
Later, M. Zhang et al.* proposed the use of silica spheres modified with an ionic liquid to make
stationary phases for HPLC, thanks to their facile preparation, high bonding amount and
excellent design ability as illustrated in Figure 1.5. Besides the alkoxysilane group, other
functional groups can be used for the formation of a self-assembled monolayer via a

condensation process, such as alkyl phosphonium-bearing ionic liquids®’.

In parallel with the self-assembled monolayers of ionic liquids with highly oriented molecules,
the electrochemical grafting of a thin layer of ionic liquid with an electrochemically assisted
method is also considered to be an efficient way to immobilize ionic liquid moieties onto a
conductive substrate. This method involves the generation of radicals from oxidizable or
reducible group by applying a suitable potential to the substrate. Although this technique is one
of the most powerful, there are very few reports on electrochemically assisted surface

functionalization with molecules based on ionic liquids.
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Figure 1.5 Synthetic strategy for SCIL stationary phases

Electrochemically assisted oxidative grafting of ionic liquid moieties can be carried out in one
or multiple steps. To the best of our knowledge, there are very few reports that mention the
oxidative grafting of an ionic liquid. The oxidative grafting of a redox-molecule-based ionic
liquid onto an electrode surface was firstly reported by M. Gomez-Mingot et al.*8 In this report,
N-(2-aminoethyl)-N-(4-nitrophenylethylimidazolium) bromide was grafted onto a glassy
carbon electrode via electrochemical oxidation of the amine group at around 1.2 V vs. SCE.
During the grafting process, aminyl radicals that were electrochemically generated near the
electrode surface reacted rapidly with the surface leading to the formation of a thin ionic liquid

layer (Figure 1.6).

The immobilization of the ionic liquid on the surface was evidenced by XPS. Figure 1.6 shows
the electrochemical characterization of the modified electrode recorded in 0.1 M sulfuric acid
aqueous solution and exhibits the presence of a reduction wave at —0.4 V vs. SCE corresponding
to the irreversible reduction of the nitro group. Next, during the second cycle, a new redox
reversible signal of the generated NHOH/NO group is observed at 0.3 V. These results give rise
to a promising material functionalization technique, which combines the attachment of ionic
liquids to the surface, the presence of a redox active interface, and the ability to perform anion
exchange.
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Figure 1.6 Schematic illustrating the grafting of redox based ionic liquid through the electrochemical oxidation
of primary amine onto a carbon electrode and the cyclic voltammetry of carbon modified electrode
in 0.1 M H,SO4. Scan rate 0.1 V.s'L,

Later on, the immobilization of a ferrocene-based ionic liquid onto a carbon electrode using a
stepwise procedure was investigated*. The general procedure is based on the electrochemical
grafting of a first layer bearing terminal groups that can be engaged in a chemical reaction,
followed by a second step to attach the desired molecules. Figure 1.7 presents an example of
this two-step procedure leading to the immobilization of ferrocene-based ionic liquid moieties
through aryl-aryl coupling. First, oxidative grafting of 2-(4-aminophenyl) acetic acid was
performed onto a glassy carbon electrode. Next, in the presence of sodium nitrite and perchloric
acid, a diazotization reaction occurs at the surface leading to the conversion of the attached
NH: head group into a diazonium group. The latter is accessible for further transformation.
Indeed, the Gomberg—Bachmann reaction through aryl-aryl coupling allows the attachment of
an aryl radical to one of the cyclopentadienyl moieties of the ferrocene-based ionic liquid®°. In
this work, the immobilization of the ferrocene-based ionic liquid was evidenced by

electrochemical characterization, showing the reversible redox signal of the ferrocene group.

e L 0 BR

F3C—ﬁ—N ﬁ—CF;

Figure 1.7 Strategy for the stepwise process for the immobilization of ferrocene based ionic liquid.
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In parallel with oxidative grafting, electrochemical reductive grafting of ionic liquids has also
been a subject of scientific investigation. Among the different functional groups, diazonium
derivatives are the most investigated molecules for electrochemical grafting. S. Bouden et al.*?
immobilized a bi-redox ionic liquid, 1-nitrophenylethyl-3-methylferrocenylimidazolium TFSI,
onto an electrode surface by the electrochemical reduction of in situ-generated diazonium
functional groups (Figure 1.8). By sweeping the potential to the cathodic side (from —0.2 V to
—1.1 V vs. SCE) in an acidic MeCN solution containing a bi-redox ionic liquid, nitro-phenyl
groups in the vicinity of the electrode surface were reduced via 6 electron pathways to give
amines, which were transformed into diazonium groups in the presence of sodium nitrite under
acidic conditions. Under negative potential, the in situ-generated diazonium groups within the
diffusion layer were reduced into radicals and then attached rapidly to the electrode surface.
Compared to the previously reported electrochemically assisted grafting, this approach leads to
generate the diazonium within the diffusion layer avoiding or minimizing the spontaneous

grafting observed when the diazonium is generated in the electrochemical cell.

The immobilized ionic liquid layer was evidenced by XPS and electrochemistry by observing
the signature of the ferrocene moieties (Figure 1.8). This new approach leads to the generation
of a multifunctional material bearing redox-active molecules and ionic liquid components. This

new interface shows versatile applications toward electrochemically switchable wettability.
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Figure 1.8 Proposed pathway for the electrochemical grafting of ferrocene based ionic liquid molecule. Cyclic
voltammogram of grafted electrode in acetonitrile solution containing 0.1 M LiTFSI as supporting
electrolyte, scan rate 0.1 V.s™!. Inset: contact angles obtained on modified electrode before and after
electrochemical oxidation.

Recently, a simple and general route for the immobilization of molecules containing an ionic
liquid framework was proposed as shown in Figure 1.9. Inspired by the classical synthesis of
ionic liquids, surface-initiated synthesis was reported. This process is based on building the
ionic liquid structure on the surface. Thus, a bromide-terminated layer was immobilized on the

electrode surface, and the modified surface was then immersed in a solution containing
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imidazole derivatives. The generated structures provide multifunctional systems containing

ions, immobilized cations and mobile anions, and redox species*!.
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Figure 1.9 Proposed approach for the surface-initiated attachment of molecules based ionic liquid.

Originally, J. Ghilane et al.>!

proposed a novel route for the surface modification of Pt electrode
using a bi-redox system containing an imidazolium-based ionic liquid. The procedure is based
on electrochemical reductive activation of the electrode materials. Briefly, the cathodic
polarization of the electrode material in dry organic electrolytic solution conduces to the
generation of new phase. Unlike the classical surface modification methods, described above,
the latter is accompanied by the intercalation of the electrolyte cation within the electrode
materials. In a recent work, the cathodic polarization of Pt electrode at —2.2 V vs. SCE in the
presence of 1-ferrocenylethyl-3-methylimidazolium TFSI as a supporting electrolyte (0.1 M)
in dry acetonitrile solution was investigated. As a result, Pt reduction occurs concomitant with
the insertion of the supporting electrolyte cation, generating a new metal—organic phase, [Ptn®,
A%, AX] (where A™ is the cation and X~ is the anion electrolyte), as illustrated in Figure 1.10.
This surface functionalization procedure changes greatly the nature of the starting material by

forming ferrocene imidazolium platinide-like phases.

Furthermore, a second redox molecule was introduced by spontaneous reaction between a 4-
nitrophenyldiazonium tetrafluoroborate salt and the reduced platinum phase. Indeed, thanks to
the reducing power of the cathodically activated platinum, the spontaneous reduction of
diazonium occurs leading to the attachment of nitrophenyl groups onto the reduced Pt, as shown
in Figure 1.10. As a result, bi-redox molecules were attached onto the Pt, with the ferrocenyl-
based ionic liquid inside the Pt and nitro-phenyl at the surface. The electrochemical and XPS

characterizations confirm the presence of two redox systems on the Pt surface (Figure 1.10).
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Figure 1.10 Schematic illustrating the spontaneous grafting of nitrophenyl layer onto activated platinium. (a) XPS
survey scans of platinum substrate (black line) without any polarization and (red line) after a 200 s
cathodic polarization at —2.2 V in ferrocene based ionic liquid. High resolution XPS spectra for (b)
Pt(4f) and (c) Fe(2p) core level. (d) Electrochemical characterization of modified Pt electrode in
solution containing 0.1 M of BuyNBF, in ACN. Scan rate was 0.1 V sL,

1.5 POLYMER IONIC LIQUIDS

Recent developments in polymer science have allowed the synthesis of various polyelectrolytes
that are continuously being introduced with controlled morphology, such as linear polymers,
nano/micro particles, and dendritic and star structures. The term poly(ionic liquid) (PIL) refers
to a subclass of polyelectrolytes that feature an ionic liquid (IL) species in each monomer
repeating unit, connected through a polymeric backbone to form a macromolecular structure’2.
In the last decade, poly(ionic liquid)s have been widely investigated as new polyelectrolytes,

leading to rapid growth in terms of publications and applications in diverse fields>* %,

Ohno et al. were the pioneers on reporting PILs as solid electrolytes in electrochemical
applications®°!'. These studies inspired researchers to use PILs with different structures and
properties in several applications. There are some reviews provided by Firestone, Long, Texter,
Mecerreyes and Antonietti that summarize the synthesis, characterization, and applications of
PILs’>%2%7 1In this subsection, the state-of-the-art in this area will be described, presenting a
systematic view of the preparation and typical properties of PILs that have already been

reported in the literature.
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1.5.1 Synthetic Route and Structure of PILs

Monomer-based ionic liquids have been studied leading to the emergence of novel solid
materials bearing ionic liquid frameworks. Several reviews were devoted to this new class of
ionic polymer, highlighting the formation of new structures, new interfacial properties and
potential applications®>%*%, Depending on the nature of the polymeric backbone, two types of
PIL are classified, called polymerized cationic ionic liquids and polymerized anionic ionic
liquids. For each series of PILs, different approaches can be used, such as direct polymerization
of ionic liquid monomers or modification of polymeric polymers by forming repeating units

containing ionic liquids. In 1973, the first PILs were synthesized by Salamone et al®’

. However,
this work did not receive much attention from the scientific community at that time, and we had
to wait until the 1990s for the next reports by Ohno et al. on the free radical polymerization of
ionic liquids. Since the importance of polymer-based ionic liquids has been recognized,
numerous publications have appeared reporting different structures of ionic liquid monomers

bearing commonly vinyl or acryloyl groups, as shown in Figure 1.11.
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Figure 1.11 Examples of Poly(ionic liquid) chemical structures

Vinyl-functionalized ionic liquid monomers can be prepared in a one-step synthesis via a
quaternization reaction by mixing halo-alkane molecules bearing vinyl groups and N — R
imidazolium molecules (R = alkyl, redox-active or other functional groups). Further anion
exchange might offer interesting properties to the monomer. Acryloyl-functionalized ionic

liquid monomers can be synthesized in a 3-step process. Firstly, (meth)acryloyl chloride is
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treated with a hydroxyl-containing halo-alkane resulting in the corresponding ester. In the
second step, the as-prepared halo-alkane bearing a (meth)acryloyl group is added leading to a
quaternization reaction where the imidazolium is connected to the (meth)acryloyl group.
Finally, most of the PILs can be commonly synthesized by conventional radical polymerization.
In addition, other polymerization approaches can also be applied for PIL systems, such as atom
transfer radical polymerization (ATRP)’*’! and reversible addition—fragmentation transfer
polymerization (RAFT)’>73. The only part that determines the structure and properties of the
PIL is the chemical structure of the ionic liquid monomer. Most PILs were successfully
synthesized in bulk solution, in micro-emulsions or in dispersed media. However, it has been
shown to be feasible to polymerize ionic liquids onto material surfaces by surface-initiated atom
transfer radical polymerization (SI-ATRP)>*74. In addition to linear polymers, cross-linked PIL
networks have been synthesized by classical radical polymerization. To achieve a PIL network,
an ionic liquid monomer bearing bi—, tri—, or multi—vinyl/acryloyl groups must first be prepared.
The cross-linking reaction is initiated under thermal- or photoactivation leading to the formation
of a PIL network”>.

Beside these polymeric structures, block polymers have received some attention thanks to their

ability to provide new and well-defined structures. Indeed, hyperbranched’®®!, dendrimeric®?-

85 and star-like3®°!

poly- and oligo(ionic liquid)s have been successfully synthesized. A
hyperbranched PIL with an onion-like topography, containing a poly(1,3-diether) core, a
polar imidazolium inner shell and a non-polar outer alkyl shell, was synthesized’®. This system
was proven to be highly stable under harsh conditions resulting in it being a promising material
for use in nano-reactors and as a host for various functional materials. K. Pu et al.”* reported a
novel route to prepare fluorescent core—shell nanoparticles based on a hyper-branched PIL
(HCPE) for cell imaging. Hyper-branched cationic poly-fluorine (PF) constitutes the core
component of the HPCE and serves as a stable light-emitting center. This PF is covered by
linear poly(ethylene glycol) (PEG), which acts as a passive layer on the macromolecular surface
and, moreover, adds good cyto-compatibility properties to the whole structure. Because of the
shape persistence of the rigid core, the HCPE molecules form single-molecular nano-spheres,
facilitating their uptake for cell imaging. In a number of publications, star-like PIL structures
were synthesized by using mainly polyhedral oligomeric silsesquioxane (POSS)-bearing ionic

liquids and tetraalkylammonium compounds®®93-%4,

For smart material applications, redox-active PILs have great potential. This class of PIL is
made from an ionic liquid monomer bearing redox-active sites. Like others PILs, redox-active
PILs can be synthesized either in bulk solution or onto surface. X. Sui et al.”> reported the
preparation of cross-linkable PILs bearing ferrocene moieties by using a PES — PIL hydrogel

as described in Figure 1.12.
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Figure 1.12 (Left) Synthesis of Cross-Linkable PFS-PIL (Right) (a) Photograph of a PFS-PIL macroscopic
hydrogel; (b) SEM image of a PFS-PIL hydrogel after freeze-drying.
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Poly(ferrocenyl(3-iodopropyl)-methylsilane) was mixed with 1-vinylimidazolium leading to
quaternarization. A PES — PIL hydrogel (Figure 1.12) was then prepared by performing
photo-initiated polymerization under UV-irradiation in the presence of a photo-initiator
(Irgacure 2959). A relatively low glass transition and high decomposition temperature was
observed for the PES — PIL (Tg = 48 °C, Ta = 350 °C). Reversible oxidation and the reverse
reaction were carried out by adding an oxidant and a reducer to the hydrogel, leading to a color
change of the gel. This work highlighted the feasibility of this new class of redox-responsive
organometallic polymers. Later, Randriamahazaka et al. prepared surfaces functionalized with
poly(3— (2—methacryloyloxyethyl) —1— (N— (ferrocenylmethyl)imidazolium TFSI)) by using
SI-ATRP’*%, The initiator was first immobilized onto the surface by electrochemical oxidation
of the primary amine in aqueous solution. The polymerization process was performed by
dipping the surface-initiated electrode into an ionic liquid solution containing a millimolar
concentration of the monomer, a catalytic amount of activator, a small amount of deactivator

and a complexing agent under an inert atmosphere (Figure 1.13).

The thickness of the polymer film was followed over time by both electrochemistry and surface
characterization techniques (XPS, AFM, and SEM) as illustrated in Figure 1.13. The Fc-PIL-
modified electrodes were electrochemically characterized in usual organic solvents and ionic
liquid media, showing a high stability with a small decrease in the ferrocene signal.
Interestingly, it was proven that the Fc-PIL could act as a self-double layer. Indeed, the
ferrocene electrochemical signal of the attached poly(FcIL) was observed in free-supporting
electrolyte acetonitrile solution. The authors also demonstrated a possible application of the
poly(FcIL) as an electrochemically reversible surface wettability system and as an

electrochemical sensor for catalytic activity toward the oxidation of tyrosine.
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Figure 1.13 (Left) Attachment of initiator layer through electrochemical oxidative grafting of bromo-ethylamine
followed by polymerization using ATRP in ionic liquid media (Right) (a) AFM topography image of
Au modified with the initiator layer. () SEM image of the poly(FcIL) growth on Au. Scale bare 1
um. (¢) AFM topography image of poly(FcIL) onto Au substrate, image size 4 x 4 um2. (d) AFM
topography image performed in the same area as in c using scan angle of 45°. (e) Cross-section after
scratch AFM experiment. (f) Evolution of poly(FcIL) film thickness as a function of polymerization
time for the SI-ATRP.

1.5.2  Physicochemical Properties

Poly(ionic liquid)s are used nowadays as important ionic polyelectrolytes for solid state
devices. Recent studies have been performed in order to gain insight into the intrinsic properties
of PILs (ionic conductivity, glass transition temperature, decomposition, etc.). Different
parameters should be taken into consideration for influencing the ionic conductivity of PILs.
The nature of the cation can strongly affect the ionic conductivity of the PIL. Thus, when
changing the cation from ammonium, to imidazolium or pyrrolium, the conductivity changes
considerably (1077 Sem™, 3 x 107 S.cm ' and 3 x 107° S.cm™!, respectively)”’. In addition, the
length of the spacer also plays an important role. It was proven that shortening the spacer
between the cation and the polymeric main chain results in a decrease in the conductivity. As
an example, the conductivity changes from 2.4 x 1071 S.cm™ to 3.2 x 107 S.cm™! when the
spacer is changed from ethyl to undecyl in poly(imidazolium)-based ILs”’. When introducing a
flexible spacer, such as poly- or oligo(ethylene oxide), a drastic increase in the conductivity
was recorded with a 2 orders of magnitude enhancement (10 S.cm™!) compared to the
equivalent alkyl spacer®®. Unlike for cationic PILs, in the case of anionic PILs, the spacer has
to be as short as possible to get a high conductivity®. When keeping the same cation (EtMeIm"),
the conductivity increases from poly(p-styrenesulfonate) (c = 1.1 x 10® S.cm™) to
poly(sulfonate) (c = 1.1 x 10™* S.cm™). The explanation for this change might be attributed to
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the size effect of the anion on the mobility of the imidazolium cation. In summary, the ionic
conductivity of a PIL is partially due to the degree of freedom of the positively charged ion,
either in the main chain or free in the anionic polymer matrix. This is evidenced by the
augmentation of the conductivity with an increase in the length of the spacer for cationic
polymers and a decrease in the linker length for anionic PILs. Moreover, for cationic PILs, the
anions also have an impact on the conductivity of the corresponding PIL. The influence of
different anions on the conductivity of poly(1-Et-3-MeIm") was investigated and found to be
in the following order (50 Hz, 20 °C): CF3SO3™ (6.52 x 107! S.em™) < (CF3S02)2N~ (1.27 x
101 S.em!) < (CN):N™ (2.09 x 10° S.cm™)”. For 1-[2-(methacryloyloxy)ethyl]-3-
butylimidazolium based PIL, the influence of anions was also investigated where PFs¢ (2.5.10
6S.cm™) <BF4 (5.10°S.cm™) < CF3S03™ (1.25 x 10 S.em™) < (CF3S02)2N" (3.2 x 10*S.cm’
1) at 110 °C!%, This effect is attributed to several parameters, including the anion size, the
delocalization of the negative charge and the ability of the anion to interact with the polymer
backbone. Besides the impact of the PIL structure on its conductivity, the environment also
plays an important role. Typically, the addition of an ionic liquid solution to the polymer matrix
results in an enhancement in the ionic conductivity of PIL electrolytes. The ionic conductivities
were 6.76 x 107 S.em™, 2.92 x 1072 S.cm™! and 5.83 x 1072 S.cm™' for the IL-,
poly[BVIm*][TFSI')/IL mixture- and poly[BVIm'][HIm'][TFSI"J/IL mixture-based
electrolytes, respectively!®!. Other parameters should also be taken into consideration, such as
the water content in the PIL matrix or the impact of the co-block polymer on the final

conductivity, etc.

In parallel with the ionic conductivity of the PIL, the thermal properties of the material are a
key factor that makes PILs interesting materials for various applications. Generally, ionic
liquids and poly(ionic liquid)s have rather low Tg values in comparison to other salts. As there
is a relationship between conductivity and Tg, the parameters mentioned above also have an
impact on Tg. At the same temperature, a PIL that has a lower Tg is more flexible and more
dynamic than the others, resulting in a high mobility of the residual ions.
Poly[VIm][TMEN][TFSI] bearing 2 cations (imidazolium and ammonium) exhibits a relatively
high glass transition temperature of around 106.6 °C'%? compared to mono-cationic PILs (Tg =
80 °C for poly[2-(methacryloyloxy) ethyl]-N,N,N-trimethylammonium] and 28 °C for poly[1-
[2-(methacryloyloxy) ethyl]-3-methylimidazolium]®’). The introduction of boron into the IL
monomer structure causes the corresponding polymer to have a very low glass transition
temperature (Tg = —59 °C to —45 °C)!%. It has been empirically accepted that there is a linear
relationship between the ionic conductivity and the glass transition temperature (when a PIL

has a lower glass transition temperature, its conductivity is higher).
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1.6 APPLICATIONS OF POLY(IONIC LIQUID)S
1.6.1 Nano-structuration

Since ionic liquids and poly(ionic liquid)s were considered as advanced materials for green
chemistry, new efforts to make micro/nano-structures from and/or with poly(ionic liquid)s have
been launched. Among the different forms of nano-structuration, nanoparticles, which are the
bridge between the bulk material and molecules, have attracted a great interest. Recently,
poly(ionic liquid) nanoparticles with controllable, tunable shapes and well-organized inner
structural domains below 5 nm were reported for the first time’®!%. It was also reported that a
small change in the chemical structure of the ionic liquid monomers or the pH of the medium
changes the morphology of the synthesized particles. As a consequence, by increasing the
length of the alkyl chain of 1-vinyl-1,2,4-triazolium-type ionic liquids, self-assembled wasp-
like ellipsoids and onion-like particles were obtained. This results from the energy balance
between 3 components, the hydrophobic side chain, the positively charged triazolium and the
surface energy of the particle. Indeed, with a longer hydrophobic tail (TILM-Ci¢Br), the
exposure of the surface to the aqueous phase is energetically unfavorable, which causes a
morphological change from lamellar ellipsoid to vesicular particles. Understanding the
physical-chemical properties and the self-ordering in a complex polymer system can be utilized

to make functional polymer nanoparticles.

Benefitting from the extremely low vapor pressure of RTILs, poly(ionic liquid)s were prepared
under high vacuum using focused ion beam (FIB)!* and electron beam (EB) irradiation'®
(Figure 1.14).

(a) FIB FIB
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oL RTIL RTIL /Polymer
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Figure 1.14 Illustrations of the polymer formation mechanism for (a) the FIB-RTIL method and () the EB-RTIL
method.

These techniques use high energy particles to generate radicals inside the ionic liquid monomer,
which makes the polymerization process possible. The difference between the two techniques

is related to the penetration distance of the irradiated beam. The polymerization using FIB
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irradiation is carried out at the ionic liquid/vacuum interface, while electron beams (EB)
penetrate deeper inside the liquid resulting in polymerization throughout the whole irradiated

volume (Figure 1.15).

Figure 1.15 (a) A famous Japanese picture titled, ‘‘Beauty Looking Back.”” This picture was painted by a Japanese
artist, Moronobu Hishikawa, in the Edo period. (b) Bitmap image of ‘‘Beauty Looking Back’’ created
for the FIB drawing. (¢) SEM image of a 2D polymer structure fabricated from the bitmap image. The
enlarged view of the flower painted on the ‘‘Kimono’’ is shown under each picture. The irradiation
conditions for fabrication of this structure were the ion dose of 100.10'" ions.cm™ and the number of
scanning of 33 times.

The resolution of the FIB and EB approaches can reach sub-hundred nanometer scales (Figure
1.16).

(a)

line width : 60 nm

Figure 1.16 Cross-shaped structures prepared by two-step irradiation: (@) irradiation design indicating the two-
step irradiation, (B) top-view SEM image of deposited structures, (¢, d) side-view SEM images
observed from the direction represented in (b) by (c) orange and (d) green arrows. The dose condition
was 200 mC.cm™,

The development of these techniques for making poly(ionic liquid)s with well-defined patterns
can be helpful to fabricate micro-devices and micro-machines, or even for ionic liquid-based
electronic devices. However, the biggest drawback of the ion/electron beam techniques is that

they are time consuming, high cost, and only suitable for small-scale fabrication, so they are
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not suitable for industrial production. Large-area preparation of ionic liquid patterns is
continuously improving through ongoing researches. A mesoporous ionic liquid network was
successfully prepared by using a hard-template of silica nanoparticles, in which the ionic liquid
was grown by polymerization at the interstitial voids, resulting in inorganic—organic networks.
By etching the silica template in 1 M NaOH, a mesoporous ionic liquid structure is produced

with a specific surface area of around 150 — 220 m?.g ! .

On the other hand, based on poly(ionic liquid)s, different nanostructured materials have already
been made. Briefly, imidazolium-based ionic liquid polymers were used as precursors for the

preparation of mesoporous graphitic carbon materials!'?”1%8,

Typically, 1-vinyl-3-
ethylimidazolium bromide (IL—a), 1-vinyl-3-ethylimidazolium dicyanamide (IL-b),1-vinyl-3-
cyanomethylimidazolium bromide (IL—c), and 1-vinyl-3-cyanopropylimidazolium bromide (il-
IL—d) were pyrolyzed at 900 °C—1000 °C in the presence of FeClz, and the polymerization
process occurred simultaneously with the carbonization process resulting highly conductive,
mesoporous, n-doped graphitic carbon materials. These recent results opened a new and facile

route to prepare interesting metal-free materials for energy applications.
1.6.2  Switchable Devices

Like some chameleons, PILs can adapt their behaviors upon external stimuli or environmental
change. Researchers in the field of polymer materials have been trying to mimic this interesting
behavior for the last three decades. Their efforts have given birth to a novel concept, smart
polymers. By following this rational idea, poly(ionic liquid)s with their unique properties were
used for the construction of smart polymers for switchable devices. Among different aspects,
the wettability of the material surface plays an important role for self-cleaning materials and
anticorrosion. As ionic liquids and poly(ionic liquid)s are sensitive to water, PILs can be used
for the efficient switchable wetting of surfaces based on counter-anion exchange. X. He et al.*8
reported the preparation of poly[1-(4-vinylbenzyl)-3-butylimidazoliumPFe] by SI-ATRP on a
silicon wafer and its application to static tunable-wettability surfaces. The as-prepared PIL with
PFs as anion showed a rather hydrophobic response (95°). Then ion exchange was carried out
by dipping the substrate into NaCl solution, which promoted the formation of a hydrophilic
surface due to the formation of PIL — CI” (contact angle = 41°). By switching again from CI™ to
PFs anions, the hydrophobic behavior was reversed leading to reversible and tunable wetting
of the surface (Figure 1.17a and b).
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Figure 1.17 (a) AFM topography and 3D image of the PVBIm-PF6 brush modified silicon surface; (b) Changes
in static water contact angles corresponding to various surfaces of silicon substrates. The insets show
five photographs of the shapes of water droplets on different surfaces; (c) All-polymeric five-layer
electrochromic device configuration; (d) Variation of AOD as a function of the number of cycles for
ECDs using polymer electrolytes with different ratios [EMIm*][Br]: poly[ViEtIm*][Br ] and using
PEO/lithium triflate electrolyte.

Based on the same ion exchange concept, switchable permeability poly(ionic liquid) hollow
particles were prepared via the SaPSeP method®’. TFSI™ and Br~ were chosen as exchangeable
anions for the surface wetting study. As expected, the particles containing TFSI™ exhibited
hydrophobic behavior, whereas the particles containing Br~ exhibited a hydrophilic response.
The concept of ion exchange is interesting, but it is not suitable for practical use. Electroactive
PILs have entered the field as novel materials for electro-stimuli-switchable devices. The redox-
active PILs are based on concerted electron transfer coupled with anion transport.
Randriamahazaka et al.”* introduced poly(3-(2-methacryloyloxyethyl)-1-(N-
(ferrocenylmethyl) imidazolium TFSI)) prepared by SI-ATRP for this concept. The contact
angle in the neutral state of the redox PIL-modified Au substrate was determined to be around
90°, while after oxidizing the ferrocene moieties, the contact angle decreased to rather
hydrophilic (60°) and vice versa. Originally, PEDOT-bearing ionic liquid moieties were
demonstrated to be eligible not only for tunable wettability surfaces but also for electrochromic
devices.!?”
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A reversible hydrophobic/hydrophilic switch was observed depending on the nature of the
counter-anion. Higher fluorinated anions yield higher contact angles. By flushing LiTFSI
solution onto a rough surface, the contact angle was determined to be around 107 + 3°, while
when flushing LiBF4 solution onto the same surface, the contact angle decreased dramatically
to 24 + 3°. This process was fully reversible. By heating/cooling oxidized PEDOT — ImBF4Cl
between 20 °C and 70 °C, the color of the membrane changes reversibly from blue to purple.
Previously, this group also proposed the assembly of a symmetric device in which the PIL
layer is sandwiched between 2 PEDOT-electrochromic layers'!?. Different IL/PIL mixtures
were tested for their ECD performance. It was found that the poly[1-vinyl-3-ethylIm"][Br~]/ [1-
vinyl-3-ethylIm*][Br ] mixture (75:25) offered the best performance, exceeding 70000 pulsed
cycles (0 and 3 V) (Figure 1.17c and d). However, no long-life requirements are needed, giving
preference to using mixtures with a higher content of IL in order to get a higher optical contrast
(AOD). This is a promising result for the development of higher performance ECD using PILs

rather than traditional polyelectrolytes.

1.6.3 Energy Applications

Supercapacitors
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Figure 1.18 (a) Optical images of a suspension of a graphene oxide (G-O) in propylene carbonate (PC) and a
poly(ionic liquid) modified reduced graphene oxide (PIL:RG-O) in PC; (b) Scanning electron
microscopy (SEM) and (¢) transmission electron microscopy (TEM) image of PIL:RG-O platelets;
(d) Schematic diagram of the supercapacitor based on the PIL:RG-O electrodes and ionic liquid
electrolyte (EMIM-NT{2); (e) Plot of specific capacitance versus the current density. (f) Plot of energy
density versus power density at operating voltages of 3.0 and 3.5 V. The energy and power density
were normalized to the total mass of the two electrodes employed including the electrolyte and current
collector (solid circle) and the mass of two PIL: RG-O (dashed circle).

Electrochemical capacitors or supercapacitors are referred to “electric double-layer capacitors”
or “pseudo-capacitors”. The term double-layer refers to capacitors that physically store

electrical charge at the surface—electrolyte interface, which has a high surface-area, while
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pseudo-capacitors are related to a fast surface redox reaction'!!. Supercapacitors can be used as
a complement to batteries or as an alternative solution for energy storage. Since the
development of ionic liquids and poly(ionic liquid)s, they have been considered to be interesting
materials for supercapacitors thanks to the ionic species contained inside their structures. In the
past 5 years, poly(ionic liquid)s have started to be used in high performance supercapacitors. T.

112

Kim and co-workers' ' investigated the energy storage possibility of a poly(1-ethyl- 3-

vinylimidazolium) TFSI-modified graphene electrode (Figure 1.18).
The poly(ionic liquid) is linked to reduced-graphene oxide (rGO) through non-covalent

interactions (cation — m interactions) resulting in a hybrid structure with advantageous
performance for energy storage. A synergetic effect due to the hybrid rGO and poly(ionic
liquid) was revealed by using cyclic voltammetry and galvanostatic charge—discharge with a
specific capacitance of around 187 F.g ™!, a power density of 2.4 kW.h™! and an energy density
of 6.5 W.h.kg ! as shown in Figure 1.18e and f. Recently, a zwitterionic poly(ionic liquid) gel
electrolyte, poly(propylsulfonate dimethylammonium propylmethacrylamide), deposited on a
flexible graphene electrode was reported to have a high stability (10000 charge—discharge
cycles) and a high volume capacitance (300.8 F.cm™ at 0.8 A.cm>)**. A bi-redox ionic liquid
bearing anthraquinone in the anion and tetramethylpiperidinyl-1-oxyl (TEMPO) in the
cation has been proposed to enhance the performance of supercapacitors®’. In this work, the
specific energy of the supercapacitors based on activated carbon and graphene oxide electrodes
could be doubled with the use of a bi-redox ionic liquid electrolyte (Figure 1.19). An
immobilized redox-PIL based on imidazolium bearing ferrocene and anthraquinone was also
proven to provide not only electrochromic properties but also electrochemical energy storage’.
Beside these highlighted works, other structures have also been investigated that exhibit an

electrochemical response toward energy storage’®-!13114,
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Figure 1.19 Ragone plot of supercapacitors using various electrolytes. 0.5 M biredox IL in BMImTFSI is
compared to other electrolytes in symmetric PICA-based supercapacitors: 0.5 M NEtBF4 in
acetonitrile (ACN), 0.5 M BMImTFSI in acetonitrile and 0.5 M NEt;BF4 + 0.5 M biredox IL in

acetonitrile. Energy and power densities are relative to the weight of PICA carbon in both electrodes.
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Li-ion batteries

Li-ion batteries, which were first reported by M. S. Whittingham'!®, were commercialized by
Sony in 1991. Since their initial introduction, Li-ion batteries have become the most produced
and consumed batteries in the world. Due to the nativity of the technique, polymer electrolytes
have already been used in order to prevent the decomposition of the organic electrolyte, and in
the worst case, explosions or fires caused by using a liquid electrolyte. However, we had to wait
until 2010 for the first report on the use of poly(diallyldimethylammoniumTFSI) as a
polyelectrolyte for Li-ion batteries''°. This ternary polymer electrolyte was proven to have good
mechanical and chemical stability with an ionic conductivity above 10 S.cm™'. This material
was tested as both an electrolyte separator and a binder for the cathode material in Li/LFP
batteries. The resulting battery was able to deliver 140 mA_.h.g"! with good capacity retention
up to the medium current rate (C/5) at 40 °C. Later, M. Li et al.''""!® reported the use of an ion
gel based on guanidinium polymeric ionic liquids for rechargeable Li-batteries. It was found
that their system showed good activity for Li/LFP batteries (discharge capacity around 140
mA.h.g”! at C/10). However, the working temperature is relatively high for industrial
applications (T = 80 °C). To fix this problem, K. Yin et al.!®? proposed the use of a di-cationic
polymeric ionic liquid (Figure 1.20), poly(N,N,N-trimethyl-N-(1-vinlyimidazolium-3-ethyl)-
ammonium TFSI). The Li/LFP cell assembled with this polyelectrolyte can deliver discharge
capacities of about 160 mA.h.g™!, 140 mA.h.g" ' and 120 mA.h.g"! at 40 °C, 30 °C and 25 °C,
respectively. It should be noted that the batteries exhibited good capacity retention at each

temperature.
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Figure 1.20 (Left) (a) Synthetic route of the imidazolium-tetraalkylammonium-based PIL. (b) Structure of
IM(202)11TFSI. (¢) Picture of a PIL-LiTFSI-IM(202)11TFSI electrolyte (PVImN-95 sample)
(Right) Cell performance of Li/PVImN-95/LiFePO;, cells. (a) Charge—discharge curves for initial
cycles at three temperatures, (b) cycling performance of cells at 0.1 C as a function of temperatures,
(c) cycle-number dependence of coulombic efficiency and (d) discharge curves of selected half
cycles at various current rates at 40 °C, charging at 0.1 C rate and discharging at various current

rates.
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Toward effective ion-conducting channels with high ionic conductivity, surface-initiated atom
transfer radical polymerization (ATRP) of poly(N,N-diethyl-N-(2-methacryloylethyl)-N-
methylammonium TFSI) on monodisperse silica particles (Si02 NPs with d = 130 nm) was
performed and reported by Sato et al.!'” Living radical polymerization of the ionic liquid
monomer lead to the formation of a SiO2/poly(ionic liquid) core—shell structure in which the
polymer layer had Ma = 25000 and Mw/Mn = 1.13 at a monomer conversion of around 53%. By
casting the hybrid particles onto an ionic liquid solution, N,N-diethyl-N-(2-methoxyethyl)-N-
methylammonium TFSI, colloidal crystals were formed with an adequate composition of
PSiP/DEME-TFSI (75:25 wt.%), and a solid film was formed with enough physical strength to
maintain the film shape. The fabricated solid electrolyte was tested in bipolar Li batteries where
two unit-cells were connected with a bipolar electrode of LisTisO12 and LiMn204 layers. The
charge and discharge operation were observed between 3.0 and 6.0 V, twice as high as the unit-
cell voltage (Figure 1.20). In addition, the discharge specific capacity was found to be at the
mA.h scale (2.3 mA.h) with 95% coulombic efficiency, which was the best performance for a
leak- and vapor-free (solid) bipolar LIB of prismatic aluminum-laminated, thin film-type. Very
recently, Y. Yuan et al.”?>!?! demonstrated that poly(ionic liquid)s act as efficient binders for
strong improvement of the charge transfer between the solvent/salt, binder/salt and active
material. Different choices of polymer moieties can give more stable binders in the high voltage

region in order for them to be applied to cathode materials such as LiCoPOx.
Fuel Cells

Polymer electrolytes that can conduct protons or hydroxyl groups have been investigated to
develop electrolyte membranes for fuel cells'?>!?. A variety of PILs have already been used
for ion-exchange membranes in fuel cells. Recent reports from Y. Feng et al.!?8"13 have opened
up a promising route to prepare anion-exchange membranes in alkaline media. C2-substituted
imidazolium PILs exhibit a high ionic conductivity above 1072 S.cm™! with excellent stability
over time for up to 60 h in 2 M KOH without any deterioration (poly[DMVIm*][Br’]). However,
serious care has to be taken when preparing fuel cells with PILs bearing imidazolium rings
because the imidazolium can undergo a ring opening reaction at high temperature in
concentrated alkaline solution leading to the degradation of the membrane. Very recently, a
membrane based on different quaternary ammonium triblock copolymers was reported to have

131 A small amount of

advantageous properties for use as an anion — exchange membrane
degradation of the membrane was observed after exposure to 1 M of NaOH at 80 °C for 4
weeks. During a full life test for 110 h at 60 °C and 80 °C, even though the cell voltage
decreased over time, there was no sign of degradation of the membrane. High fuel cell
performance with a peak power density of 223 mW.cm 2 was observed at 60 °C. When the
temperature is raised up to 80 °C, the maximum power density was obtained (240 mW.cm™2).
Membranes based on PILs represent an important innovation in the development and

application of fuel cells.
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Solid State Dye-sensitized Solar Cells (§S-DSSCs)

The use of poly(ionic liquid)s in solid state DSSCs was first investigated by studying the
behaviors of poly(ionic liquid)s containing iodide as a counter-anion'3>!33, PILs can prevent
problems caused by ionic liquid electrolytes, such as leakage of the liquid electrolyte and the
evaporation of iodine in solution. A poly(pyridinium)-based IL containing iodide as a counter-
anion/SWNTs was found to exhibit high performance (n = 3.7% under 100 mW.cm >
illumination) and good stability for more than 1000 h at room temperature without sealing!3.
Poly(1-vinyl-3-propylimidazolium) iodide also gave a similar light-to-electricity conversion
efficiency of 3.73 % under 10 mW.cm? illumination'®?. Later, poly(1-[(4-
ethenylphenyl)methyl]-3-butyl-imidazolium iodide) (PEBII)!** was used as a solid electrolyte
in a DSSC. The polymer was casted directly onto the prepared photoelectrode and then covered
with a counter-electrode. The as-prepared solid state DSSC showed a higher performance of up
t0 5.93 % at 100 mW.cm 2, which is one of the highest energy conversion efficiencies reported
for N719 dye-based, I>-free solid state DSSCs. A bis-imidazolium-based poly(IL), poly(1-
butyl-3-(1-vinylimidazolium-3-hexyl) imidazolium TFSI), which was mixed with a RTIL
solution containing I2, gave a quasi-solid-state gel electrolyte!®!. The resultant DSSCs exhibit
a higher efficiency than those based on the mono-cationic PIL poly(1-butyl-3-
vinylimidazoliumTFSI) (n = 5.92 %). These results provide a novel method to synthesize
(quasi) solid-state DSSCs for future applications.

Electrochemical actuators

The concept of an electromechanical actuator involves the migration of charged species and the
solvation shell under an electric field to the electrode surface. When these species pile up near
the electrode surface, they create an over pressure at the electrode, which leads to the

deformation of the material.

A flexible thin membrane, which was originally flat, tends to exhibit spontaneous bending
depending on the applied electric field. From this notion, Long et al. developed a triblock and
penta-block copolymer in which one of the components is a poly(ionic liquid)!*>~'37. The
polymer materials were swelled in different ionic liquids in order to achieve an effective
actuation response at low applied potential (typically < 4 V). Mechanical property
characterization using dynamic mechanical analysis displayed well-defined rubbery plateaus
with high modulus storage (around 700 MPa). It should be noted that the fabrication of the ionic
liquid-containing n-block copolymer afforded tunable polarity toward polar guest molecules,
such as ionic liquids. The incorporation of an ionic liquid into the polymer matrix increased the
ionic conductivity, which can decrease the response time and increase the curvature amplitude
to 0.26 mm ! within 20 s. The device then decayed back to the original position during 46 s and

bent to the other side (cathode) with a final curvature of 0.67 mm ™' after 120 s.

28



Chapter 1 lonic liquids and polymers: from molecular concept to functional materials

Very recently, J. Yuan and co-workers'3* 140

reported a series of materials based on poly(ionic
liquid)s for multi-responsive behavior driven by solvent molecule adsorption. This novel
approach can turn any inert object into an actuator by coating it with a cationic poly(ionic
liquid). The PILTFSI/C—pillar[S]arene membrane exhibits an unprecedented fast actuation
speed in response to acetone stimulus (Figure 1.21).
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Figure 1.21 Actuation of the membrane actuator. (@) Adaptive movement of a PILTFSI/C-pillar[5]arene
membrane (1mmx20mmx30mm) placed in acetone vapor (24 kPa, 20°C, left) and then back in air
(right). Note: acetone solvent is stained in blue; () Plot of curvature against time for the membrane
actuator in (a); on the left: a schematic of how the curvature is calculated; (c¢) Plot of curvature x
thickness against time for the membrane actuator in (a) and from literature results (blue triangle)
compared with lines of constant actuation speed; (d) Plot of the force generated by membrane
actuator in (a) against time when the membrane was exposed to acetone vapor (24 kPa, 20°C) and
air alternatively; M is the force that the actuator exerted on the balance; My is the weight of the
actuator membrane. On the left: schematic illustration of the experimental force measurement set-
up.

Under acetone vapor (24 kPa, 20 °C), the flat membrane bent rapidly into a closed loop within

0.1 s, with the top surface inwards (Figure 1.21a), and the twisting continued until the maximum
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curvature was reached (after 0.4 s). After removing the membrane from the acetone vapor
chamber, the ribbon switched back to the initial form after 2 s. The actuators were tested under
harsh conditions. After storage in liquid nitrogen, the membrane was cooked for 24 h at 150 °C
under high pressure (100 MPa). The treated membrane remained active but with a slower
response rate (0.5 s for bending into a semicircle). This novel concept opens a new route for
making soft actuators that can work with a huge number of materials, like human hair, or

complex systems by capture of perfume or tea tree oil vapor'’.
Sensors

The worldwide increase in human health troubles and environmental pollution has been a
driving force for the development of analytical techniques that can help to quantify target
substances. Following this direction, poly(ionic liquid)s have also been used for making sensor
devices. K. Cui et al.'*! reported the use of fluorescent nanoparticles (FLNPs) based on
poly(ionic liquid)s for the selective detection of copper ions. Their FLNPs were synthesized by
mixing poly(pyridinium)-based ionic liquids with fluorescent organic molecules (2-(4-amino-
2-hydroxyphenyl) benzothiazole derivatives) and additional secondary ions (azo-compounds
bearing different groups). The inter-connection and the hydrophobic balance between these 3
components resulted in their assembly into nanoparticles, in which the fluorescent organic
molecules quench the poly(ionic liquid) and secondary ion in the inner part of the particles,
while free poly(ionic liquid) chains cover the outside part of the particles. The FL molecule—
poly(ionic liquid) complex structure is crucial for enhancing the fluorescence properties of the
organic molecules. Indeed, a common problem with FL organic molecules is photo-bleaching
in the presence of oxygen in the solution. By using a poly(ionic liquid) as the backbone, the
final complex leads not only to enhanced FL intensity, with an increase in thermal stability and
overall stability, but also retardation of the photo-bleaching problem. In addition, these
nanoparticles exhibit highly selective recognition for copper ions due to the formation of a
AHBTA-Cu?" complex, which dramatically decreases the FL intensity (down to 10%). For pH
sensing applications, Q. Zhao et al. demonstrated that poly(ionic liquid)-coated optical fibers
can provide a high pH sensing performance with a fast response time as shown in Figure 1.22
(right)'*?. The charged membrane using poly[1-cyanomethyl-3-vinylimidazolium TFSI] and
poly(acrylic acid) was activated by immersion in aqueous ammonia resulting in the formation
of a thin layer of macro pores, followed by a thick layer of nanopores (Figure 1.22 (left)). The
activated membrane is stable in both aqueous and non-aqueous solution with high sensibility

(2.04 and —2.48 nm per pH unit corresponding to acidic and basic medium, respectively).
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Figure 1.22 (Left) (a) Cartoon illustrating pore generation controlled by the diffusion of aqueous NH3 into the
membrane. (b) Fluorescent confocal laser scanning microscopy image of the PPM cross section after
the film was soaked for 2 h in 0.2 wt % aqueous NH3 doped with 15 ppm rhodamine B. (c—e) Time-
dependent cross-section structures of the membrane soaked in 0.2 wt % aqueous NH3 for 10, 25, and
50 min, respectively. Scale bars in the insets are 100 nm. (Right) (a) Response of the TCFMI pH
sensor versus pH. (b) Dynamic responses of the TCFMI pH sensor in solutions with pH alternating
between 6.68 and 3.96.

Poly(ionic liquid)s were also used for detecting bio-molecules such as dopamine, a
neurotransmitter that is released by neurons to send a signal to other cells in order to control
our feelings. 1-Vinyl-3-ethylimidazolium bromide that was polymerized onto poly(pyrrole)-
modified graphene oxide (PIL/PPy/GO) was used for dopamine detection in the presence of
ascorbic acid®. For the PPy/GO and GO electrodes, the oxidation signals of 3 mM of l-ascorbic
acid (AA) and 2 uM of dopamine (DA) cannot be distinguished, resulting in 1 oxidation peak
ataround 0.4 V vs. Ag/AgCl. However, in the case of PIL/PPy/GO, two clearly separated peaks
were observed at 0.18 V and 0.4 V for the oxidation of AA and DA, respectively. This result
was explained by a double catalysis system where the hybrid material catalyzed the oxidation
of AA by shifting the oxidation potential to a lower value (from 0.4 V to 0.18 V vs. Ag/AgCl)
and the oxidation of DA by enhancing the current intensity. The double catalysis system is
applicable in real-life because in biological media, AA and DA always coexist with a
concentration ratio of around 100 to 1000, and the PIL/PPy/GO -modified GC electrode can
identify the presence of DA at the same concentration ratio as reported. On the other hand, the
detection limit of this system reaches 73.3 nM and the linear range is determined to be between
4 and 18 pM. Beside these cited applications of poly(ionic liquid)s, these materials can also be

143 144

used for the determination of humidity ™ and for the detection of hydrogen peroxide ™.
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1.7 CONCLUDING REMARKS

During the past two decades, ionic liquids and their derivatives have attracted increasing
research interest as solvent—electrolytes for electrochemical processes. Recent studies have
indicated the feasibility of using ionic liquids and ionic liquid-based polymers, called task-
specific ionic liquids, as the main component for a large spectrum of applications. Despite the
development of these materials, the number of reports is relatively limited and a fundamental
understanding of IL and PIL properties is still open for further investigations. In this chapter,
we have attempted to provide recent advances from fundamental research into practical uses in
the field of ionic liquids. Even when being used as a green solvent, ionic liquids and their
derivatives are quite harmful to the environment and human health. To resolve this problem,
different approaches have been proposed in order to immobilize the ionic liquid onto various
substrates, which can reduce the quantity of IL required and generate new interesting interfaces
from thin layer ionic liquids to polymeric ionic liquids. In this context, self-assembled
monolayers and electrochemical tools are among the most powerful techniques to graft ILs
and PILs onto material surfaces from the nanoscale to a large area. These IL-modified
substrates exhibit unusual behaviors compared to other organic materials, providing the
possibility to use them for sensor, catalysis and energy applications, and so on. In parallel with
the traditional ionic liquids, redox-active ionic liquids (Redox-IL) and redox-active polymer
ionic liquids have appeared as new candidates for integration into electrochemical processes.
By introducing ionic liquid moieties onto redox active compounds, the intrinsic properties of
both the ionic liquid and the redox-active group change, resulting in multifunctional materials.
These materials have been successfully used as electro-responsive materials for reversible
electrochemically switchable wettability and electrochemical energy storage. We expect that
redox-active ILs and polymers will boost the whole field of ionic liquids toward multifunctional

materials and will open up possibilities for their integration into various applications.
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CHAPTER 2

SURFACE MODIFICATIONS USING
ELECTROACTIVE IONIC LIQUIDS AND
APPLICATIONS

The combination of redox-active molecules and conventional ionic liquids attracts an intense

attention for a large spectrum of applications. In this context, we propose a series of redox
molecules based ionic liquid, (redox-IL) by introducing oxidative and/or reducible groups to
the imidazolium’s and ammonium’s structure. Unlike conventional redox-active molecules,
(redox)-ionic liquids provide multiple role in electrochemistry, i.e, simultaneously act as
solvent, supporting electrolyte and electrochemical active materials. Recently, the use of ionic
liquid in electrochemistry evolve from their strict use as solution (as solvent and supporting
electrolyte) to the electrode interface through various immobilization strategies. Among the
most powerful approaches, electrochemistry has been widely used for functionalizing
conducting substrates and/or semiconductor. Bearing suitable chemical functions, the task-
specific ionic liquids can be immobilized onto electrode surfaces from direct electrochemical
grafting to electrochemistry assisted pathways. We provide different approach to modify the
electrode surface with redox-IL from thin layer to polymers. It has been observed that at the
electrified surfaces, the (Redox-active) ionic liquids behave differently when compared to
conventional Redox molecules. In this context, the electrochemical responses of immobilized
Redox-IL are investigated to understand the electrochemistry of such interfaces. The scheme
bellow summarizes the approach used in this chapter. Thus, in the first part we will focus on
the immobilization of thin layer based redox ionic liquid, while the second part will be devoted

to the immobilization of redox polymer based ionic liquid.

Surface functionalization SI-ATRP 2D electron
durjace junctionatizatior transport
approaches
Electrochemical Redox-Polymer IL
processes P ENG § MY .
B B G \ Catalysis
Chemical ) \ )
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2.1 INTRODUCTION

Sustainable development requires massive investment for exploration and utilization of
renewable energy sources in the energy balance. Among various forms, electricity is
undoubtedly the most desirable energy input for daily uses. However, due to the intermittence
of the current renewable sources, the electricity must be stored under other forms in order to
correlate the fleeting production and the continuous consumption. Despite the presence of
commercial energy storage systems, seeking for new materials and new approaches for
resolving this problem is still in progress and also attracts a wide attention from scientific
community. Recent advancements have pushed the community towards the utilization of
nanoscale materials for efficient energy storage and conversion systems. Even though the
advantages given by available nanomaterial, their performance is still lower than theoretical
purposes. In this context, tailoring the physical-chemical properties at the molecular level
becomes crucial not only for boosting the performance of the existing materials but also for
creating new type of molecular entities for storing and releasing the energy. Following this
concept, an old discovery of ionic liquids has been awakened and they become one of the best
candidates for settling the energetic problems'?. This family of compounds is nowadays
upcoming major research field by offering relevant ability in different applications,
Interestingly, an infinity of ionic liquids can be obtained resulting from the possibility to tailor
the physical-chemical properties at molecular level. Moreover, the coupling of classical ionic
liquid with electrochemical active groups leads to the formation of a promising multifunctional
molecules that have been demonstrated to be suitable for energy storage®¢, labeled redox-active
ionic liquids. Aside from using (redox-active)-ionic liquid as active material in solution, the
surface functionalization using these molecules is also matter of interest for boosting the
performance of the substrates, resulting from the generation of new interfaces. For this purpose,
it is well known that electrochemistry offers powerful tools for immobilizing organic
compounds onto the conductive substrates including electroactive ionic liquids™®. It has also
demonstrated that the modified substrates provide promising results for a large spectrum of

applications” 2.

In this context, our group develops a new family of task-specific ionic liquids that exposes well-
defined redox behaviors. These compounds can be immobilized onto various conductor and
semi-conductor surfaces and thus resolve the problem related to the high cost and leakage of
ionic liquid for further implementation in solid-state devices. In the continuation of the

previously reported works from our group®!4!8

, other routes have been developed for attaching
new redox-ionic liquids onto electrode surfaces via the formation of thin layer and polymer
films containing electroactive ionic liquid framework. Through this chapter, various
electroactive ionic liquids bearing single and bi-redox moieties are introduced for surface

functionalization via different electrochemical based approaches. We will report the
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functionalization of material surfaces by proposing 2 novel routes: thin layer and polymer of

redox-active ionic liquid (redox-IL).

2.2 MONOLAYER OF FERROCENE BASED IONIC LIQUID VIA CLICK
CHEMISTRY

Even though the feasibility of the one-step electrochemical procedure has been reported, the
organic synthesis pathway remains complex with multistep reactions. Indeed, the
immobilization of molecules based ionic liquid requires the synthesis of molecule bearing the
anchoring (diazonium, thiol, amine....) and the functional groups. The introduction of the
anchoring group reduces the possibility to implant other interesting functionalities. In the
continuation of the works reported in our group on the immobilization of thin layer of ionic
liquid via direct electrochemical deposition methods, we propose to use a two-step procedure,
in which a primary layer will be immobilized onto the electrode followed by a chemical reaction

to immobilize the ionic molecules onto the surface, e.g. click chemistry.

"Click Chemistry" is a term that was introduced by Kolb, Finn and Sharpless in 2001 to
describe reactions that assemble two molecular blocks together by a single step. Among
different possible “click” reactions (thiol-ene, oxime, Diels-Alder, etc.), the copper(I)—
catalyzed azide alkyne cycloaddition (Cu-AAC) is presented as the most exploited one®.
Briefly, the Cu-AAC is a branch of Huisgen 1,3-dipolar cycloaddition that produces 1,4-
disubstituted (1,2,3)-triazole from a terminal alkyne and an aliphatic azide in presence of Cu(I)
catalyst under mild conditions. Even though several Cu(I) sources have been reported, the initial
Fokin — Sharpless catalyst (CuSO4 + Sodium L-ascorbate) remains the most practical and used
up-to-date. Later, the reaction mechanism has been clarified and evidenced by Fokin et al. in

2013 demonstrating the participation of di-nuclear copper into the reaction pathway as

presented in the scheme 2.1%!.
e Emalhams o .
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Scheme 2.1 Mechanism of Cu-AAC click reaction
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Thanks to the advantages of the click reactions, the procedure has been successfully applied to
modify different substrates for a large spectrum of applications?>?*. This approach involves an
immobilization step of either azide- or alkyne-based molecules onto the substrate surface
followed by click reaction in the presence of copper catalyst. Despite the attractive properties
of the immobilized ionic liquids, so far, there is no report on surface functionalization of ionic
liquid onto the electrode surface using click chemistry. Within this context, we purpose to
functionalize the electrode surface with electroactive ionic liquid using click chemistry,

affording novel electrochemical active interface.

The 1-ferrocenylmethyl-3-propargylimidazolium bromide (FcPIm) was synthesized according
to the procedure described in the appendices. Before grafting onto electrode surface, the
electrochemical behavior of the as-synthetized 1-ferrocenylmethyl-3-propargylimidazolium
bromide (FcPIm) was investigated and the cyclic voltammograms were recorded on ITO
electrode in MeCN solution containing 1 mM of FcPIm and 0.1 M of TBAPFs as shown in the
Figure 2.1. The recorded CV (red curve) displays a reversible electrochemical signal at a
standard potential of 0.57 V/ SCE attributed to the response of FcPIm molecule. Due to the
introduction of electron withdrawing effect induced by imidazolium ring, the electrochemical
response of ferrocene moieties is strongly influenced, resulting to a positive shift in term of
standard potential (AE° = 150 mV compared to Fc*/Fc redox couple). This positive potential
shift is similar to the reported works on ferrocenated imidazolium compounds®*.

0.25

0.20 Fc'lIFc FcPIm*/FcPIm

0.15

-0.20 [ a 1 a 1 a 1 a 1 a 1 a
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Potential (V)/ SCE

Figure 2.1 Cyclic voltammograms recorded on ITO substrates by using (black curve) 1 mM of Fc and (red curve)
1 mM of [FcPIm*][Br ] in MeCN solution containing 0.1 M of TBAPF as supporting electrolyte
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After that, the surface functionalization using this molecule was performed by following the

electrochemical — chemical procedure as illustrated in the Scheme 2.2.

tBuONO
H,N N, \/\‘N @ /\@
blectmreductlon

CuSO,
Dichloromethane | Sodium L-Ascorbate
RT, 2h

@) <
N=N @

Scheme 2.2 Immobilization procedure of [FcPIm*][Br] (FPI) onto electrode surface via click chemistry

The electrochemical step was performed via electroreduction of diazonium generated in-situ
from 4-azidoaniline. Briefly, in electrolytic solution containing 1 mM of 4-azidoaniline and 0.1
M TBAPFs in acetonitrile, the diazotization agent was added, i.e. tert-Bu-NO (3 equiv.). In the
presence of the nitrosium source, 4-azidoaniline was rapidly transformed in situ to the
corresponding diazonium cation?. Then, the generated 4-azidophenyldiazonium was
electrochemically reduced under cathodic polarization on an ITO substrate using different
number of electro-grafting cycles. Precisely, the potential was kept sweeping from 0.4 V to -
0.8 V/ SCE for the first cycle and from 0 V to -0.8 V for the further cycles. A reduction peak
located at -0.35 V vs SCE was observed and is attributed to the reduction of diazonium. Besides,
the reduction current was dramatically decreased from the 2" cycle that indicates the
attachment of the radical onto the electrode surface by forming a thin organic layer and the

blocking effect due to the presence of the film (Figure 2.2).

0.00F

-0.05 [
-0.10 .
-0.15 .
-0.20
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-0.30
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-0.35 .

-0.40 |- 1.;t cycle
2 [ 2 [ 2 [ 2 [ 2 [

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4
Potential (V)/ SCE

Figure 2.2 Cyclic voltammograms for the reduction of 1 mM of 4-azidophenyldiazonium in MeCN solution with
0.1 M of TBAPF by using ITO electrodes.
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Later, the azido-modified ITO substrates were immersed into a dichloromethane solution
containing 5 mM of [FcPIm"][Br] and a catalytic amount of aqueous solution of CuSO4 and
sodium L-ascorbate required for Cu(I)AAC reaction. The mixture was rigorously stirred, and
the reaction was kept at room temperature for 2 hrs. The electrodes were removed from the

solution, washed successively with distilled water, acetone, acetonitrile under sonication (35
kHz, 10 min).

The modified electrode, prepared by 1 cycle of electrochemical reduction of 4-azidoaniline
followed by click reaction, was transferred to an electrolytic MeCN solution and the CVs were
recorded and presented in the Figure 2.3a. The voltammogram shows a fully reversible redox
signal at 0.57 V/ SCE corresponding to the presence of [FcPIm"][Br] at the electrode surface.
In addition, the peak-to-peak separation around 20 mV, and the linear variation of the peak
current as function of the scan rate (Figure 2.S1) confirm that the ferrocene-based ionic liquid

was successfully immobilized onto the electrode surface through the Cu-AAC click chemistry

process.
0.66
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Figure 2.3 (a) Cyclic voltammograms of immobilized [FcPIm*][Br] in MECN solution containing 0.1 M of
BusNPF. 1% scan (black line) and 50" scan (grey line); (b) Variation of the peak potentials as function
of the scan rate.

Besides, the full width at half maximum of the peak is found to be around 150 mV which is
higher than the theoretical value (90 mV) suggesting the occurrence of a strong interaction
between [FcPIm"][Br] moieties at the top layer. Furthermore, after 50 scans, the current density
was remained at 99 % compared to the 1% scan, indicating the high stability of the attached film.
This behavior makes it possible to evaluate the electron transfer rate constant at the

interface/immobilized layer via utilization of Laviron’s formalism?®.
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whenv — 0, ling(Ep,a) = linol(Ep’C) =E’ (2.4)

Consequently, the equation 2.2 becomes

_onbv, (A=)nbv, ) 6 with a=—Ys— (2.7
RT RT vV, +V

a C

lviiréoc =m (2.5), resulting to k,

where v the scan rate, E° the formal potential, n the number of transferred electron and o the
charge transfer coefficient.

From the variation of the peak potentials as function of the scan rate (Figure 2.3b) the electron
transfer rate constant for the present system was found to be 43 s with a charge transfer
coefficient around 0.5. The observed electron transfer is attributed to the electron tunneling
from the redox layer to the electrode surface through a short insulator barrier induced by the
presence of the primary azide layer. The measured kapp is comparable to that reported for a self-
assembled monolayer of alkyl ferrocene attached to a silicon substrate?’. The surface coverage
of the attached ferrocene molecules was determined from the integration of the charge of the
anodic peak and was estimated to be 1.9 x 10'* molecules.cm™ (Table 2.1). The reported values
of the surface coverage are close to that expected for a close-packed ferrocene monolayer®®,
highlighting the efficiency of the click chemistry process. In addition, there was a negligible
change in the surface coverage as a function of the number of electrochemical reduction cycles
of 4-azidophenyldiazonium, providing further evidence that the ferrocene based ionic liquid
layer had reached saturation (Table 2.1) at the extreme layer of the film. In addition, the primary
layer has a compact structure, i.e. free of pinhole effect.

Table 2.1 Variation of the surface coverage in function of the number of electro-grafting cycles

Number of electro-

‘ 1 2 3 5 7 10
grafting cycles

Surface concentration

1.97.10' 1 1.93.10'* | 1.99.10'* | 2.01.10' | 2.07.10™ | 2.11.10™
(molecules.cm™)

N1s Fe2p

2p3/2

imidazolium

Count (a.u.)
Count (a.u.)
Count (a.u.)

: : N N N 2 2 2 N N N N : : 2
294 292 290 288 286 284 282 408 406 404 402 400 398 396 725 720 715 710 705
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 2.4 High resolution XPS spectrum of (a) C(1s); (b) N(1s) and (c) Fe(2p) of FPI modified ITO electrode
by using 1 electrochemical reduction cycle.
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The XPS analysis of the modified ITO reveals the presence of available elements from the
molecular structure of the attached layers, such as C(1s), N(1s) and Fe(2p). It is observed that
the deconvolution of the C(1s) peak exhibits 5 components which correspond to C — C(H) (285
eV), C — N (286.1 eV), N-C-N (287 eV), C-O (288 eV) and COO (288.5 eV) bonds**'!. The
presence of C-O and COO peaks could be attributed to the surface contamination. Furthermore,
the N(1s) spectrum shows a peak at 402 eV which is attributed the nitrogen from imidazolium
ring'* and two peaks at 400.5 and 403 eV which comes from the N-N=N of the azide groups!'*°.
The presence of the redox system in FcPIm is confirmed by the presence of two peaks at 708.2
and 720.8 eV which are attributed to Fe(2p*?) and Fe(2p'’?) component, in agreement with the

previously reported values for immobilized ferrocene moieties on the electrode surfaces®’.

To evaluate the topography and the thickness of the attached layer, AFM was performed as
shown in the Figure 2.5. As results, the AC AFM 2D image (inset) presents a homogenous film
with a roughness less than 2 nm for all of the samples. Later, the AFM tapping mode was
changed to contact mode in which the scratching tests were performed. This technique consists
to apply strong loading forces to the tip to remove the attached molecules during the scan. The
measured thickness of the film via AFM scratch experiment is around 3.5 nm for the sample

prepared using one electrografting cycle followed by click reaction.
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Figure 2.5 2D AFM image (10 pm % 10 um) of ITO/Fc-grafted layer based on 1 cycle electrochemical reduction
of 4-azidophenyldiazonium, and AFM scratch profiles of modified ITO.

To correlate the thickness of the primary layer and the electron transfer through it, the apparent
electron transfer constant and the thickness of the grafted layer of different samples were
calculated and plotted in the figure 2.6. The black curve displays the variation of the thickness
of the attached layer (the primary layer and the FcPIm) as function of the electrografting cycles
number measured by AFM scratch experiment. The curve shows that the increase of the number

of electro-grafting cycles induces an increase of the thickness of the final modified electrodes.

Uxpssimplified.com/elements/carbon.php
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The latter reaches a saturated level around 10 nm after 5 electrochemical reduction cycles. This
thickness consists of a top monolayer of ferrocenyl-based ionic liquid and 8 nm of the linker
layer. The measured electron transfer rate (red curve) shows a decay as function of the number
of the electrografting cycles. This behavior is expected since the primary layer act as a barrier

against the electron transfer. Thus, for a thicker layer the electron transfer rate is attenuated.
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Figure 2.6 Variation of the thickness of the Fc-grafted layer (black) and the apparent electron transfer constant
(red) as function of the number of electro-grafting cycles.
As a result, the electron transfer rate constant decreases exponentially with the thickness of the
barrier as displayed in the figure 2.6. The observed saturation of the electron transfer rate after
5 cycles could be related to the presence of silent Fc moieties, not detectable by
electrochemistry. However, the AFM scratch experiments confirm the saturation of the
thickness of the primary attached layer and roll out the previous hypothesis.

In summary, we have shown that it is possible to immobilize a task-specific ionic liquid onto
an electrode surface by coupling the electrochemical reduction of 4-azidophenyldiazonium and
click reaction (Cu(I)AAC) by using 1-ferrocenylmethyl-3-propargylimidazolium. The presence
of a monolayer of Fc-based imidazolium was evidenced by following the redox signal of Fc
head groups. The presence of the imidazolium ring influences the arrangement of the molecules
at the surface and the electron transport inside the active layer.

2.3 THIN LAYER OF BI-REDOX IONIC LIQUID MOLECULE FOR
GENERATION OF MULTI-REDOX STATE SURFACE

In the literature, different procedures have been reported for the immobilization of redox active
molecules®'*2. However, most of the reported works focused on the immobilization of either
donor or acceptor redox group while only a little attention has been devoted to the
immobilization of bi-redox molecules. Within this context, we make attempt to immobilize a
bi-redox ionic liquid bearing simultaneously an electron donor (D) and acceptor (A), resulting

to a functional surface with multi-redox states.
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It is noted that the previous methodology requires an ionic liquid molecule bearing an alkyne
group that make the synthesis of bi-redox molecules more complex. However, the feasibility of
chemical reaction onto previously modified electrode surface could overcome the synthesis
drawback. Thus, various chemical reactions could be adapted (click chemistry, peptide
coupling, Gomberg-Bachmann reaction, etc.) leading to a more flexible method for the
attachment of the desired molecule at the electrode surface. Typically, the Gomberg —
Bachmann reaction is an aryl — aryl reaction coupling based on diazonium derivatives and aryl
component. In this part, 1-ethyleneamidoanthraquinone-3-ferrocenemethylimidazolium TFSI
([FeIm*AQ][TFSI]) was synthesized and used for surface functionalization. The ionic liquid-
based molecule contains two-redox centers, namely ferrocene and anthraquinone. First, the
electrochemical behavior of [FcIm"AQ][TFSI] in electrolytic solution was investigated. The
figure 2.7a shows the electrochemical signal of the [FcIm"AQ][TFSI ] in MeCN solution. Two
reversible systems located at 0.55 V and -0.7 V/ SCE are attributed to the Fc and AQ moieties
within the molecule’s structure. It is noted that in non-protic solution, the reduction of AQ
followed one electron pathway, affording radical anion, i.e. AQ + le” = AQ™. Therefore, the
current intensity of these two components should be equal, which is not satisfied in this case.
The current intensity of the AQ is far lower than the values obtained with Fc head, suggesting
a difference of solvation of these 2 heads. As a consequence, unequal diffusion coefficients are
expected. By performing CVs with different scan rate ranging from 10 mV.s™ to 100 V.s', a
linear relationship between the peak current and the v'? (figure 2.7b) indicates diffusional
regime of the molecules. By using Randle — Sevcik equation, the diffusion coefficients are
found to be around 6.58.10° cm?.s™!, 3.71.10% cm?.s!, 9.03.10°° cm?.s! and 3.25.10° cm?.s™!
for AQ, AQ", Fc, Fc", respectively.
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Figure 2.7 (a) CV recorded in MeCN solution containing 1 mM of [FcIm*AQ][TFSI"] and 0.1 M TBAPF; (b)

Variation of the peak current in function of the square root of the scan rate (v'/?).

Next, the bi-redox molecule based ionic liquid was immobilized onto electrode surface using

the Gomberg-Bachmann reaction at the surface (Scheme 2.3).
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Scheme 2.3. Immobilization of [FcIm"AQ][TFSI'] onto electrode surface via Gomberg-Bachmann reaction

The molecule used in this work is composed from a ferrocene moiety, which can undergo one
electron process (D-group), and anthraquinone moiety, which is involved in 2-electron and 2-

proton reduction process (A-group) in acidic media as below:

Fc &——=Fc" +1e” (Electron donor)

AQ+2e +2H" ——=AQH, (Electron acceptor)in protic condition

As shown in the scheme 2.3, the immobilization of the molecule is occurred through E-C

procedure. First, the linker is grafted onto electrode surface via electrochemical oxidation of

carboxylic group from the 4-aminophenylacetic acid in presence of diazotization agents (HCIO4
and NaNO2 20 equiv./10 equiv., respectively).
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Figure 2.8 (a) Cyclic voltammograms for the reduction of 1 mM of 4-aminophenylacetic acid in aqueous solution

with 0.1 M of KCl in presence of diazotization agents (10 equiv. NaNO, and 20 equiv. HCIO4); (b)
Grafting mechanism.

The addition of these reactants ensures a total conversion of amine onto diazonium group which
can either prevent the attachment from the amine side via oxidation of amine group and serve
for further transformations. By sweeping the potential from 0.5 to 1.8 V/SCE, the absence of
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the characteristic oxidation peak of amine at 1.25 V/ SCE is observed, confirming the
occurrence of the diazotization reaction. The anodic current observed at the potential higher
than 1.4 V corresponds to the oxidation of carboxylic group and the formation of radicals which
are quickly attached to the electrode surface®® (Figure 2.8). Next, the treated electrodes were
immersed into MeCN solution containing 5 mM of the FcAQIm. After 2hrs at room
temperature, the electrodes were removed from the solution, rinsed thoroughly with MeCN and

dried under Ar stream.

Different available redox-states are revealed by using cyclic voltammetry in aqueous solution
containing 0.1 M of HTFSI. As displayed in the Figure 2.9a, the electrochemical signature of
the immobilized layer was observed at 0.3 V and -0.2 V/ SCE corresponding to the responses
of Fc and AQ moieties, respectively. According to the quantity of charge measured separately
from the voltammogram, the surface concentration of the Fc and AQ moieties is calculated to

be T're = 1.78.10'% and T'aq = 1.99.10'° mol.cm™ corresponding to saturated monolayer of
[FcIm*AQ][TFSI].
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Figure 2.9 Cyclic voltammograms of immobilized [FcIm"AQ][TFSI] in aqueous solution containing 0.1 M of
HTFSI: (a) at v = 0.1 V.s!, (b) at different scan rates from 10 mV.s! to 1 V.s’!; Variation of (¢) the
peak potential and (d) peak current in function of the scan rate.
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For comparison, the surface coverage of alkyl thiol-terminated anthraquinone via self-
assembled monolayer on Au is 2.8.1071° mol.cm™ and the value for Fc is around 4.0.107'°
mol.cm? **. In addition, as presented in the voltammogram, 3 different redox-states were

identified as followed:

AQH, -Im"-Fc ————— —— AQ-Im"—Fc’
2¢” +2H" le”
State [—1] State[0] State[+1]

In acidic condition, the electrochemical switching window from the state [-1] to [+1] through
[0] is about 0.8 V, i.e. [-0.3 V; 0.5 V/ SCE], which is reasonable for achieving stable system
without degradation and enable for different variety of substrates. In addition, different to
reported work on electrochemical multi-state redox systems by using self-assemble monolayer
of bi-component system**. Briefly, monolayer of thiol-terminated anthraquinone was deposited
onto Au wafer. Then the modified Au electrode was dipped into thiol-terminated ferrocene
solution affording mixed layer via adsorption/desorption of AQ-based molecule. It has been
demonstrated that the ratio I'aq/ I're is ranging from 5 to 10. In our case, bi-redox molecules
provide equimolar system where ['aq/ ['re= 1, simplify the preparation process and also increase
the reproducibility. Furthermore, via Gomberg-Bachmann reaction, the FcAQIm molecules are
covalently attached onto the electrode surface providing stronger stability for the modified
electrode. Indeed, the stability of the film was confirmed by cycling in HTFSI for 100 scans
from -0.4 V to 0.6 V vs. SCE resulting to a decrease of 3 % in term of current. It indicates that
the film is strongly stable which is suitable for further investigations of charge transfer rate.
Thus, by performing CV at different scan rate ranging from 10 mV.s™ to 1 V.s', linear
relationship between the peak current and the scan rate was obtained which is typically
characteristic of immobilized redox system onto electrode surface (Figure 2.9d). Furthermore,
the electron transfer rate constants calculated from the variation of the peak potential in function
of the scan rate exhibit a value of 22 s (Fc) and 25 s'(AQ) (Figure 2.9¢). These values are
comparable with the ones reported via click chemistry. These values result from the formation
of multilayer of diazonium. The oxidation of carboxylic groups conducts to the formation of
radicals at the vicinity of the electrode surface. Consequently, the latter can interact with the
surface resulting to the formation of the first organic layer. Furthermore, other radicals can also
react with the existing layer via electrophilic substitution. In the previous case, 8 nm primary
layer (4-azidophenyl film) induces an electron transfer rate constant of the FcPIm top layer of
23 s’!. Similarly, the thickness of the whole layer is expected around 10 nm in which the

diazonium layer is around 8 nm. The values were then confirmed by AFM scratch experiment.
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Interestingly, the attached molecule contains immobilized imidazolium center that is positively
charged and a labile anion that should be presented within the layer. This composition provides
an ionic layer attached to the surface. Previous work reported in our group highlight the
capability of using this ionic layer as a self-double layer leading to perform electrochemical
measurement in the absence of supporting electrolyte®. The capacitive behavior of the layer
was investigated by sweeping the potential in the capacitive region between -0.1 and 0.1 V
using different scan rate (Figure 2.9a). The electrical double layer generated by the FCAQIm-
modified electrode changed compared to bare GC electrode (Figure 2.10b).
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Figure 2.10 Cyclic voltammograms of immobilized [FcIm*AQ][TFSI] in aqueous solution containing 0.1 M of
HTFSI: (a) at different scan rate ranging from 10 mV.s" to 0.8 V.s'%; (b) at v=0.1 V.s! when
compared with bare GC (black curve)

Indeed, the electrical double layer is referred to the equilibrium properties of the electrode as

capacitance and surface tension of an electrode surface in solution containing salts. In the

present case, the interface of electrode can be separated into 2 sub-interfaces: solid/ionic liquid

interface and ionic liquid/water one.

To ensure the electroneutrality of the film, ionic transport from the aqueous phase to the ionic
liquid layer is unavoidable with ionic fluxes J, =-D,Vc, — ZI—TDin) +uc, (2.9) where D;, ci, zi,

¢, u correspond to the diffusion coefficient, concentration, charge number of species i, electric
potential and velocity, respectively. The electrical potential can be described by Poisson —

Boltzmann theory for monovalent ions as:

o(x) = 2k, T In 1+yexp(=z/Ap)
l1-yexp(-z/Ap)

} (2.10)

k,T
with Debye screening length A, = 8‘280—]32 (2.11)

0
At the interface, the double layer capacitance is composed of capacitive contribution of both
CiCy  Oo

aqueous phase and ionic liquid layer. It is known that C, = — = —
TOCE+Cy 0(¢°—-¢)

(2.12) is the
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capacity to store a charge density o = —srso? (2.13)at x = 0 in response to a perturbation
X

potential®®.

In presence of applied potential, the result for double layer capacitance is given as followed*’:

c_dQ_ crcy {H c {dr:q_draq} ¢ {dra dr,

TdE CcU+Ct| 9| dE dE | C*

(2.14) with T the interfacial
dE dE

concentration of ions. In our case, an assumption that the surface concentration of anion in the
aqueous phase should be equal to the concentration of the imidazolium cation can be taken into
consideration. Consequently, due to the high concentration of ionic species located within the
ionic liquid layer, an increase of the double layer capacitance is observed as shown in the figure
2.9. The linear evolution of the capacitive current as function of the scan rate was derived from

the figure 2.9a by following the equation below:

i.=-C, dE (2.15) where the slope indicates the value of the double layer capacitance, which
dt

is found to be around 570 pF.cm™ (compared to 140 uF.cm™ for bare GC).

In conclusion, the attachment of a bi-redox molecule onto the electrode surface was carried out
by stepwise reaction. The novel interface exhibits interesting electrochemical behaviors,
including multi-redox state and a high double layer capacitance. These properties come from
the high ionic density of the immobilized species and the formation of the double junction at
the electrode surface. This approach open promising ways for further uses as ternary memory

and EGOFET-based sensor application

24 POLY(ELECTROACTIVE IONIC LIQUID) FILM BY ELECTROCHEMICAL
POLYMERIZATION

In the previous parts, the electrode surface was modified by a thin film of electroactive ionic
liquid varying from mono to biredox molecules. In addition to the thin film approach, the
polymerization of ionic liquids is also an interesting process for generating novel interfaces. In
the literature, the polymerization of ionic liquid is mainly performed via 3 routes®-’:
polymerization or crosslinking of monomer ionic liquid, doping with ionic liquids and direct
polymerization of IL-based monomer. In the literature, polymers bearing electroactive units
were found to be interesting materials for a large spectrum of applications as organic and
molecular electronics, (bio)analytical biosensors, (photo)electrochemical actuators, smart
surfaces and energy storage and conversion materials. In this part, poly(1-allyl-3-

ferrocenylmethylimidazolium bromide), poly(FcIL), was deposited on a platinum wire by
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electrochemical reduction of its corresponding monomer. The polymer film characterized by

electrochemical methods.
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Scheme 2.4 Cathodic polymerization of 1-allyl-3-ferrocenylmethylimidazolium bromide

As reported in the literature, Poly(vinylferrocene) modified electrodes have been prepared by
several polymerization methods, including electrochemical ones. Indeed, Leech et al.** reported
that the electrochemical reduction of vinylferrocene monomer provides a stable and compact
electroactive polymer film. This procedure was followed to polymerize 1-allyl-3-
ferrocenylmethylimidazolium bromide monomer on a platinum electrode. The electrochemical
polymerization was carried out with a three-electrode setup using a Pt wire as the working
electrode, a stainless-steel mesh as the counter electrode and Ag|AgCl as the reference
electrode. Platinum wire was immersed in a solution containing 5 mM of I-allyl-3-
ferrocenylmethylimidazolium bromide and 0.1 M of TBAPFs in MeCN. The solution was
deoxygenated by argon flow for 30 min.
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Figure 2.11 (a) Cyclic voltammetry at Pt wire in an acetonitrile solution containing 5 mM of 1-allyl-3-
ferrocenylmethylimidazolium bromide monomer and 0.1 M TBAPFs, inset represents the SEM
image of Pt/Poly(FcIL); (b) cyclic voltammetry of polymer-coated Pt wire in MeCN containing 0.1
M TBAPF6, 1st scan (black), 10th scan (gray) and 20th scan (light gray). Inset: variation of the CVs
as function of the scan rate.

Continuous cycling by using cyclic voltammetry technique (20 cycles) over the potential range

from 0.8 to —2.8 V vs Ag|AgCl was performed, as shown in Figure 2.11a. During the first scan,

a reversible redox signal attributed to the ferrocenyl group linked to the vinyl imidazolium
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monomer was observed at 0.5 V. Scanning to negative potential shows a reduction current
starting from —1.8 V, which is assigned to the reduction of the allyl group. From this potential,
the allyl group was reduced to form corresponding radical anion which can attached to the
electrode surface. Upon continuous cycling the reduction current decreased due to the formation
of an electronically insulating film, indicating that the polymer had been formed. After a few
cycles, the current was saturated, and the film thickness reached its limit. After the
polymerization, the modified electrode was rinsed carefully with acetonitrile. A yellow film
was visually observed on the platinum wire, indicating the formation of a polymer film. The
modified wire was characterized by SEM which shows the presence of a dense and
homogeneous polymer film coated the Pt wire (inset Fig.2.11a). In the literature,
poly(vinylferrocene) has been produced under the same conditions, showing similar behavior,
and the film was found to be stable and free of large pinholes*’. To check for the presence of
polymer on the electrode, the latter was characterized by cyclic voltammetry in MeCN solution
containing 0.1 M TBAPFs. The redox signal of the immobilized ferrocenyl groups was
observed at 0.47 V/ Ag|AgCl as illustrated in Fig.2.11b. The peak-to-peak separation was found
to be around 30 mV and the current intensity was slightly decreased after 10 cycles,
corresponding to desorption of weakly attached units. After that, there was no further significant
change in current intensity observed upon cycling, indicating the high stability of the polymer
film.

It is worth noting that one of the frequently encountered drawbacks in ionic liquid environment
is related to the selection of an appropriate reference electrode (RE). Because of the unique
physical-chemical requirements, the choice of REs for electrochemical measurements in ionic
liquids and deep eutectic solvents is very restricted. Currently, saturated calomel electrode
(SCE) and Ag|AgCl are widely used as REs in non-aqueous solutions. However, these
electrodes generate an undesirable liquid junction between the aqueous phase inside the
electrode and the non-aqueous phase from the bulk solution, as well as causing diffusion of
water from the RE to the solution, resulting in undesirable contamination. An ideal reference
electrode should be stable over time, i.e. the reference potential does not drift or shows minimal
drift (ideally < 10 mV per day)*'. The RE commonly reported in the literature for use in ionic
liquids is based on a metal/ metal ion system (Ag|Ag"). This RE was fabricated by immersing
Ag wire in an ionic liquid solution containing a silver salt***, Despite the moderate stability
of these REs, the presence of a small amount of water inside the electrode may cause the
formation of silver nanoparticles in a solution containing Ag" and the ionic liquid anion (TFSI").
In addition, these types of electrodes can cause undesirable electrochemical signals due to the
diffusion of Ag™ from the RE into the test solution. To overcome this issue, quasi-reference
electrodes (QREs) based on metallic wires (silver or platinum) have been proposed®. In this
case, an internal reference such as ferrocene is frequently employed to calibrate the reference

electrode against the commonly used reference system. However, the latter exhibits a potential
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drift with time during a series of electrochemical measurements due to the formation of metal
oxide. Recently Kotz et al. proposed activated carbon as a convenient QRE for use in non-
aqueous media*®*’. In addition, solid state QREs based on metallic wire coated with polymers
have also been proposed for electro- chemical investigations in non-aqueous solutions**°,
Within this context, the Pt coated with partially oxidized poly(FcIL) could be used as a quasi-
reference electrode by following the argument that the ionic liquid-based polymer is stable in

ionic liquid solution.

However, after cycling for several cycles, the ferrocene units were in a neutral state and the
electrode is not ready for use as a reference electrode. A second step is necessary to partially
oxidize the attached layer. To this end, a half wave potential was applied (0.4 V) during 20 s,
producing a partially oxidized polymer film. The quantity of the charge introduced during the
partial oxidation process is 150 uC.cm™.

The stability of the as-prepared RE was investigated by performing several electrochemical
tests in an ionic liquid and a non-aqueous solution in the presence of a redox system. In this
study, acetonitrile (MeCN) was chosen as the non-aqueous solution and 1-ethyl-3-
methylimidazolium bis(trifluoromethane)sulfonimide (EMITFSI) as the ionic liquid. Cyclic
voltammograms were recorded in the presence of 1 mM Fc using a glassy carbon electrode as
the working electrode and Pt/poly(FcIL) as the reference electrode in electrolytic acetonitrile
solution (Fig. 2.12b) and in the ionic liquid (EMITFSI) (Fig. 2.12c¢).
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Figure 2.12 (a) CVs in EMITFSI solution containing 1 mM Fc, 1st scan (solid line), 500th scan (dotted line). Red
curves: Pt/poly(FcIL) as reference electrode, black curves: C/poly(FcIL) as reference electrode, blue
curves: Ag wire as reference electrode and gray curves: Pt wire as reference electrodes; Cyclic
voltammetry onto GC electrode in solution containing 1 mM ferrocene using Pt/poly(FcIL) as
reference electrode over times () in acetonitrile containing 0.1 M TBAPF; (¢) in EMITFSI solution;

(d) scheme showing the potential of Pt/poly(FcIL) versus other reference electrodes.
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In all the tested solutions, the redox couple exhibits the typical features of a reversible redox
system. The Ei.2 of the ferrocene in solution was 0.112 V versus Pt/poly(FcIL). CVs were also
recorded over 7 days using the same Pt/poly(FcIL) reference electrode, which was washed and
kept in air without any protection between the measurements. Five series of 20 cycles were
performed each day. During this period, a small drift in potential is observed (7 mV in EMITFSI
and 12 mV in MeCN after 7 days), demonstrating an excellent stability of the Pt/poly(FcIL)
reference electrode in ionic liquid and electrolytic acetonitrile solution (Table S2.1). The
stability of the reference electrode is higher in the ionic liquid. Fig. 2.12a compares the CVs of
I mM Fc in ionic liquid, EMITFSI, using an Ag wire (shown in blue), a Pt wire (gray) and
Pt/poly(FcIL) (red) as quasi-reference electrodes. After 500 scans, a negligible potential drift
(<5 mV) was observed in the case of the Pt/poly(FcIL) QRE, while this value increases to 50
mYV under the same conditions when using an Ag wire as QRE and reaches 25 mV for a Pt wire.
For similar investigations in acetonitrile solution, the potential drift was found to be < 10 mV
with the Pt/poly(FcIL) reference electrode while a larger potential drift (> 70 mV) was observed
for an Ag wire. These results demonstrate the superior stability of the proposed QRE compared
to bare Ag or Pt wire. A similar experiment was also performed using a carbon rod covered
with poly(FcIL) as a reference electrode and the potential drift was found to be around 5 mV
after 500 cycles (Fig. 2.12a black curves). From the above results, the potential of the
Pt/poly(FcIL) reference electrode is 0.264 V vs SCE or 0.505 V vs SHE in acetonitrile solution
containing 0.1 M of TBAPFs (Fig.2.11d).

As highlighted in a previous study, the performance of the reference electrode can be affected
by the anions present in the supporting electrolyte?®. The potential of the Pt/poly(FcIL) QRE is
strongly dependent on the ease with which the anions can move from the bulk solution into the
polymer film. To investigate the influence of the supporting electrolyte anions, the open circuit
potential (OCP) of a Pt/poly(FcIL) electrode, fabricated in MeCN with PFs ~ as a counter-ion,
was studied in MeCN solution containing different anions.

Table 2.2 Open circuit potential (OCP) of Pt/poly(FcIL) reference electrode in acetonitrile solution containing

different supporting electrolyte anions.

Supporting electrolyte (0.1 M) Bu,NOH | BuyNCl | BuyNCIO,; | BuyNBF; | BuuNPFs | Bus,NCF;SO4 | BuuNHSO, | BuyNBr
OCP of Pt/Poly(FcIL) (V) vs
-0.455 0.174 0.188 0.246 0.251 0.368 0.377 0.722
SCE
Supporting electrolyte LiTFSI (0.1 M) Pure EMITFSI ImM Np-EMITFSI Np-EMITFSI
OCP of Pt/Poly(FcIL) (V,
o ;C“VE( elt) (V) vs 0.504 0.358 0.23 0.176

The results are summarized in Table 2.2. The Pt/poly(FcIL) electrode was immersed in the
solution for 10 min prior to the electrochemical measurements. As expected, the OCP depends
on the nature of the anion used. The OCP variation might be amplified by the presence of the
imidazolium ring, which also has an exchangeable counter-ion. Despite the problem of ion
exchange, the stability of the reference electrode is important in all electrolytes. CVs recorded

in MeCN containing 1 mM Fc solution with TBAPFe using Pt/poly(FcIL) as a reference
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electrode before and after several electrochemical measurements in different supporting
electrolytes show a negligible change in standard redox potential (lower than 5 mV). Finally,
the OCP variation could be eliminated by placing the reference electrode in a Teflon tube with

frit which improves the stability of the reference electrode.

An ideal reference electrode should have a non-polarizable interface in which the potential does
not vary with the current flow within the electrode. To explain the behavior of the redox
poly(FcIL) as a reference electrode, we invoke the thermodynamic feature of the system, for
instance the chemical capacitance. Pelton introduced and defined the chemical capacitance Cj

of a species 1 with respect to species j as:
0 0°G
= i =G 216
nJ
Where pi is the chemical potential of 1, nj is the number of moles of j, and G is the Gibbs energy.
According to the definition of the chemical potential, pijec/en), one has the reciprocal
relationship Cij= Cji. For an electrochemical reaction Ox + ¢~ = Red, the redox potential E is
defined as:
. RT
E=E" +——In(22) (2.17)
F aRed
where E” is the formal potential of the redox couple and aox and ared are the activities of the
oxidized and reduced species. At the equilibrium dE= —dpe-, where pe- represents the chemical
potential of the electron in the supporting metallic electrode. Then dE/dnj can be calculated
from the chemical capacitance of the electron Ce-,j by
dE 1

_—— 2.18
dnj F.Ce,J ( )

According to Eq. (2.18), the chemical capacitance is related to the “redox potential-buffering”.
This equation is directly related to Figure 2.10b, indicating that an electrochemical system with
a large chemical capacitance can accept a large amount of electric charge with only a small
change in the electrical potential. The chemical capacitance plays an important role in the field
of electrochemical energy storage and particularly in batteries, where the energy stored

chemically can be viewed as a chemical capacitor.

In summary, we propose a facile route to fabricate a Pt/poly(FcIL) reference electrode. The
latter exhibits strong stability to repetitive electrochemical measurements over a long period.
The QRE has several advantages compared to a conventional reference electrode, including the
absence of contamination and liquid junction problems. The Pt/poly(FcIL) quasi-reference
electrode was found to be stable for 7 days in acetonitrile and in ionic liquid solutions. The
QRE could be made at a small scale and used as a RE in microelectrochemical cells as an
alternative to silver wire. The stability of the QRE could be enhanced by placing the

Pt/poly(FcIL) in a Teflon tube with frit. Moreover, as the temperature window of ionic liquids
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is larger than that of other materials, we anticipate that the RE could be used over a wider range

of temperatures and pressures than conventional reference electrodes.
2.5 POLY(ELECTROACTIVE IONIC LIQUID) BRUSHES BY SI-ATRP

Even though the important application of poly(FcIL) coated Pt wire in electrochemistry as
reference electrode, the main drawback of the polymerization by means of electrochemical
reduction comes from the uncontrollable nano-structuration of the final polymer film. In order
to perform a nanostructured polymer, other polymerization methods should be used. To this
end, surface-initiated atom transfers radical polymerization (SI-ATRP) has been reported to
achieve immobilized brush-like structure of the polymer at the electrode surface. The ATRP
process is widely used in material science to achieve controllable architecture and molecular
weight of polymer. This procedure was discovered independently by J-S Wang and K.
Matyjaszewski®' and by M. Sato et al>* in 1995 as an expansion of transition metal catalyzed
atom transfer radical addition (ATRA) (Eq. 2.19 — 2.21). The first reaction involved during the
polymerization process is referred to the Kharasch addition or metal-catalyzer free radical
addition of CXCl3 (X is halogen atom) to alkenes.

[ M" ]+ CXCl === M™" |Cl+eCXCl, (2.19)
RR'C = CH, + ¢CXCl, =—RR'C—CH, — CXCl, (2.20)
RR'C—CH, — CXCL, + [M™ ]Clz==RR 'CIC-CH, ~CXCl, +[M" | (2.21)

The repetitive addition of alkenes to the radical species can occur if the radical generated during
the second step (Eq. 2.20) has comparable reactivity before and after the radicalization and the
latter must be sufficiently stabilized. This is the basis of the atom transfer radical polymerization
(ATRP). The general mechanism of ATRP is presented as followed:

R-R
i

[
R-X + M"Y/ligand —==,- b + X-M*"1¥/ligand
kp
n

k; rate constant for the terminaison step

kp rate constant for the propagation step

Later, Surface-initiated ATRP has been developed to perform the polymerization onto the
substrate surface®>*. The SI-ATRP process is based on the immobilization of thin initiator
layer bearing halide terminator. In the literature several initiators have been described and
attached to the surface by means of various grafting procedure including electrochemically

assisted method*>-*°.

64



Chapter 2 Surface modifications using electroactive ionic liquids and applications

In our case, the immobilization of initiator layer was performed using the oxidative grafting of

primary amine, 2-bromoethylamine, yielding to a bromide terminated electrode.
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Figure 2.13 (a) Cyclic voltammograms for the oxidation of 3 mM of 2-bromoethylamine hydrobromide in aqueous
solution with 0.1 M of LiClOs; (b) Cyclic voltammograms in aqueous solution containing 0.1 M KCl
and 1 mM of K3Fe(CN)g by using (black) bare glassy carbon electrode and (blue) Bromide terminated
electrode

Briefly, by sweeping the potential from 0.5 V to 1.6 V/ SCE, an irreversible oxidation peak was
observed at 1.2 V/ SCE (Fig.2.13a) corresponding to the oxidation of primary amine function
to aminyl radical. Unlike single electrochemical step formation of radical by means of
electrochemical reduction of diazonium’s salt derivatives, aminyl species are more difficult to
attach to the electrode surface due to the complexity of the system via multistep reactions as
shown in the Scheme 2.3 and 2.S1°7. Nevertheless, the oxidation current is strongly decreased
from the second scan that indicates the formation of a thin initiator film onto the electrode
surface and its blocking behavior. Besides, the immobilization of a thin layer of the 2-
bromoethylamine onto the electrode surface was evidenced by characterization in aqueous
solution containing 1 mM of K3Fe(CN)s and 0.1 M of supporting electrolyte resulting to 2
different behaviors (Figure 2.12). For bare GC electrode, well-defined reversible signal (AE =
70 mV) was observed at 0.15 V/ SCE corresponding to the reduction of the [Fe(CN)s]*" to
[Fe(CN)6]* . Interestingly, the recorded CV signal for Br-terminated GC electrode exhibits an
extremely high AE (around 700 mV), suggesting low electron transfer rate towards inner-sphere
electroactive mediator attributed to the presence of the chemisorbed species, 2-

bromoethylamine, at the electrode surface.
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Following that, the modified electrode with the initiator layer was immersed in solution
containing the redox ionic liquid monomer and all the necessary reagents (CuCl, CuCl2 and
PMDETA as activator, deactivator and complexing agent, respectively) as presented in the
scheme 2.3. After keeping the polymerization for 2 hrs under inert atmosphere, the electrodes
were removed from the solution, successively rinsed with distilled water, acetone and MeCN,
respectively. Later, the polymer modified electrodes were characterized using different

analytical and electrochemical tools.
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Scheme 2.3 Scheme illustrating the SI-ATRP procedure of some typical poly(redox-active ionic liquids)
For this chapter, three different monomers, listed below, will be used for functionalization of
the electrode surface as illustrated in the scheme 2.3.

1. N,N-dimethyl-N-ferrocenylmethyl-prop-2-en-1-ammonium bromide

2. 1-allyl-3-ferrocenylmethylimidazolium bromide

3. [1-allyl-3-(1-anthraquinone-1’-methyl)ferrocenylimidazolium bromide
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2.5.1 Poly(N,N-dimethyl-N-ferrocenylmethyl-prop-2-en-1-ammonium bromide)

Before immobilizing the N,N-dimethyl-N-ferrocenylmethyl-prop-2-en-1-ammonium bromide
onto the electrode surface, the electrochemical behaviors of the quaternary ammonium ionic

liquid were investigated in solution as shown in the figure 2.14.
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Figure 2.14 Cyclic voltammograms of the N,N-dimethyl-N-ferrocenylmethyl-prop-2-en-1-ammonium bromide
monomer recorded at different scan rates : (@) from 20 mV.s! to 0.1 V.s!' ; (b) from 0.1 V.s! to 10
V.s*!; (¢) Variation of the oxidation peak current in function of the scan rate; (d) Variation of the peak
potentials in function of the scan rate; (e) CV's of undiluted redox monomer ionic liquid and diluted
in acetonitrile, scan rate 0.1 V.s!; () CV’s of different Fc derivatives in MeCN solution containing
0.1 M of BuyNPFg, scan rate 0.1 V.s’!
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The electrochemical behavior of the synthesized molecule was studied by cyclic voltammetry.
Fig.1.14a-b exhibit a reversible signal at 0.22 V/ Fc'/Fc corresponding to ferrocenyl ammonium
redox couple. Besides that, the evolution of the redox signal as function of the scan rate shows
linear relation between the peak current and v'’2, as shown in Figure 2.14c, suggesting that the
system is under diffusion-controled regime. A difference in the slope of the anodic and cathodic
part is observed suggesting the change in the diffusion coefficient of the oxidized and reduced
species. This linearity leads to determine the diffusion coefficient of the redox molecule using
the Randles-Sev¢ik equation and values of 7.6 x 107¢ and 2.4 x 107® cm®.s™! were measured for

Drc-ammonium and DFC+-amm0nium, respectively.

Fig.2.14e shows the electrochemical response of highly conccentrated ferrocene quaternary
ammonium ionic liquid and diluted ones in acetonitrile. For a saturated ionic liquid in MeCN,
the concentration is around 2.8 M and the recorded CV shows a weak oxidation and reduction
peaks with a large peak potential separation caused by a large solution resistance (iR Ohmic
drop) and the high viscosity. However, after gradually diluting with acetonitrile the
electrochemical response exhibits more defined oxidation and reduction peaks and the redox
signal is well defined at a concentration of 0.56 M. This experiment evidences the possibility
to record the electrochemical signal of ferrocene based ammonium ionic liquid at a
concentration higher than 1 M. Besides, the electrochemical signal of different Fc-based
derivatives shows the important role of the substituents. Indeed, by linking the Fc moiety to a
tertiary amine group, the standard potential has tendancy to shift to negative value (E%c'-N/Fe-N
= -0.05 V vs E%c7rc ) while the substituent becomes cation center, the electron withdrawing
effect (EWE) induces positive shift. To summarize, the EWE effect induced by different
substituent increase in the following order : —-N(CHs)2 < @ < —Imidazolium < —Quaternary

ammonium (Fig.2.14f).

After investigating the electrochemical properties of the monomer in solution, the surface
functionalization by using SI-ATRP procedure was performed. The analysis of the polymer was
started by the investigation of the chemical composition at the extreme surface using X-ray

photoelectron spectroscopy (XPS) as illustrated in the figure 2.15.
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Figure 2.15 (a) XPS survey spectrum of Poly(N,N-dimethyl-N-ferrocenylmethyl-prop-2-en-1-ammonium; () and
(¢) high resolution XPS spectra of N(1s) and Fe(2p)
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The deconvolution of the C(1s) spectra exhibits the presence of 4 components at binding energy
of 285, 285.8, 286.6 and 288.3 eV. The peak at 285 eV is attributed to the binding energy of
carbon atom derived from the C in hydrocarbons (C-C and C-H), while the peak at 285.8 eV is
attributed to C-O band. The band at 286.5 eV is attributed to C-N bonds of the quaternary
ammonium. The small signal at 288.3 eV is linked to -COO from the surface contamination.
The XPS spectrum of N(1s) (Figure 2.15b) shows the presence of peak at 402 eV corresponding
to N in the ammonium groups®’. Finally, the Fe(2p3/2) signal (Figure 2.15¢) displays two peaks
at 708 and 710.4 eV attributed to Fe(I) (ferrocene in its reduced state) and Fe (III) (in the form
of ferrocenium), respectively. The other peaks at 721 and 724 eV correspond to the signal of
Fe(2p1/2) of Fe(Il) and Fe (III), respectively®®. The presence of ferrocenium could be due to
the oxidation of ferrocene under X-ray irradiation. Besides, a small signal of Br™ is observed
corresponding to the anion of the Poly(ferrocenyl quaternary ammonium) ionic liquid. The
atomic percentage of the C(1s) is around 45% while the Br shows a value around 3%. In
addition, the atomic ratio N/Fe is about 1.2, which suggests that the observed surface species is
derived from Poly(ferrocenyl quaternary ammonium) (theoretical ratio N/Fe = 1). The polymer
film thickness was measured by AFM scratch experiment and an average thickness of 25 nm

was obtained which is similar to the previously reported work>>.
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Figure 2.16 (a) CV response of the attached Poly(ferrocenyl quaternary ammonium) onto GC electrode in
acetonitrile solution containing 0.1 M BusNPFs, 0.1 V/s; (b) Variation of the peak potentials in
function of the scan rate.

Figure 2.16 displays the electrochemical response of the Poly(ferrocenyl quaternary
ammonium) modified GC electrode in electrolytic acetonitrile solution. The recoded CV shows
the presence of a well-defined reversible redox system at 0.45 V/ SCE attributed to the redox
couple Fc¢'/Fc within the polymer backbone. This electrochemical signal confirms the success
of the SI-ATRP polymerization using Fc quaternary ammonium monomer. The peak-to-peak
potential is almost 0 V confirming the attachment of the Fc onto the electrode surface. The
coulometric investigations lead to determine the surface coverage and an average value of

1.2.10° mol-cm™ was estimated by using the formula I' = Q/nFA where Q is the charge
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collected from the anodic peak, n the number of exchanged electron and A the area of the
electrode. Compared to previous works, the average grafting densities of the Poly(ferrocenyl

quaternary ammonium) brushes is ranged from 0.3 to 0.8 chains.nm™."”

The electrochemical responses of the polymer were performed at different scan rates as
illustrated in Figure 2.S2a-c. This investigation clearly shows a linear variation of the peak
current versus the scan rate suggesting the presence of non-diffusive process (Fig.S2.2d).
Besides that, for higher scan rate (above 1 V.s!) the redox signal of ferrocene starts to deviate
from fully reversible system indicating that the system is limited by the electron transfer rate.
The linear dependency of the E;, vs Log(v) leads to determine the apparent electron transfer rate
constant which is found to be around 120 s™! highlighting the presence of fast electron transfer
of the attached ferrocenyl groups. Several parameters could explain the fast electron transfer
rate including the structure of the polymer in the form of brushes, the short distance of the
initiator (the ferrocene units are close to the electrode and the electron transfer could occur
easily across this layer) and the composition of the polymer which includes positive and
negative charges. Indeed, the presence of ions within the film may enhance the electron hopping
process and consequently the electron transfer rate.
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Figure 2.17 CV responses of the Poly(FcN4)/GC in acetonitrile free of electrolyte.

Poly(ionic liquids) refer to a subclass of polyelectrolytes that contain an ionic liquid (IL) species
in each monomer repeating unit, connected through a polymeric backbone to form a
macromolecular structure. They are considered as interesting materials for electrochemical
applications (batteries, supercapacitor, and solid electrolyte) thanks to the presence of ionic
species inside the structure. Having these characteristics, the electrochemical responses of the
generated polymer was performed in acetonitrile solution in the absence of supporting
electrolyte (Fig.2.17). The curve shows clearly the presence of oxidation and reduction waves
corresponding to the Fc'/Fc redox couple despite the absence of supporting electrolyte.
Compared to the CV in Fig.2.16a the peaks currents are slightly lowered, and the peaks
potentials are shifted to more positive potential. This result could suggest that (i) the generated

polymer brushes act as self-supporting electrolyte thanks to the presence of cation and the anion
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within the film, (i1) The first oxidized ferrocene could induce electron hopping and participate
to the oxidation of the adjacent ferrocene minimizing the need of ion ingress and egress from
the solution to the polymer film, (iii) the oxidation/reduction of the Fc units is not limited by

the rate of counter-ion migration into/out of the polymer.

The modulation of the properties of interfaces such as the variation of the wettability is of high
interest. Figure 2.18 shows the contact angle (CA) variation, for the Poly(ferrocenyl quaternary

ammonium) attached onto ITO substrate, after electrochemical switch and anions exchanges
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Figure 2.18 Contact angles obtained for Poly(ferrocenyl quaternary ammonium) deposited onto ITO substrate
before and after electrochemical oxidation and anions exchanges.

Interestingly, whatever the used anion the electrochemical oxidation induces increase of the
CA. Besides the electrochemical modulation of the CA, the latter could also be tuned by anions
exchange as illustrated in Figure 2.18. The electrochemical and anions exchanges processes,
for contact angle modulation, are fully reversible. Furthermore, a common behavior was
observed with a higher the contact angle’s value for the oxidized state of the polymer. Within
3 different anions, the most pronounced change is attributed to the case of TFSI anion. In the
reduced state, the CA was measured to be around 38° while in the oxidized state, the CA is
increased to 55°. This phenomenon can be explained by the electron transfer coupled ion
transport (ICET), i.e. Fc 5 Fct+ 1 e + 1 A™. ICET process induces additional hydrophobic
anions to the final configuration of the oxidized state polymer/electrode resulting to a more
hydrophobic film (data not shown).

2.5.2 Poly(1-allyl-3-ferrocenylmethylimidazolium bromide)

The same procedure was applied to the redox monomer-based imidazolium affording
immobilized Poly(1-allyl-3-ferrocenylmethylimidazolium bromide) on the electrode surface
(configuration 2 in Scheme 2.3). As shown in the figure 2.19a the electrochemical response of
the poly(FcIL) attached onto GC electrode surface, a reversible signal at 0.55 V vs. SCE with

a AE = 10 mV attributed to the immobilized Fc moieties within the polymer structure.
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Furthermore, the electron transfer in between the redox-active layer and GC electrode is
revealed via investigations the variation of the peak potential and the peak current in function
of the scan rate. It is found that the apparent electron transfer rate constant is around 177 s™.
This value is comparable with the previously published work by using 3-(2-methacryloyloxy
ethyl)-1-(N-ferrocenylmethyl) imidazolium monomer!”.
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Figure 2.19 Cyclic voltammograms of the Poly(1-allyl-3-ferrocenylmethylimidazolium bromide) modified GC
electrode recorded at different scan rates : (@) 0.1 V.s' ; (b) from 0.01 V.s!' to 10 V.s''in MeCN
solution containing 0.1 M BusNPFs; (¢) Variation of the peak potentials in function of the scan rate;
(d) Variation of the oxidation peak current in function of the scan rate

Also, the linear variation of the oxidation peak current in function of the scan rate indicates
non-diffusive species from and to the electrode surface that again, confirms the immobilization
of the polymeric ferrocene based ionic liquid onto electrode surface. Similar to the Poly(N,N-
dimethyl-N-ferrocenylmethyl-prop-2-en-1-ammonium bromide), the high resolution spectrum
of Fe(2p) shows the Fe (2p'’?) and Fe (2p*?) signal at 721 eV and 708 eV indicating the presence
of Fc on the surface of the electrode. The polymerization can be extended to others substrates
like ITO deposited on PET, Ni foam, Au, Pt, etc. As shown in the figure 2.20, the immobilized
ferrocene signals were recorded by using ITO on PET and Ni foam electrode. Unlike fast
electron transfer rate constant within GC electrode, the modified ITO and Ni foam exhibit lower
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electron transfer rate with high peak-to-peak separation, around 100 mV and 200 mV for
ITO/PET and Ni foam, respectively.
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Figure 2.20 Cyclic voltammograms of the Poly(1-allyl-3-ferrocenylmethylimidazolium bromide) modified (a)
ITO/PET and (b) Ni foam electrode in MeCN solution containing 0.1 M of BusNPFs

2.5.3 Poly(1-allyl-3-(1-anthraquinone-1 -methyl)ferrocenylimidazolium bromide)

In this part, the polymerization of bi-redox monomer based ionic liquid will be performed. The
polymerization of the bi-redox polymeric ionic liquid is performed as followed. A solution
containing 3.5mM de 1-allyl-3-ferrocenylmethylimidazolium bromide in 10ml of anhydrous
MeCN was mixed with a second solution containing 3.7mM of anthraquinone diazonium salt
dissolved in 10 ml of anhydrous MeCN. The mixture was sonicated for 30 minutes and served
as polymerization medium to modify the electrodes by following similar condition as
precedingly reported (Scheme 2.4). After 2 hrs of polymerization, the electrodes were removed

from the solution, rinse thoroughly with MeCN, acetone and dried under Ar stream.
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Scheme 2.4 Polymerization procedure of bi-redox ionic liquid monomer

The electrochemical behaviors of the Poly(AQFclm) were investigated by using cyclic

voltammetry in aqueous solution containing 0.1 M of HTFSI. The figure 2.21 a-b shows a series
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of cyclic voltammograms of the modified electrode by changing the sweeping rate from 40
mV.sup to 10 V.s.
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Figure 2.21 Cyclic voltammograms of the Poly(1-allyl-3-(1-anthraquinone-1’-methyl)ferrocenylimidazolium
bromide) modified GC electrode recorded at different scan rates: (@) from 40 mV.s! to 1V.s™! and
(b) from 1 to 10 V. s in aqueous solution containing 0.1 M HTFSI; (¢) Variation of the peak
potentials in function of the scan rate; (d) Variation of the peak current in function of the scan rate.

The CVs show 2 reversible systems at 0.35 V and -0.2 V/SCE which are assigned to the
electrochemical responses of the immobilized Fc*/Fc and AQH2/AQ couples. For low scan rate
(below 1 V.s!), the signal of both components, Fc and AQ, displays clearly full — reversible
system with relatively low peak — to — peak separation (< 30 mV). At higher scan rate, the AE
starts to increase, suggesting the deviation from the reversible system by the limitation of the
electron transfer kinetic of the electrochemical active heads. From the evolution of the peak
potentials as function of the scan rate (Figure 2.21c), the apparent electron transfer rate constant
is calculated around 190 s (o = 0.48) and 136 s (a = 0.49) for Fc and AQ moieties,
respectively. The value obtained for the Fc moieties is comparable with the ones measured for
immobilized ferrocene onto electrode surface (0.1 s to 200 s1)>>°. The high value of the
electron transfer rate constant can be attributed to the organization as brush-like chains at the

surface of electrode which has already been demonstrated in the previous work!”. The higher

74



Chapter 2 Surface modifications using electroactive ionic liquids and applications

value when compared to the polymer vinyl ferrocene (130 s)*° is attributed to either the
presence of the imidazolium center and the nanostructuration of the layer. Thus, the electron
transfer at this interface is attributed to the combination of two distinct phenomena, the electron
transfer via tunneling effect and the electron transport through the successive electron hopping.
At the vicinity of the GC surface (< 5-10 nm), the ET is ensured by the electron tunneling
through the thin initiator layer. In addition, due to the extremely high concentration of labile
anion inside the polymer film, the electron coupled ion transfer is in a favor situation where the
following transformation (Fc < Fct+ 1 e + 1 A") is fortified by high ionic transport inside the
film. Besides, the nano-structuration by the formation of brush-like structure generates not only
the electron hopping channels along the brushes but also a more flexible system that may
change the viscoelastic properties of the polymer ionic liquid layer. The present approach
provides a thick layer of bi-redox molecules with the surface concentration of 2.2.10” mol.cm
2 and 1.9.10” mol.cm™ for AQ (n = 2) and Fc (n = 1) moieties, respectively which give a

molecular weight (MW) in the order of 10* g.mol ™.

Similar to the results mentioned in the previous part, the presence of bi-redox polymer layer
induces the generation of multi-redox states at the surface with higher current density by
keeping the same ratio of the oxidative and reducible heads (I'aq/T're ~ 1). As previously
reported, the presence of the single FcAQIm layer at the surface of electrode enhances strongly
the double layer capacitance of the latter. The phenomenon is so far amplified by
functionalizing the electrode with the polymer layer. As shown in the figure 2.22, the double
layer capacitance provided by the modified electrode is calculated to be around 30 times higher
than the value for bare GC.
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Figure 2.22 Cyclic voltammograms of the Poly(1-allyl-3-(1-anthraquinone-1’-methyl) ferrocenyl imidazolium
bromide) modified GC electrode (red line) and Bare GC (black line) in aqueous solution containing
0.1 M HTFSIL.

To get further information about the electrochemical responses of the poly(AQFcIm)/GC as
function of the chemical environment, different voltammograms were recorded in various

solutions ranging from ionic liquid, MeCN to aqueous solution as presented in the table 2.3.
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Table 2.3 Influence of solvents to the electrochemical response of the bi-redox system (v = 0.1 V.s™)

Relative capacitance

Milieu E°(Fc) (V)/SCE | E°(AQ) (V)/SCE | AE° (V) C.IC
mod bare

1mM of 1-allyl-3-(1-anthraquinone-1’-methyl)ferrocenylimidazolium bromide in solution

Pure EMITFSI 0.46 -0.43 0.89

0.1 M EMITFSI/ACN 0.56 -0.74 1.30
0.1 M HTFSI/ACN 0.46 0.12 0.34
0.1 M LiCl104/ACN 0.47 -0.80 1.27

Poly(1-allyl-3-(1-anthraquinone-1’-methyl)ferrocenylimidazolium bromide) modified GC

electrode
Pure EMITFSI 0.47 -0.59 1.06 9.6
0.1 M HTFSI/H,O 0.32 -0.20 0.52 30.9
0.1 M HTFSIVACN 0.44 0.04 0.40 15.8
0.1 M EMITFSI/ACN 0.49 -0.57 1.06 14.1
0.1 M LiCIO4/ACN 0.44 -0.91 1.35 12.1

As expected, the standard potential of the Fc and AQ moieties changes in function of the solvent
and the supporting electrolyte, resulting to a change of the potential window (AE?=E%: — E%Aq)
from 0.4 V in acidified MeCN (0.1 M HTFSI) to 1.4 V in 0.1 M LiClO4/MeCN. Furthermore,
a change of the double layer capacitance is also observed. For comparison, the relative
capacitance, which reflect the ratio of the capacitance obtained with the modified electrode and
the one obtained with bare GC, is calculated for different solvent. Interestingly, for all of the
media, an increase of the capacitance is detected with the ratio ranging from 9.6 (EMITFSI) to
30 (HTFSI/H20). The remarkable difference in the capacitance ratio is further demonstrated by
electrochemical impedance and electrochemical quartz crystal microbalance, and attributed to
the concerted mechanism (ICET), in which water molecules are not involved in the solvation
of the polymer layer (data not shown). In the other words, it is due to the insertion of the TFSI
anion into the polymer film that causes the formation of the double electrified interfaces,
GC/Poly(AQFcIm) and Poly(AQFcIm)/aqueous phase.

In the literature, it is well — known that the reduction of immobilized anthraquinone is attributed
to the heterogeneous proton-coupled electron transfer (PCET)®, i.e. AQ + 2¢” + 2H' 2 AQHo.
It means that the reaction rate is depending on the electron flux and the concentration of proton
in the solution, suggesting a possibility to correlate the measured current to the pH of the
solution. Owing anthraquinone moieties within the polymer structure, the relationship between
the anodic peak potential and the pH can be obtained via Nernst equation:
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E_ =E° pH (2.22)

peak

2.3RTm
+—
F

Indeed, different CVs were recorded as function of the concentration of proton, i.e. as function
of the pH of the solution. As presented in the figure 2.20 the anodic i-V curves of the
poly(AQFcIm)/GC for a pH ranging from 1.2 to 0.6. Interestingly, the electrochemical response
of the AQ moieties change in function of the pH while the signal of Fc part remains at the same
potential (Ep.a= 0.45V/SCE). Precisely, the peak potential attributed to anthraquinone shifts to
more negative values by increasing the pH of the solution. By plotting the variation of the AE®
in function of the pH, a linear relationship is obtained with a slope about 0.076. The R? value
of the linear fit is 0.99, indicating a good agreement with the linearity of the data. Based on
these results, the Fc part can be used as internal reference, resulting to development of new

electrochemical pH sensors.
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Figure 2.23 (a) CVs of the Poly(AFAI)/GC in aqueous HTFSI solutions at different pH ranging from (black curve)
1.2, (blue) 1, (green) 0.8 to (red) 0.6; (b) evolution of the AE® as function of the pH
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2.6 CONCLUSION

Increasing demand for energy requires exploration and utilization of highly efficient materials
for storing and releasing energy to satisfy the mismatching between the production and the
consumption of energy. In this context, molecular design of new material, ionic liquid and
redox-active ionic liquid attract immense attention from scientific community. Profiting an
infinite possible structure, these novel family of compounds opens up new avenue for tailoring
the physical-chemical properties at molecular level. Moreover, the attachment of these

molecules onto substrate’s surface offers new interfaces with interesting and unique properties.

Within this chapter, different electrochemical related routes were performed in order to
functionalize the electrode surface with redox-IL, such as electrochemical reduction of
diazonium salt coupled click chemistry or oxidative grafting of carboxylic group followed by
Gomberg — Bachmann reaction, affording thin layer of redox and bi-redox ionic liquid

molecules.

In addition to thin layer Redox-IL, the surface functionalization with polymer redox-IL has also
been investigated. Our approach with poly(redox-IL) was carried out by using Surface-Initiated
Atom Transfer Radical Polymerization (SI-ATRP) and direct electro-polymerization leading to

the formation of polymer redox ionic liquid films at the substrate surface.

The radical polymerization initiated by cathodic polarization leads to the formation of dense
and thick film coated the electrode surface. Pt/poly(FcIL) was proven to be able for practical
use as highly stable quasi-reference electrode in non-aqueous solutions and in ionic liquid

media.

In the other hand, the poly(Fc-IL) modified electrode prepared by SI-ATRP was
electrochemically characterized in usual organic solvent and ionic liquid media showing high
stability. Interestingly, it was proven that the Poly(Fc-IL) exhibits as self-electrolyte properties
leading to the detection of the ferrocene redox signal in free-supporting electrolyte solution. We
also demonstrate the possible applications of the poly(FcIL) as electrochemically reversible

surface wettability system and as electrochemical sensor.
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2.8 APPENDICES
Synthesis of electroactive ionic liquids
1. N-ferrocenylmethylimidazole

25 g of trimethylammonium ferrocene iodide (64.8 mmol, lequiv.) and 5.4 g of imidazole (79
mmol, 1.22 equiv.) were dissolved in 140 ml of dimethylformamide (DMF). The solution was
refluxed for 2 hours. Then 150 ml of distilled water was added into the balloon and the black
solid precipitate was eliminated by filtration. The product was recovered by decantation with
diethyl ether (3x 100 ml). The organic layer was washed 1 time with distilled water (100 ml) to
eliminate DMF traces. The organic phase was dried with MgSOa. Diethyl ether was evaporated
to obtain orange powder. Yield: 45% (8.23 g)

1H NMR (DMSO-d6) 5(ppm): 4.15 (1, J = 2.0 Hz, 2H), 4.18 (s, 5H), 4.31 (t, J = 2Hz, 2H), 4.90
(s, 2H), 6.83 (s, 1H), 7.15 (s, 1H), 7.64 (s, 1H).

2. I-allyl-3-ferrocenylmethylimidazolium bromide

0.91 ml (10.5 mmol) of allyl bromide was added into a solution containing 1.2 g (4.5 mmol) of
N-ferrocenylmethylimidazole in 40 ml of chloroform under stirring. The mixture was then
refluxed for 2h then the solvent and unreacted starting materials were evaporated under reduced

pressure. The yield of this reaction was 95 %.

[H NMR (DMSO-d6) 5(ppm): 4.22 (m, 7H), 4.45 (1, J = 1.6Hz, 2H), 4.83 (m, 2H), 5.26 (s, 2H),
5.33-5.36 (m, 2H), 6.04 (m, 1H), 7.71 (s, 1H), 7.81(s, 1H), 9.23 (s, 1H).

3. I-ferrocenylmethyl-3-propargylimidazolium bromide
Propargyl bromide (1.6 mL, 21 mmol) and N-ferrocenylmethylimidazole (1.6 g, 6 mmol) were

dissolved in chloroform, and the mixture was then refluxed for 2 h at 70 °C. The solvent and
unreacted propargyl bromide were removed by evaporation under reduced pressure to give 2.08

g of a yellow brown oil (yield 90 %).

1H NMR (400 MHz, DMSO-d6) S(ppm): 3.83 (s, 1H), 4.22 (m, 7H), 4.45 (t, J = 1.6 Hz, 2H),
5.15 (s, 2H), 5.18 (s, 2H), 7.76 (s, 1H), 7.81(s,1H), 9.25 (s, 1H).

4. N-allyl-N,N-dimethyl-N-ferrocenylmethylammonium bromide
First, the (dimethylaminomethyl)ferrocene (2.43 g, 10 mmol) and allyl bromide (2.42 g, 20

mmol) were dissolved in CH2Cl2 and the mixture was heated overnight at 55°C. Then the
mixture was cooled down to room temperature and the solvent with unreacted allyl bromide
were evaporated under reduced pressure. Finally, the residue was recrystallized using
CH2Clz2/hexane (1: 20 v/v) resulting orange powder. The purified product was filtered and dried
under vacuum 1 day before use. Yield: 96% (3.5 g)

1H NMR (400 MHz, DMSO-d6) d(ppm): 3.30 (s, 6H), 3.39 (1, 2H), 3.81 (d, 2H), 4.26 (s, SH),
4.37 (s, 2H), 4.46 (¢, 2H), 5.63 (m, 2H), 6.09 (m, 1H).
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5. Chloroethyleneamidoanthraquinone

In a three-necked flask, 2-aminoanthraquinone (1.0 g, 4.5 mmol), pyridine (0.5 ml, 6.2 mmol)
and 60ml of dichloromethane were mixed under vigorous stirring at 0°C. Solution of
chloroacetylchloride (0.4 ml, 5.4 mmol) in 20 ml of dichloromethane was then added drop wise.
After stirring 4 h, the solution was filtered and extracted with 20 ml HCI 3M. The organic layer
was washed with 20 ml of saturated NaCl and recovered by decantation. A large amount of
MgS0O4 was added into the organic phase to eliminate water traces. The solvent was evaporated
to obtain a brown residue. The crude product was further dissolved in 100 ml of
dichloromethane and 100 ml of hexane was slowly added into the solution. The purified product

was recrystallized in the mixture and then was filtered and dried under vacuum.
Yield: 42.7% (0.55 g)

1H NMR (CDCI3) o6(ppm): 4.27 (s, 2H), 7.82 (m, 2H), 8.23 (d, J = 2.4 Hz, 1H), 8.32 (m, 4H),
8.6 (s, 1H)

6. 1-ethyleneamidoanthraquinone-3-Ferrocenemethylimidazolium iodide

0.1 g of chloroethyleneamidoanthraquinone (0.33 mmol) was mixed with 0.094 g of N-
ferrocenylmethylimidazole (0.35 mmol) and a catalytic amount of sodium iodide in 20 ml of

acetone/dichloromethane (50:50 v/v).

The reaction was performed under vigorous stirring at room temperature for 60 hrs. Then the
product was recovered by filtration and washed with distilled water. The brown powder was
obtained and dried under vacuum for 1 day. Yield: 69.5% (0.13 g)

1H NMR (CDClI3) 6(ppm): 4.27 (m, 7H), 4.46 (t, J = 2 Hz, 2H), 5.26 (s, 2H), 5.28 (s, 2H), 7.82
(s, 1H), 7.91 (s, 1H), 8.04 (m, 2H), 8.2 (m, 1H), 8.24 (m, 3H), 8.47 (m, 1H), 9.15 (s, 1H), 11.18
(s,1H).

7. l-ethyleneamidoanthraquinone-3-Ferrocenemethylimidazolium TFSI

0.13 g of 1-ethyleneamidoanthraquinone-3-Ferrocenemethylimidazolium iodide (0.25 mmol)
was added into a solution containing 20 ml of distilled water and 0.2 g of lithium
bis(trifluoromethylsulfonyl)imide (0.75 mmol). The solution was then heated at 70°C for 24
hours to obtain a brown powder. The product was washed thoroughly with distilled water and
dried under vacuum for 1 day. Yield: 87% (0.17 g)

1H NMR (CDClI3) 6(ppm): 4.27 (m, 7H), 4.45 (t, J = 2 Hz, 2H), 5.26 (s, 2H), 5.28 (s, 2H), 7.81
(s, IH), 7.92 (s, 1H), 8.04 (m, 2H), 8.18 (m, 1H), 8.24 (m, 3H), 8.47 (m, 1H), 9.15 (s, 1H), 11.18
(s, 1H).

19F NMR (CDCl3) 8(ppm): -78.88 (s, 6F)
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8. I-ethyleneamidoanthraquinone-3-vinylimidazolium iodide

In the solution containing 1-vinylimidazole (0.094 g, 0.9 mmol) and a catalytic amount of
sodium iodide (0.14 g, 1 mmol) in 20 ml de acetone/dichloromethane (50/50 v/v),
chloroethyleneamidoanthraquinone (0.27 g, 0.9 mmol) was added. The mixture was kept under
stirring at room temperature for 1 day. After the reaction, the precipitate was filtered and washed
5 times with distilled water. The crude product was further recrystallized in a solution of
dichloromethane/hexane and the purified one was appeared as brown powder.

Yield: 94% (0.3 g).
I1H RMN (DMSO-d6) é(ppm): 5.39 (s, 2H), 5.5 (m, 1H), 6.05 (m, 1H), 7.47(q, J = 8.8Hz, 1H),

7.82 (s, IH), 7.9 (s, 1H), 7.93 (m, 2H) , 8.08 (m, 1H), 8.22 (m, 3H), 8.29 (d, J = 2Hz, 1H), 9.52
(s, 1H), 11.53 (s, 1H).
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Figure 2.51 (a) Cyclic voltammograms of immobilized ferrocene-based ionic liquid in MeCN solution containing
0.1 M of TBAPF; as function of the scan rate (10 mV.s! to 2 V.s™); () Variation of the oxidation

peak current in function of the scan rate.

Table S2.1 Variation of the standard potential (V) over time in MeCN and in EMITFSI solution by using
Pt/poly(FcIL) reference electrode

Time/Day 0 1 2 3 7
MeCN 0.135 0.134 0.137 0.140 0.153
EMITFSI 0.112 0.112 0.111 0.109 0.103

85



Chapter 2 Surface modifications using electroactive ionic liquids and applications

GC
T Au
RCH,NH,
RCH,NH, e e Pt J

b

L]
RCH,NH Pt

[ ]
RCH,ND

Ge NHCH,R

Pt NHCD,R

Scheme 2.51 Scheme illustrating the electrochemical oxidation process by using primary amine

10 A 8

0.5

£

N

0.0

o

Current (uA)
Current (pA)

-4

Potential (V)/ SCE

060 01 02 03 04 05 06 07 00 01 02 03 04 05 06 07

Potential (V)/ SCE

Current (mA)
Peak current (pA)

_0.2 A A A A A A A A A A A N N

sk O Anodic peak current
O Cathodic peak current

00 01 02 03 04 05 06 07 038 0.0 0.2
Potential (V)/ SCE

0.4 0.6 0.8 1.0
Scan rate (V.s™)

Figure 2.52 Cyclic voltammograms of the polymer/GC electrode recorded at different scan rates: (a) from 20
mV.s'to 0.1 V.s!' ; () from 0.1 V.is'to 1 V.s; (¢) from 1 V.s! to 50 V.s!; (d) Variation of the

peak current in function of the scan rate.

86



CHAPTER 33

IONIC LIQUID-BASED MATERIALS TOWARDS
ELECTROCHEMICAL ACTIVATION OF SMALL
MOLECULES

In the past few years, ionic liquids have been demonstrated to be suitable as additives for
enhancing the catalytic performance of different materials. However, there are numerous open
questions about the role of the family of compounds in the field of electrocatalysis. In this
chapter, we try to develop different routes to employ ionic liquids and the polymeric ionic

liquids as catalysts in electrochemical activation of small molecules.

Keywords: Microwave, Solvent, nanoparticles, facile preparation, surface modification,
polymer brushes, selectivity, stability, platform, hybrid materials, oxygen reduction and

evolution reactions, hydrogen evolution reaction
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3.1 INTRODUCTION

Small molecules, such as hydrogen, oxygen, nitrogen and carbon dioxide, etc., take part in our
life not only by forming a protective atmosphere against cosmic rays but also through
participation in metabolism. Once these molecules entered into the interior of the living
systems, successive chemical transformations occur to maintain life. One typical example is the
photosynthesis in plants which transforms CO2 and water into carbohydrate and oxygen by
using solar energy. Inspired from the nature, numerous investigations have been performed to
point out safe and efficient ways to convert renewable energy into chemical energy and later,
into electricity. Typically, most of the electricity is produced by combustion of fossil fuels.
However, this approach causes severe consequences to the world economy and ecology,

including the fuel resource dependency and climate change.

Within this context, electrochemical energy storage and conversion systems including
rechargeable metal-air batteries and regenerative fuel cells, have been considered as promising
systems thanks to their high energy density and environmental benignity. These energy
technologies are composed, in principle, of 4 main reactions: oxygen reduction and evolution
reactions, hydrogen oxidation and evolution reactions (ORR, OER, HER, HOR, respectively)
that involve hydrogen (Hz) and oxygen (O2)'. While hydrogen and oxygen evolution reactions
are important to produced H2 and O: from water via water splitting, the ORR is a crucial
reaction in fuel cells and metal — air batteries. However, large activation barrier requires non —
negligible energy input to generate the product, which lowers the transformation efficiency.
Consequently, seeking for efficient and low — cost electrocatalysts, i.e. materials that can
accelerate the electrochemical reaction by minimizing the activation energy and increasing the
kinetic, attracts wide attention?”’. To obtain higher catalytic activity, two approaches can be
parallelly considered, either preparing novel materials or changing the elaborations methods by
using existing materials. Looking into the literature, electro-catalysts could be classified in three
categories, noble-metals, transition metals and carbonaceous catalysts®'°. To improve the
catalytic performance, several approaches have been investigated and reported. For example,
Pt alloyed with other metals such as Co, Ni, Fe or bimetallic Pt core-shell exhibited an enhanced
performance and stability!!!. For transition metals, composite materials proved to be able to
reach performance comparable to Pt based materials®!>!*. Carbonaceous catalysts based on
(doped) — nanocarbon'>"'7 (graphene, nanotube, nanofiber, polymer, organic/organometallic
compounds and carbon quantum dots) have been demonstrated to be a good alternative as a
new generation of low-cost catalysts. However, whatever the selected catalyst concepts, they
still suffer from multiple problems such as crossover effect and thus the durability for Pt based
catalysts'®, metal dissolution along with the low conductivity for non-precious metals'®, the
complicated preparation procedure and the strict synthesis conditions, e.g. carbonization at high
temperature (700 — 1200 °C), for carbonaceous catalysts*. Besides that, the choice of catalyst
for a reaction of interest is found to be restraint, e.g. for OER reaction, oxides of transition
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metal’! have been demonstrated as the best candidate while Pt — based catalysts exhibit
excellent performance towards ORR and HER'!"*2, Several studies were devoted to the most
recent achievements in the development and the design of catalysts for multifunctional purpose,
such as bi-functional catalyst for ORR and OER?***. The ongoing challenge is to design new
catalysts that rationalize several parameters including the performance, the stability, the
tolerance, and to some extent the bi/multi-functionality. Within this chapter, we will describe
the use of ionic liquid as a starting material to generate a new class of electrocatalyst. Our
strategy is based on two different approaches, the first one is the use of molecules based ionic
liquid to generated carbon doped nano-material and the second one is based on the use of

polymer ionic liquid as electrocatalyst.

3.2 IONIC LIQUID-BASED CARBON DOTS BY MICROWAVE ASSISTED
SYNTHESIS: NEW APPROACH FOR SELECTIVE H;0; PRODUCTION

In this part we will describe the generation of nano-carbon starting from ionic liquid solvent.
The synthesis of carbon dots (C-dots) was performed in ionic liquid, 1-ethyl-3-
methylimidazolium ethylsulfate (EMIES), using the microwave assisted solvothermal method.
Possessing similar functions as a household microwave, the laboratory microwave reactor
provides faster synthesis than conventional hydro/solvo-thermal methods with higher product
yield at controllable high temperature and pressure. Inspiring from the caramelization of sugar
at high temperature, a solution containing glucose (and L-glutamine) was heated in a microwave
reactor affording to the formation of carbon nanodots. In the following works, we will describe

the possible formation of C-dots in ionic liquid and their characteristics.
3.2.1 Synthesis and surface characterizations
Synthesis of carbon dots via microwave assisted method.

The microwave (MW) assisted synthesis is referred to a solvothermal process that involves the
use of solvent under moderate to high pressure and temperature to facilitate the interactions
between reactants during synthesis®*. Thus, by irradiating the reaction mixture under
microwave, polar solvent molecules, such as water, dimethylformamide (DMF), etc., are
undergone sinusoidal electromagnetic field. Consequently, these molecules interact strongly
with the field by flipping its orientation rapidly and bumping into surrounding ones to produce
heat. Unlike conventional heating methods where the heat diffuses from the wall into the core
side, microwave heating provides homogeneous baking temperature due to the deep penetration

of the microwave inside the solution.

Profiting numerous advantages offered by MW synthesis, we propose to use bottom — up
approach to construct the carbon dots from bio — based molecules, such as glucose and amino
acids, in ionic liquid solvent. As reported in the literature, thermal treatment of glucose conducts
to the formation of carbon particles by means of multi — step carbonization?*. Nevertheless,

high temperature and long reaction time are required, which can be avoided by using MW
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heating. Typically, the time scale can be reduced up to 1 or 2 orders of magnitude. For this
study, three C-dots were synthesized and labelled, C-dots — 1 generated from mixtures of ionic
liquid and glucose/glutamine, C-dots — 2 generated from mixtures of ionic liquid and glucose
and C-dots — 3 generated from mixtures of water and glucose/glutamine. Figure 3.1 summarizes
the typical synthetic route of C-dots in ionic liquid and the solution color change while

increasing the baking temperature.

OH oH O

a HO\)\;_/\.)I\OII

(E)H (E)H Microwave heating
7%wt. Glucose —_—
aQ 0

H,N OH o

H,N /—SO‘

3.5%wt. L-glutamine

Figure 3.1 (a) Typical Synthetic pathway of Carbon dots in ionic liquids media; (b) Corresponding samples at
different baking temperature.

Synthesis of C-dots — 1 and 3

The syntheses of C-dots — 1 and 3 were carried out in a monomodal microwave reactor (Anton
Paar 300). Typically, 1.4 g of glucose and 0.7 g of glutamine were dissolved under vigorous
stirring in 20 ml of 1-ethyl-3-methylimidazolium ethylsulfate (EMIES) (C-dots — 1) or in 20 ml
of distilled water (C-dots — 3) resulting to clear transparent solution. Then the mixture was
poured into a special-purpose vial for heating via microwave irradiation. The temperature ramp
was constantly kept at 1°C.s!. Different C-dots samples were obtained by varying the baking
temperatures. After 5 min of heating, the solution was cooled down to room temperature
followed by dialysis using cellulose membrane (Spectra/Por® Dialysis Tubing with MWCO =
7 kDa) for 48 hrs. Finally, the dialyzed suspensions of C-dots were centrifugated at 8000 rpm
for 20 minutes to eliminate non-desired agglomerations and the supernatants were collected

resulting to yellowish solutions and were ready for further uses.
Synthesis of C-dots — 2

Similar procedure was used for fabricating C-dots — 2. Briefly, 1.4 g of glucose was dissolved
in 20 ml of EMIES ionic liquid (C-dots — 2). Then, the solutions were heated with the

microwave assisted method for 5 minutes at controlled temperatures with a temperature ramp
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at 1°C.s™'. Once the solutions were cooled down to room temperature, the C-dots solutions were
purified by dialysis (MWCO = 7 kDa) followed by centrifugation as previously described.

For all the C-dots several baking temperatures were investigated as illustrated in Table 3.1.
However, the results of surface characterizations described in this chapter will be focused on
one selected temperature for each C-dots, namely 170° for C-dots — 1, 200° for C-dots — 2 and
150° for C-dots — 3.

Table 3.1. Summary of synthetic conditions for different C-dots

Samples

Temperature (°C)

Gluc-Glut in IL
(C-dots — 1)

90

110

130

150

170

190

200

210

220

240

Gluc in IL
(C-dots — 2)

160

180

200

220

240

Gluc-Glut in H,O

140

150

160

170

180

190

200

220

(C-dots — 3)

Surface characterization

The generated C-dots were first characterized using FT-IR, XPS, UV-Vis spectroscopies

techniques and transmission electron microscopy (TEM).

The FT-IR spectrum of C-dots — 1 (Fig.3.2a) shows a broad peak at 3300 cm™! corresponding
to stretching vibration of O-H groups. The peaks at 2920, 2850 and 750 cm™ correspond to the

stretching vibrations of aromatic and aliphatic C-H%.
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Figure 3.2 FT-IR spectrum of (a) C - dots -1; (b) C - dots -2

Besides that, the C=0 stretching vibrations were observed at 1665 and 1600 cm™' 2. The peaks
located at 1220 and 990 cm™! are attributed to the stretching and bending vibrations of C-N
group?’. For further comparison, the generated C - dots -2 (at 200 °C) were also characterized
by FT-IR as illustrated in Figure. 3.2b. The spectrum displays the same characteristics as those
reported in Figure. 3.2a, thus the peaks corresponding to the O-H, C-H, C=0, and C=N were
observed at similar wavelengths. Interestingly, the presence of -C — N vibrations for C-dots — 2
indicates the participation of the solvent, 1-ethyl-3-methylimidazolium ethyl-sulfate, to the

formation of the final product. In addition, a peak at 1480 cm™ corresponding to C=C stretching
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vibration and a peak at 1660 cm™ related to the C=N vibration are detected highlighting that
the C-dots — 2 contain more conjugated structure. The FT-IR analyses reveal the presence of
imidazole or imidazolium structure suggesting that the latter remain on the surface. These
results confirm the formation of N doped C - dots in the ionic liquid media with or w/o the
presence of additional nitrogen source (L-glutamine). Thus, the ionic liquid could be used as
source of nitrogen doping.

Further information about the chemical composition and the surface state of different elements
existed on the carbon dots was revealed by X-ray photoelectron spectroscopy (XPS). From the
survey spectra (Figure 3.3a), 4 fundamental elements of the as-prepared carbon dots are
identified as C(1s), O(1s), N(1s) and S(2p).

3 5
£ 8
© o
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1 1 1 1 A 1 A 1 A R N N CD§-1
1000 800 600 400 200 0 200 o995 290 285 280
Binding energy (eV) Binding energy (eV)
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Figure 3.3 (a) XPS survey spectrum of C - dots -1 and -2, (b), (¢) and (d) high resolution XPS spectra of C(1s,
N(1s) and S(2p). Inset figures display the deconvolution of the experimental spectra.

The deconvolution of the C(1s), from high resolution spectrum (Fig.3.3b. inset), exhibits the
presence of 4 components at the binding energies of 285, 286.1, 287.5 and 288.5 eV. The latter
could be attributed to the binding energy (BE) of carbon atoms derived from the carbon
backbone, amide group (C — N) from imidazolium ring, carbonyl group (C = O) and small
contribution of carboxyl group (—COOQ), respectively. Besides, a m — n* satellite peak located

at 292.5 eV corresponds to a typical conjugated system. For comparison, the C — N/ C — C ratio
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is found to be around 0.66 and 1.02 for C-dots — 1 and — 2 which is coherent with the FT — IR
results mentioned previously. Moreover, the N(1s) signal of C - dots -1 (Fig. 3.3¢ —black curve)
shows 2 components at 398.8 and 401.5 eV corresponding to typical pyridinic — and graphitic
— N structure?’. The ratio Ng/Np is found to be around 0.36 resulting to a pyridinic N — rich
structure of the C-dots — 1. Whereas, the opposite behavior was obtained with the C-dots — 2
whose ratio Ng/Np is equal to 7.4 resulting to graphitic N — rich structure. Even though the
atomic percentage is remaining similar for both types of C - dots (Table 3.2), the chemical states

change in function of the composition of the reactants.

Table 3.2 Atomic composition of C - dots.

Element C N o S

C-dots — 1 (% at.) 64.9 8.1 24.6 2.4
C-dots — 2 (% at.) 65.2 7.8 23.9

C-dots — 3 (% at.) 61.4 5.7 32.9 0

As discussed in the previous part about the contribution of the solvent molecule to the formation
of the C-dots, sulfur XPS signal was recorded as shown in the figure 3.3d and displays 2
components at 168 eV and 169.5 eV that are attributed to S(2p3/2) and S(2p1/2) peaks due to the
spin — orbit coupling. The binding energy of S is 168 eV suggesting the presence of sulfur oxide
originated from the ionic liquid anion. The presence of this element confirms the presence of

the ionic liquid anion at the extreme surface.

For comparison, the carbon dots synthetized in water in the presence of glucose and glutamine
mixture (7% wt. and 3.5 % wt. — C-dots — 3), the percentage of C(1s) is found to be in the same
range. However, the percentage of nitrogen decreases strongly from 8 % to 5.7 % and the
quantity of oxygen increase up to 32.9 %, confirming the insertion of ionic liquid into C-dots
structure. Furthermore, the use of EMIES solvent resolves the problem from the limited
solubility of glutamine in water during the carbonization. In addition, the N(1s) of C-dots — 3
1s composed from 4 components (Pyridinic —, Pyrrolic —, Graphitic — and Oxidized — N) (Figure
3.S1) instead of bi-component in the present cases. The difference of composition by using
EMIES solvent maybe due to its viscosity that reduces the nucleation and growth rates of the C

- dots resulting to more controllable structure.

To complement the physical — chemical properties of the as — prepared carbon dots, the
absorption and fluorescent spectra were recorded using aqueous dispersion of the carbon dots.
In general, the C - dots have been referred to nano-sized carbon particles that composed of C,
H, O and doping agent, as S, N, P, etc®®. The notion is far different from reported graphene
quantum dots (GQDs) which are oxygen-free and contain only sp’-hybridized C and H
(presence of doping elements is possible). Furthermore, GQDs do not emit light (i.e. non-
fluorescent). Consequently, C-dots have a more comprehensive definition compared to

graphene dots. As presented in the figure 3.4a, a broad absorption band was observed from 425
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nm to 200 nm indicating continuum of the degenerated energy level of the C-dots — 1. By
exciting the C - dots solution with different wavelengths ranging from 350 nm to 550 nm, the
corresponding fluorescent spectra were recorded. As shown in the figure 3.4a and c, two
behaviors have been revealed. By increasing the excitation wavelength, the fluorescent intensity
increases and reaches the maximum at 520 nm in blue — green region (Aexc = 425 nm) followed
by a decrease of the PL intensity. Furthermore, the emission peak position exhibits a red shift
from 500 nm (Aexc = 350 nm) to 600 nm (Aexe = 550 nm), i.e. blue — green to orange emission.

The behavior can be attributed to quantification of the energy levels for a quantum dot?*°,
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Figure 3.4 UV-Visible and Fluorescence spectra of (a, ¢) C-dots — 1 and (b, d) C-dots —2

In QDs, the charge carriers are confined in all three dimensions corresponding to the spherical
morphology observed with TEM, and because of this characteristic, the energy level of
electrons and the corresponding holes can be demonstrated as discrete*®*!. The band gap values
can be defined, in this circumstance, as the difference between highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) states. In addition, the
density of state for each level depends strongly to the local concentration of doping states. These
discrete energy levels cause the evolution in term of emission wavelength followed different
excitation energies. In the other hand, according to the previous study>, the strong electron

withdrawing ability of nitrogen atoms causes a distortion in the n-n* structure of the conjugated
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C planes which cause intra-band exciton annihilation (i.e. the m—m* electron—hole recombination

enhancement).

Similar behaviors were observed with C-dots — 2. However, unlike C-dots — 1, the plateau of
absorbance is narrower (< 350 nm) indicating a larger band — gap generated by this family of
QDs. Besides, by exciting the suspension with various excitation wavelengths, the highest PL
intensity is found to be at 480 nm which is attributed to Aexc = 400 nm. For a fair comparison,
by using Aexc = 425 nm, the emission peak is located at 500 nm resulting to a blue — shift with
C-dots — 2. As far as our knowledge, the photo-luminescent properties with a quantum yield
ranging from 5 to 30 % are attributed to almost synthetized carbon dots, i.e. carbon clusters
with nanometer scale?®. However, the exact mechanism of the photo-excitation (single/multi —

photon excitation) is remained at observational stage and required extensive investigations.

Even though the carbon dots do not swell in water, aggregation can be observed by comparing
the distribution in size by using 2 different techniques (Dynamic Light Scattering and TEM).
As shown in the figure 3.5 a, the hydrodynamic diameter of the carbon dots remains similar for
both types of particles (~ 100 nm). However, TEM image (Fig. 3.5b) shows a size distribution
ranging about 12 + 2 nm. Additional information about the surface charge of the C-dots can be
determined by using Zeta potential measurements affording a value of -25 + 6 mV and — 30 +
6 mV for C-dots — 1 and — 2, respectively. All these results confirm the possibility to generate
N doped C - dots using EMIES as nitrogen source.
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Figure 3.5 (a) Size distribution by DLS of (black) C - dots -1 and (red) C - dots -2; (b) TEM image of C- dots -

2. (Inset) Histogram of size distribution obtained by TEM

3.2.2  Electrochemical investigations of C-dots — 1

The oxygen reduction reaction, ORR, has been investigated by using C-dots — 1 suspension.
First, the C-dots — 1 generated from a mixture of glucose and glutamine in ionic liquid at
different temperatures were tested using linear sweep voltammetry (LSV) at rotating ring disk
electrode (RRDE). The C-dots were mixed in Nafion/EtOH (5% v/v) solution and deposited

onto RRDE electrode. All the results concerning the electrocatalytic performances were
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repeated using at least 5 different films. Figure 3.6a shows the LSV of various C-dots — 1
(obtained at different temperatures) performed in 0.1 M Oz-saturated KOH solution at 1600

rpm with 10 mV.s! as scan rate.
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Figure 3.6 (a) the ORR polarization curves, in O,-saturated 0.1 M KOH solution, using RRDE at rotation 1600
rpm with 10 mV/s scan rate for C-dots — 1 synthesized at different temperatures; (b) Variation of the
onset potential (V) in function of the baking temperature.

The polarization curves show clearly that the all of the N — doped C-dots — 1 exhibit pronounced
ORR electrocatalytic activity when compared to bare GC (black curve). The curves show two
reduction waves, suggesting the occurrence of the ORR probably through a consecutive two
electron steps with the generation of peroxides as an intermediate. From these curves, 2
important parameters for evaluating the catalytic activity of a given catalyst, onset potential and
current density, can be revealed. While the onset potential represents the thermodynamic barrier
of the reaction, herein the oxygen reduction, the current density displays the kinetic of the
reaction. In some context, the current density is more appreciated than the onset potential for
assessing the activity of a catalyst. In the literature, even though there is confusion about the
determination of the onset potential, there are 2 different ways, either the onset potential is
determined as the potential where the current starts to deviate from the baseline®® or it is
determined as the intersection between tangents from non — faradic zone and faradic zone**. In
this dissertation, the second method will be applied.

As shown in the Figure 3.6b, the evolution of the onset potential of various samples with the
synthetic temperature ranging from 90 °C to 240 °C exhibits gaussian-like curve with an
optimum at 170 °C (Eonset = 0.675 £ 0.007 V vs. RHE). Indeed, the C-dots — 1 sample prepared
at 170 °C displays the best performance towards the ORR as attested by not only more positive
onset potential but also higher current density.

In order to get more insight about the performance of the C-dots — 1 towards ORR, the
electrochemical investigations were complemented by performing the LSV on RRDE at various
rotation rates (Figure 3.7a). The selected sample is the C-dots — 1 prepared using
glucose/glutamine (7 %: 3.5% wt.) in EMIES at 170 °C. Figure 3.7a displays the observed
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current at the disk and ring electrodes showing two reduction waves that are both attributed to

two — electron reduction process affording hydrogen peroxide as intermediate.
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Figure 3.7 (a) ORR polarization curves in O,-saturated 0.1 M KOH solution using RRDE of C-dots — 1 sample
generated at 170 °C at different rotations speeds, (b) Koutecky-Levich plots at different potentials.
As the potential of electrode becomes negative, the limiting current is observed pointing out
that the diffusion process becomes dominant during the reduction process. Nevertheless, the
limiting current decreases at more negative potential, i.e. ranging from 0.45 to 0.3 V/ RHE,
affording peak — like rather than normal plateau — current. Moreover, the peak current becomes
more pronounced by increasing the rotation speed () suggesting that the catalytic activity is
lowered in this potential range. This phenomenon can be attributed to the inhibition of the
catalyst’s surface by temporal adsorption of the intermediate products. At lower potential, the
reduction current increases again and reaches a second plateau (E <0 V/ RHE), putting forward

for consideration the regeneration of active sites at the catalyst surface.

From the LSV results, the variation of the limiting current was plotted as function of the square
root of the rotation rate (Koutecky-Levich (K-L) plot) as shown in Figure 3.7b. Linear
relationship between j! and w2 was obtained, confirming that the reduction at the electrode

obeys the Koutecky — Levich equation as followed?>:

1 I 1
—=—t— ()
Jim J Jiev
Where the diffusion controlled current (Levich current)
2 1 -l

Jiew =0.20InFAD?*’v¢C  (3.2) with n, A, D, C, o, v corresponding to the overall number

of transferred electrons, surface area of the electrode (cm?), diffusion coefficient (cm?.s™!) and
bulk concentration (mol.cm™) of O, rotation speed (rpm) and kinematic viscosity (cm.s™!) of
the electrolyte solution. The value 0.201 is replaced by 0.62 if the unit of the rotation speed is
reported in rad.s™'.

While jk represents the kinetic controlled current, which can be determined from the intercept

of the K — L curves and related to several parameters as:
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Jo =nFAK, I i€ (3.3) where Koz and Teaulyst represent the rate constant of the chemical

reaction which limits the plateau current and the concentration of the active sites.

The value of the transferred electron number n varies from 2.25 to 2.15 within the potential
ranging from 0.3 to -0.2 V/ RHE indicating the production of hydrogen peroxide (Figure 3.7b).
These values suggest that the ORR catalyzed by the N-doped C-dots — 1 occurs preferentially
via two electron transfer pathways. Next, the electrochemical activity of the C-dots — 1 for
oxygen reduction to produce hydrogen peroxide was quantified using the ring current. Indeed,
the active materials deposited at the disk electrode reduce oxygen via different possible
pathways including 2 — electron and 4 — electron ones to produce H2O2 and water. However,
only hydrogen peroxide can be further electroactive. Under mass diffusion, the disk — generated
hydrogen peroxide reaches the ring electrode where positive potential is applied to oxidize them
to oxygen and water with a factor of efficiency (N).

The ORR current on the disk electrode is assumed as jp = jze + j4e (3.4) where j2e and jae
correspond to the current serves for 2 — electron and 4 — electron ORR, respectively. As a result,
eq3.1 induces following equation:

jD j2e j4e
2D e g e 3.5
n 2 4 (3-5)

€

As described, the ring current represents the necessary charge to oxidize H202, which is given

by j2e =jR /N ORR with N the collecting coefficient number.

By arranging equation 3.3, the equation 3.4 can be easily obtained, which can be further used
to calculate the number of electrons from RRDE measurements.
4]
n=——>2>— (3.6)
Jo+J: /N
The hydrogen peroxide percentage is estimated using the formula:
4— 200J, /N
T _ 2k (3.7)
2 Jo+J: /N

%H,0, =100.

Thus, the ring current shows positive values due to the oxidation of H202 at a potential of 1.2
V/RHE. Figure 3.8 displays the variation of the transferred electron number and the efficiency
of hydrogen peroxide production as a function of the potential. Overall, the C-dots catalyze the
oxygen reduction reaction mainly by 2 — electron process for a large potential window from 0.7
V to -0.2 V/RHE with the number of transferred electrons ranging from 2.15 to 2.25
corresponding to a quantity of hydrogen peroxide around 87 to 93 %. Despite similar electron
number was collected in this potential range, this 2 — electron reduction occurs at 2 different
potential ranges, i.e. [0.7 V; 0.2 V] and [0.1 V; -0.2 V], suggesting the co-existence of 2 kinds

of active sites that have different electrocatalytic performance.
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Figure 3.8 Variation of the electron number and the hydrogen peroxide percentage as function of the potential

for C-dots — 1 sample.

The number of exchanged electron and percentage of hydrogen peroxide were calculated for

the remaining samples at different baking temperature as shown in the figure 3.9.
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Figure 3.9 Variation of (a) the electron number and (b) the hydrogen peroxide percentage as function of the
baking temperature for C-dots — 1 samples

For all the samples, the number of exchanged electron is lower in the first potential range (red

dots), i.e. [0.7 V;0.2 V/ RHE], than the second range (black dots) ([0.1 V; -0.2 V/RHE]).

Therefore, the percentage of generated hydrogen peroxide is higher in the first region resulting

to higher selectivity towards 2-electron pathway’s product.

Furthermore, the samples with baking temperature lower than 170 °C exhibit, in average,
asymptotically an overall electron number of 2. While, the samples prepared at a temperature
higher than 170 °C, provide an electron number higher than 2.3, corresponding to a quantity of
hydrogen peroxide less than 75 %. By taking only the ne and %H20: into account, the C-dots
prepared at 130 °C present highest selectivity towards production of hydrogen peroxide (ne =
2.05 and %H202 = 97 %). However, the later unveils higher overpotential (20-30 mV) and
lower current density (jizo°c/ji70°c = 0.75) compare to C-dots/170°C. By considering different
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factors, optimal synthetic condition for C-dots — 1 to achieve the best performance is 170 °C

for 5 min under microwave irradiation.

For complementing the influence of the EMIES solvent onto the selectivity of the C-dots
towards generation of hydrogen peroxide, C-dots — 3 synthetized using a mixture of glucose/
glutamine (7%: 3.5% wt.) in water at 170 °C were evaluated for ORR. The latter gives higher
electron number (ne = 2.4) and percentage of H202 around 80%, suggesting a large loss of
selectivity. As a result, EMIES has greatly contributed not only to the formation of the carbon
dots as doping source but also to the enhancement of the catalytic activity of ORR toward H202
production. The ORR activity of nitrogen doped carbon matrix is attributed to the adjacent
carbon atoms to the nitrogen due to the polarization generated by the difference of
electronegativity of these elements. It has been demonstrated, by means of experiences and
theoretical calculations that the selectivity towards formation of hydrogen peroxide of nitrogen
—doped carbon materials is strongly depended not only on the atomic percentage of the nitrogen
inside the material but also on the configuration of the nitrogen including oxidized quaternary—
, pyridinic—, graphitic— and pyrrolic— nitrogen?®. It is found that higher selectivity is obtained
with high content of graphitic nitrogen which are located far from edge site of the graphite
sheet’’ %, Having already described previously that the ratio of N¢/Njp, for C-dots — 2 is found to
be 16 times higher than the value found for C-dots — 1, the C-dots — 2 are expected to provide
a higher selectivity towards production of hydrogen peroxide. Within this context, different

samples C-dots — 2 synthetized at different temperatures were then evaluated.
3.2.3 Electrochemical investigations of C - dots -2

The electrochemical catalytic activity of C-dots — 2 generated in the presence of 7 % wt. of
glucose in ionic liquid solution (EMIES) under microwave at different baking temperature
during 5 min was investigated. Figure 3.10 shows the electrochemical responses of different C-
dots — 2 towards the ORR.
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Figure 3.10 (a) the ORR polarization curves, in O2-saturated 0.1 M KOH solution, using RRDE at rotation 1600
rpm with 10 mV/s scan rate for C-dots — 1 synthesized at different temperatures; (b) Variation of the
half-wave potential (V) in function of the baking temperature.
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As displayed, the catalytic activity varies in function of the conditions of preparation
(temperature). The C-dots prepared at 200 °C exhibit the most pronounced catalytic activity by
both owing more positive onset potential (Eonset = 0.68 V/RHE) and higher current density (2
mA.cm™ at 0.5 V/ RHE) than other samples.

To get insight the catalytic activity of these particles, polarization curves at different rotation
speeds were recorded for the C-dots prepared at 200 °C during 5 minutes in O2 — saturated
alkaline solution. As illustrated in the Figure 3.11a, the shape of the LSV curves appears similar

to the responses of C-dots — 1.
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Figure 3.11 (a) ORR polarization curves in O-saturated 0.1 M KOH solution using RRDE of C-dots — 2 sample
generated at 170 °C at different rotations speeds; (b) Variation of the electron number and the

hydrogen peroxide percentage as function of the potential for C-dots — 2 sample.

Briefly, 2 reduction waves, at the potential ranging from 0.7 V to 0.3 V and from 0.3 V to -0.2
V/RHE, were obtained resulting from different active sites inside the particles. Importantly, as
expected, the selectivity of the C-dots — 2 towards production of hydrogen peroxide is boosted
by decreasing the number of electrons ranging from 2.05 to 2.15. Despite the presence of non
— desirable quantity of pyridinic — N that lowers the selectivity of the C-dots, the percentage of
H20: is retained superior to 90 % over a large range of potential from 0.6 V down to -0.2
V/RHE, i.e. the active potential window is calculated to be at least 0.8 V.

In addition, the Figure 3.12 displays a general picture of the evolution of the selectivity of the
as — prepared C-dots in function of the synthetized temperature. In the first potential window,
[0.6 V; 0.2 V], all of the C-dots samples exhibits higher catalytic activity (%H202 > 85%).
However, the catalytic performance decreases in the second potential range where the C-dots
at 200 °C expose less variation than the others, indicating best performance in both potential

windows.
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Figure 3.12 Variation of (a) the electron number and (b) the hydrogen peroxide percentage as function of the
baking temperature for C-dots — 2 samples

Compared to the C-dots — 1 (generated in IL glucose/glutamine at/170 °C), an increase of 5 %
of hydrogen peroxide is obtained over the studied potential range, confirming the role of the
graphitic — N which is more abundant in the present product. However, the temperature needed
to prepare the C-dots — 2 is 30 °C higher than in case of the C-dots — 1, suggesting difficult
insertion of the EMIES molecules to the glucose induced carbon network. This difference could
be due to the ring opening reaction of the EMIES by nucleophilic addition followed by
elimination at the carbon atom adjacent to 2 nitrogen atoms (C (2)) as illustrated in Scheme
3.1%.

Scheme 3.1 Ring — opening reaction of EMIES®

Looking into the literature, efficient catalysts for reducing oxygen via 2-electron pathways with
high percentage of H202 (> 85 %) have already been reported. Nevertheless, all of the reported
selectivity is maintained within relatively narrow potential window. Interestingly, in this

present work, the C-dots synthetized by carbonization of glucose in ionic liquid (EMIES) under
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microwave irradiation offer wider accessible potential range with a comparable selectivity
towards formation of hydrogen peroxide. A comparison between different types of C-dots
prepared by microwave assisted method in the present work and previously reported results in

the literature is presented in the table 3.3

Table 3.3 ORR parameters obtained on different C-dots and the comparison with the literature

Onset Number of | Number of | Maximum Potential
Samples Potential | electrons at | electrons at | of %H20:2 range (V)
(VYRHE | [0.7V;0.3V] | [0.1V;-0.2V] %H>0,> 90 %
C-dots — 1
(Glucose/Glutamine 0.67 2.2 2.4 90 04
in EMIES)
C-dots — 2
(Glucose in EMIES) 0.68 2.05 2.15 95 0.8
C-dots — 3
(Glucose/Glutamine 0.65 2.2 2.6 85 0
in H,0)
C-dots — 4
(Glucose in Hx0) 0.67 2.7 2.5 75 %)
Mesoporous
N—doped C* 0.5 2.1 93 0.4
PtHg/C NPs*"! 0.75 2.2 90 0.3
HELGN G 0.75 2.7 68 %
graphene
Hlerarchtcally43 03 71 20 — 95 03
porous carbon
Co/C composite™ 0.55 2.05 80 — 90 0.4
RF — AQ/Vulcan® 0.25 2.2 85 0]
Mesoporous
N-doped carbon™ 0.5 21 06 0.2

In order to explain the origin of the enhanced catalytic activity and selectivity of the as —
prepared C-dots, mechanistic investigation was performed via the study of the evolution of
Koutecky — Levich lines in function of the applied potential. After each 5 mV in the first
potential range of [0.637 V; 0.562 V] and in the second range of [0.212 V; 0.062 V] where the
reaction is controlled by the electron transfer kinetic, the variation of j”! as function of w™"> was

plotted as shown in the Figure 3.13a and b.
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Figure 3.13 Koutecky-Levich plots at different potentials range from (@) 0.637 V to 0.562 V, (b) 0.212 V to 0.062
V vs RHE; (¢) Evolution of the K — L slope as function of the potential and (d) Tafel plot for C-dots

— 2 sample

All the plotted curves exhibit linear relationship following Koutecky — Levich equations.
Nevertheless, the slope of the K— L lines changes as the potential range change, indicating the
variation of the kinetic current, jk. To follow the evolution of the jk, the current — intercept of

each line was calculated, giving 1/jk.

Figure 3.13 displays the corresponding Tafel plot in which the variation of the potential in
function of the logarithm of the jk is followed in the 2 potential ranges. As the kinetic of the
oxygen reaction is relatively slow, i.e. the overpotential is large, the current density is calculated
noFn
RT

the exchange current density.

0

as: j=jo, exp( (Eq.3.8) where 1 the overpotential, a the transfer coefficient and j°

For the electron transfer, there are two distinct notions, labelled the electron transfer coefficient
(a) and the factor of symmetry (). Even though it is widely known that the value of a is around
0.5, this term seems to be source of confusion. It comes from a specific situation that the value

of a is equal to the one of . Consequently, these concepts should be clarified.

At the early stage of electrochemistry, it was proposed that the electron transfer kinetic is mainly
attributed to the neutralization of ions at the vicinity of the surface by an electron from the
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electrode without paying attention about how it happens. Later, the quantum mechanics
proposed a clear explanation of the way electron leaves the surface, i.e. tunneling effect. From
the basics of quantum mechanics, when the Fermi level of the electrode and the available orbital
of the species are adjusted at the same energy, the electron can tunnel between the electrode
and the molecules without any loss of energy. Considering a system where the acceptor

molecule is attached to the electrode surface via an electron transfer (Scheme 3.2).
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>
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=
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y

Ground state after ET Ground state before ET

Distance

Scheme 3.2 Shift in energy — distance curve caused by application of an overpotential*’

It is noted that the bond activation energy (A&) is less than the original gap energy (AE),

resulting to the following equation*’

A (3.9)

0

By assuming that the energy — distance follows linear relationship as presented and by using

intercept theorem for different triangles, the equation 3.9 can be represented as:

AL AL, AE+(AL, -AE")  AE'+A(AY)

= 3.10
AE" AE, AE’ +nF AE’ +nF (3-10)
A AA
which can be satisfied only if A_EO = (—F&‘) = (3.11). The B value represents the ratio
n

between the activation energy that makes the tunneling happened and the energy gap of non-

activated bond.

Aé’;z - tan(y) (3.12)
AE tan(0) + tan(y)

From the scheme 3.2, inset, the value of B is equal to
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If the slopes of the energy — distance are roughly equal, the equation 3.12 becomes
B =0.5 (3.13)withtan(y) = tan(0)

However, even though the use of 0.5 in different electrochemical equations, this value must not

be attributed to the symmetry factor, but it has to be referred to the transfer coefficient (o).

By considering a multi-electron reaction: A + ne” & Z in which the rate — determining step is
assumed as: O + re” 5 P where r the number of electrons involved in the RDS (r = 0 consists
to a chemical determining step while r = 1 indicates electron transfer step). During the
transformation from A to Z, n =s +r v + s’ where v the number of molecules produced by the
RDS needed for next step; s, s’ are the number of electrons involved before and after the RDS,
respectively. The reaction from A to Z can be decomposed as a consecutive sequence of

different reactions as:

Stepl Step2 Step s—1 Step s

A+e——=B+e—-—=C+e———....... M+e———=N+e—-—=0
_ Step sto s+v
v(O+re")e—e—— VP
St +v+1 Step s+v+2 St -1 St
VPte-c— 2 Q+e—c 2 R4e—c........ 22X+ 2 Y+e- 27

The cathodic current for the reaction is calculated as

= Fk,.C, exp(%) = Fk,.C, exp(_f%) (3.14) %8

lcath

where E: the potential of the interfacial reaction at equilibrium, which is defined by

E, =El + %ln {a—"} 4. Eeq? is the standard equilibrium potential.
T ao

Assumed that the total reaction is treated by using pseudo-equilibrium method where only the
rate determining step is slower than others and alone control the overall reaction rate while
other steps are in the equilibrium conditions. By using this hypothesis, the concentration of

different species involved in the first step is:
~BFn ~(1-p)Fn
K,.C —)=C ——) (3.15
1-C o exp( RT ) B €XP( RT ) ( )
conducting to C, =K,.C, exp(;:—;]) (3.16)

with the K the equilibrium constant, which is define by AG’ =—RT]II(K), conducting to

0
K= Cprod =exp -AG react—prod
RT

—2fn,) 317
_T )(3.17).

Accordingly, C. =K,.C, exp(%) =K,.K,.C, exp(

1/v
Via consecutive sequence, the concentration of O is: C, = {H Ki} C, exp(%) (3.18),
i=1

resulting to
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I'BF s 1/v —*F _rB
i |=Fk,.C, exp( “) Fk, [HK} C,exp(— v —)-exp( T”)
i=1
S S
" 1 (—+rB)Fn (—+rB)Fn
:Fko.h:[Ki} .c:A.exp(—VT)zigmh exp(—VT) (3.19)

/v

withi? . =Fk,. [H K, } A »labelled exchange current

For the backward reaction, the same argument is followed where

—BF —-(1-B)F . F
K C, exp(%) =C, exp(%) (3.20), suggesting C, =K, .C, exp(ﬁ) (3.21)

/v '
Then, C, = { H K, } .CZV exp(%) (3.22), conducting to
i=s+v+l1

s+v+1

— I —Fn 3
L = FkP'CP exp(%) = Fk |:H K, i| Clz/v CXp( VRT ).exp(r(l B)Fn)

RT

. v [SH(I—B)}FH
:ka.{ I1 Ki} Cexpi Y (3.23)

RT

i=s+v+l

s+v+l1
by replacings’=n-s—rvand i’ = {H K. } .C!v, the anodic current becomes
(n s _rBj P
i =i expv— (3.23b)
an an RT *

Consequently, the measured current is given by

n-s
(v —rBan (§+rB)Fn
=i, exp il exp(- V) (324)

. . _ . 20 0
Assumed that the system is in quasi-equilibrium condition, 1, =1_, ,

n-s S
v Fn (—+r1rB)Fn
i=i, —i,, =i"|exp RT —exp(—VT) (3.24b)

The transfer coefficient for the anodic and cathodic reactions are given below:

o =

a

(3.25) and o, =~+1B (3.26)
A%
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The plot of n = f(log(j)) gives a linear relationship with a slope of 2.3RT/aF, called Tafel slope.
This value represents how fast the overpotential increases with the current density and has been
used to investigate the reaction pathways. Taking an example of the ORR via 4-electron

pathway in which the first reduction step is RDS, the transfer coefficient is determined as

o, = Sy B = 0.5 , suggesting a theoretical Tafel slope of 120 mV.dec™'. For C-dot system, in
v

these 2 regions where the reaction is controlled by the electron transfer kinetic, the linearity of
the curves E = f(log(jk)) results in to 2 different Tafel slopes with a value of 114 mV.dec!
(KL1) and 364 mV.dec™ (KL2) as reported in the figure 3.13d. The inequality of the Tafel slope
in the two region induces a difference of either the mechanism or the rate — determining step
(RDS) in function of the applied potential. In the literature, these values are referred to an
associative mechanism (Eq.3.27 — 3.33 and scheme 3.3)* in which the oxygen — oxygen bond -

cleavage is not involved as the second step (Eq. 3.28).

0) OH OH
0 5 o/
-l ..
©
+OH D %H

Scheme 3.3 Oxygen reduction reaction via 2-electron and 2+2-electron pathway

O, +% =0, 4, (Eq.3.27)
Oy sy T€ =00 ) (Eq.3.28)

00" 4 +H,0—> OOH ., +OH" (Eq.3.29)

OOH ,,, +e — HOO" (Eq.3.30) —2—electron pathways
OOH 4 +€ O (4t OH" (Eq.3.31)

O(ads) +H,0+e — OH(adS) +O0OH" (Eq.3.32) p =2+ 2 —electron pathways
OH ., +e —OH +% (Eq.3.33)

Furthermore, figure 3.13c displays the calculated slopes for different K — L lines. A small
variation of the slope in the first KL region (zone 2) is observed, which is not the case in the
second region (zone 1), suggesting an evolution of the diffusion-controlled regime that is
compromise with the K — L equations. As discussed in the precedent part, the jLev depends on a

single parameter that is the rotation speed under saturated oxygen condition. However, in
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realistic conditions by considering the influence of the interface between the catalyst and
electrolytic solution, the mass transport is less important than the adsorption of the electroactive
species on the catalytic sites. During catalytic reaction involving adsorbed electroactive species,
the concentration of oxygen depends not only on the bulk concentration of the species but also
the coverage percentage at the catalyst surface, noted 0°°. It is denoted for 1! order reaction, the
reaction rate is defined as v = kO = j/nF with k the rate constant. Consequently, in the same
kinetic regime, the slope must be constant, and the K-L lines is differed only by the kinetic
current, i.e. the activation barrier induced by the applied potentials. As results, the non — parallel
behavior of the K — L lines in the first potential range indicates that the oxygen reduction is not
1* order one, suggesting the first electron transfer as rate — determining step (RDS) (Eq.3.17).
Consequently, the reaction can be presented as v = ki100[O2] — k201[e] with 6o and 61 denote the
surface coverage of empty sites and of O2ads), respectively. Moreover, the calculated Tafel
slope of 114 mV.dec™!, which is practically equal to 120 mV.dec!, has been reported in the
literature as the typical value of Tafel slope for the first electron transfer as RDS. In the second
K — L zone at the potential ranging below 0.2 V/RHE, the K — L lines are found to be parallel
resulting to a 1% order reaction with a Tafel slope of 364 mV.dec™!, suggesting the protonation
of O27ads to HO2ads (Eq. 3.29).

In summary, carbon dots have been successfully synthesized by means of microwave assisted
methods using bio-based materials and ionic liquid. The glucose and glutamine in ionic liquid
as starting materials lead to the formation of nitrogen doped carbon dots. Surface analyses
confirm the presence of pyridinic and graphitic nitrogen and imidazolium and ionic liquid anion
at the CDs surface. In addition, the nitrogen of the ionic liquid within the imidazolium ring
successfully replaced the nitrogen source (glutamine). In this case, the generated CDs exhibits
only the presence of graphitic nitrogen. The synthesized CDs were tested towards the oxygen
reduction reaction. As a result, both CDs show a promising activity towards the ORR with a
high selectivity towards the hydrogen peroxide production. The CDs generated in the presence
of glucose and ionic liquid exhibit outstanding performance and selectivity for the ORR through
the 2-electron pathway with an efficiency of H202 production up to 90% over a large potential
range 0.8 V. This work not only demonstrates the possibility to generate nanoscale doped
carbon dots in ionic liquid, but also provides an efficient metal-free catalyst for H20:2

production.
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3.3 POLY({ONIC LIQUIDS) AS NOVEL CATALYST TOWARDS OXYGEN
REDUCTION REACTION AND OXYGEN EVOLUTION REACTION

In the previous part, we reported the utilization of an ionic liquid molecule, EMIES, as solvent
and doping agent for fabricating highly selective C-dots towards generation of H2O:. It has been
clearly demonstrated the important role of the ionic liquid (EMIES) in the catalytic performance
of the synthetized particles. Following this directive reflection, we attempt to investigate the
use of polymer brushes ionic liquid, poly(IL), as an emerging catalyst for ORR. This part will
be devoted to answer the question on the potential use of poly(IL) as catalyst. We will describe
the surface characterization of the generated poly(IL), the electrochemical properties of the

electrode/poly(IL) interface and the electrocatalytic performance.
3.3.1 Structural characterization

Following the analogous procedure detailed in the chapter 2 for preparing polymeric ionic
liquid functionalized substrates by SI — ATRP, the 1-methyl-3-vinyl imidazolium TFSI

(VImM) was used as monomer (Scheme 3.4) for the upcoming studies.

HN/r
HN
BN T
—/ @ >

\—/ §

CuCl, CuCly,, PMDETA
50°C, 2hrs under Ar atm

Scheme 3.4 Scheme illustrating the SI-ATRP process

Following the SI-ATRP polymerization, the surface analyses were performed by investigating
the chemical composition of the polymer using X-ray photoelectron spectroscopy (XPS).
Figure 3.14b represents the survey spectrum of the polymer ionic liquid, Poly(1-methyl-3-
vinylimidazolium), abbreviated Poly(VImM), modified Au wafer using SI — ATRP. Typical
signals of chemical elements from the polymer framework are observed, including C(1s), O(1s)
and N(1s). As reported in the inset table, the atomic percentage of nitrogen and carbon is found
to be around 10 % and 34%, respectively. It results to a ratio C/N about 3.4 times which is
relatively close to the theoretical value obtained from the chemical structure of the monomer
(C/N = 3), indicating the presence of the Poly(VImM) onto the Au surface. Figure 3.14c and d
display the core level high resolution spectra of C(1s) and N(1s) elements. The deconvolution
of the C(1s) spectrum exhibits the presence of 4 components at binding energy of 285.2, 286.5,
287.2, and 288.9 eV which can be attributed to the binding energy of carbon atom derived from
the C backbone (C—C), amide (C—N), (—C=N) group from imidazolium ring, and —COO from
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the surface contamination, respectively’!. The main N(1s) signal appears at 401.7 eV is

attributed to imine group from imidazolium ring>'.
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Figure 3.14 (a) Scheme illustrating the SI-ATRP process; (b) XPS survey spectrum of Poly([EMI*][A’]; (¢) and
(d) high resolution XPS spectra of Cls and N1s

Furthermore, the presence of the polymer layer was then visualized by scanning electron
microscopy (SEM) and atomic force microscopy (AFM). The SEM image (Figure 3.15a) shows
2 distinguishable regions via difference of contrast. The bright side represents non — modified
Au wafer where the dark — side reveals an increase of the altitude, marking the existence of the
polymer layer. To get further information about the nano-structuration of the film, AFM was
performed. The 2D-AFM image exhibits homogeneous and grainy directional structure of the
poly(VImM) (Figure 3.15b). Furthermore, the 3D-AFM confirms the organization of the
polymer units in a brush-like structure with an average thickness around 18 nm (AFM scratch
— test by using contact mode) (Figure 3.15¢c, d). Overall, the morphological and structural

analyses confirm the formation of nanostructured poly(VImM) brushes at the electrode surface.
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Figure 3.15 SEM and AFM investigations. (@) SEM image of poly(VImM) onto Au substrate. (b) and (¢) AFM
topography and 3D AFM image of poly(VImM), image size 4x4 um2. (d) Cross section after AFM
scratch experiment.

3.3.2  Electrochemical behaviors of poly(ionic liquid).

Prior to assess the catalytic performance of the polymeric ionic liquid layer, the electron-
transfer properties at the Poly(VImM) interface were evaluated in the presence of outer-sphere
(ferrocene methanol) and inner-sphere (potassium ferricyanide) redox probes. The electron
transfer in an outer-sphere system occurs by tunneling across a thin layer of solvent, while an
inner-sphere system requires a strong interaction with the electrode®?. The cyclic voltammetry’s
(CV’s) of modified glassy carbon with a bromide initiator layer (GC/Br initiator) and
GC/Poly(VImM) were performed in the presence of ferrocene methanol and potassium
ferricyanide (Figure 3.16a).

For FcMeOH (green curves), both electrodes depicted a well-defined reversible redox system
with a peak-to-peak separation, AE, of 60 mV, highlighting the presence of fast electron
transfer, despite the presence of the thin initiator layer and the poly(VImM) brushes.
Conversely, the CV’s responses of ferricyanide (bleu curves) show different behaviors. Thus,
on GC/Br initiator (bleu dashed line), the AE is extremely high, 700 mV, suggesting low
electron transfer rate attributed to the presence of the initiator layer that act as a barrier against
the electron transfer of the inner sphere redox probe. Whereas, the CV recorded on

113



Chapter 3 ITonic liquid-based materials towards electrochemical activation of small molecules

GC/Poly(VImM) exhibits a reversible electrochemical signal and shows a decrease of AE to 60
mV indicating fast electron transfer.
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Figure 3.16 (a) CV response for bare GC and poly(VImM) electrode in the presence of ferrocene methanol,
FcMeOH, and potassium ferricyanide (K3Fe(CN)g) at 1 mM in 0.1 M KOH aqueous solution; (b)
Electrochemical impedance spectroscopy at bare and poly(VImM) GC electrodes in the presence of
1 mM potassium ferricyanide in 0.1 M KOH at a frequency of 100 kHz to 1 Hz.

The reason for such behavior is linked to the poly(VImM) brush structure which has a labile
anion that could be replaced by ferricyanide. The anion exchange of ferricyanide within grafted
ionic liquid layer has been already reported by our group®. In this situation, the ferricyanide
interacts strongly with the polymer film leading to anion exchange and, therefore, the
incorporation of ferricyanide moieties within the polymer. The presence of ferricyanide in the
vicinity of the electrode promotes the electron transfer of ferricyanide at the polymer solution
interface. To confirm this result, the charge-transport properties were characterized by
monitoring the charge-transfer resistance (Rcr) at the electrode—electrolyte interface. Figure
3.16b shows the electrochemical impedance spectroscopy (EIS) plots at GC/Br initiator and
GC/polymer electrodes in the presence of 1 mM [Fe(CN)s]** in 0.1 M KOH at a frequency
of 100 kHz to 1 Hz. The RCT value for GC/Br initiator is found to be 35 kQ while the
GC/Poly(VImM) displays a value around 307 Q. This result demonstrates the fast electron
transfer of the inner sphere redox probe at the polymer surface.

3.3.3  Performance of Poly(ionic liquid) towards ORR and OER

The mechanism of the oxygen reduction reaction has not been well established yet, but several
steps were clearly identified, including the oxygen adsorption, oxygen bond cleavage, and the
release of the intermediates®. The ORR is an inner-sphere redox reaction that involves several
key steps, including oxygen adsorption, O—O band splitting. As the Poly(VImM) accelerate the
electron transfer of the inner-sphere system, the electrocatalytic activities of this polymer

toward the ORR was investigated.
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Figure 3.17 (a) CV and (b) LSV at 900 rpm of bare GC and GC/poly(VImM) in O,-saturated 0.1 M KOH solution.

Figure 3.17a compares the cyclic voltammograms recorded on the bare GC and
GC/poly(VImM) electrodes in an Oz-saturated aqueous alkaline solution. The CV depicts two
typical reduction waves for oxygen reduction occurring probably through the peroxide route.
Compared to bare GC, the as-prepared GC/poly(VImM) shows a pronounced electrocatalytic
ORR activity as attested by the positive onset potential shift (80 mV) and the increase of the
peak current density (from 0.18 to 0.45 mA.cm™). Compared to the state-of-the-art noble-metal-
free catalysts, the performance of the poly(IL) is still lower!*?°. However, the observed catalytic
activity combined with the facile synthesis of the polymer, in the absence of carbonization step,
supports the potential use of poly(VImM) as a metal-free electrocatalyst for the ORR.

To get more insight about the performance of the poly(VImM) toward ORR, linear sweep
voltammetry (LSV) using rotating disk electrode (RDE) was performed. Figure 3.17b shows
clearly that the GC/poly(VImM) electrode exhibits pronounced ORR electrocatalytic activity
when compared with bare GC. The onset potential is 0.68 V vs RHE, and the limiting diffusion
current density is 2 times higher than that of bare GC (at —0.2 V). The investigations were
complemented by performing the LSV on rotating-ring disk electrode (RRDE) at various
rotation rates (Figure 3.18a).
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Figure 3.18 (a) ORR polarization curves using RRDE at different rotations speeds for GC/poly(VImM) electrode;
(b) The Koutecky-Levich plots for GC/poly(VImM) electrode at different potentials; (¢) Evolution of
electron transfer number as function of the potential; (d) Variation of the hydrogen peroxide
percentage at bare GC and poly(VImM) as function of the potential obtained from RRDE plots in O»-
saturated 0.1 M KOH solution.

The curves show a two-reduction process, suggesting the occurrence of the ORR through
consecutive two electron steps with the generation of peroxides as intermediates. The
Koutecky—Levich (K—L) plot was performed to determine the number of electrons, n, involved

12 was observed at different

in the reduction process. Linear relationship between j! and o~
potentials and the value of n varies from 3.4 to 3.6 within the potential range of 0.4 to —0.2 V
(Figure 3.19c¢). These values suggest that the ORR catalyzed by the poly(VImM) involves two-
and four-electron transfer pathways. In addition, the average yield of HOz™ is about 20% within
the potential range 0.6 to —0.2 V (Figure 3.18d). These results suggest the preferential

occurrence of ORR through four-electron process.

The Tafel plot (Figure 3.19) shows a slope of 78 and 97 mV.dec™! for GC/poly(VImM) and
bare GC, respectively, demonstrating the improved kinetics and ORR performance. In the
literature, metal-free catalysts involving carbon-based materials and doped carbon with

different heteroatoms have been reported'®. These materials were prepared using different
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thermal processes at a temperature range from 700 to 1000 °C>*°, However, in our study, the
poly(VImM) was used as prepared without additional thermal treatments. Based on the above

results, it is concluded that the poly(VImM) exhibits clearly an enhancement of ORR.
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Figure 3.19 Tafel plot for (blue) Bare GC and (red) GC/Poly(VImM)

Based on the above results, the poly(VImM) exhibits clearly an enhanced ORR activity that
could be explained by two factors — explicitly the chemical composition of the poly(VImM)
and the brush organization. Indeed, the origin of the catalytic properties can be attributed to the
presence of nitrogen atoms (electron-rich dopant) in the imidazolium ring that induces a high
electron density and, consequently, generates a positive charge density of carbon atom located
between the nitrogen atoms. The hierarchical polymer brush structure enhances the electron
transfer and also the accessibility of water and oxygen®!-*¢. In addition, the presence of positive
and negative charges within the polymer could induce several effects, including the
enhancement of oxygen solubility in the vicinity of the electrode material, favor the oxygen
adsorption, and participate in the release of intermediates species through electrostatic
interaction’’. In recent works, the covering of nanocarbon-based catalysts with an ionic liquid
layer showed improved ORR kinetics®®*>’. In a similar way as observed in an ionic liquid, the
poly(ionic liquid) could enable the formation of a preferential water channel that assists proton
transportation between the imidazolium and water molecules®. Furthermore, previous works
have reported that imidazolium has acidic proton at the position 2, which could promote the
interaction with oxygen molecules. Even though the fundamental understanding and the origin
of C—H--*O hydrogen bond is still a matter of debate, Singh et al.®! reported that the strong
interaction between the hydrogen within the imidazolium ring and oxygen atom occurred at
C(2)—H. Gewirth et al.®> demonstrate the role of proton-coupled electron transfer (PCET) in the
modulation of the ORR mechanism. In our case, the acidic character of the C(2)—H could act
as a proton carrier and thus enhance the catalytic activity through the efficient O—O bond

activation/cleavage.
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Figure 3.20 Proposed mechanism for oxygen reduction within Poly(VImM) layer

To confirm the crucial role of C(2)—H, the latter was replaced by a C(2)-CH3 group within the
monomer structure. Next, the SI — ATRP was applied to the new monomer and the catalytic
activity of poly(VImMM) was evaluated. Figure 3.21a, orange curve, shows a poor O:
reduction activity, which is comparable to the non-modified GC electrode. This result was
further confirmed by the high yield of HO2™ around 70% and a number of electron transfer
around 2 to 2.5 (Figures 3.21b). Thus, the replacement of hydrogen by a methyl group at
position 2 inhibits the oxygen reduction activity, confirming the important role of acidic proton
on C(2) in the imidazolium.
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Figure 3.21 (a) ORR polarization curves using RRDE and (b) Variation of the electron number in function of
the potential for (black) Bare GC, (blue) GC/Poly(VImMM) and (red) GC/Poly(VImM)

Besides, the brush organization of the poly(VImM) plays also an important role in the observed
catalytic activity. In additional experiments, the poly(VImM) was performed using direct
electrochemical reduction leading to the formation of a homogeneous film onto GC electrode
(e-poly(VImM)) as reported in the previous chapter (Chapter 2). Besides, 1-(1-aminoethyl)-3-
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(p-nitrophenyl)ethylimidazolium was grafted onto electrode surface, by means of
electrochemical reduction of in-situ generated diazonium group, affording thin compact film of
ionic liquid modified GC (d-IL). Thus, the electrochemical behaviors of the modified surface
with compact films in redox probes solution, FcMeOH and K3Fe(CN)¢, displayed high peak —
to — peak separation in both solutions, suggesting a strong blocking effect. As consequent, for
oxygen reduction, the diffusion of oxygen inside the polymeric film is strongly affected. It has
been demonstrated that the nanodiffusion inside the electrocatalytic film and the catalytic
performance of the material are strongly coupled®. Subsequently, ORR activity on e-
poly(VImM) and d-IL was evaluated, showing lower activity (similar to that recorded for bare
GC) when compared with the polymer generated using the SI-ATRP process (Figure 3.22).
Indeed, the hierarchical polymer brush structure enhances the electron transfer and also the
accessibility of water and oxygen. This experiment evidences the important role of the brush
like structure in ORR activity.
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Figure 3.22 ORR polarization curves using RRDE for different morphologies prepared by various approaches

The stability of the polymeric film was evaluated by chronoamperometry (j vs. t) under
diffusion-controlled conditions at 900 rpm in O2— saturated alkaline solution for 10000 seconds.
As presented in the figure 3.23, by applying a fixe potential at 0.4 V/RHE, the current retention
is remained at 100 % during the time-lapse of 10000s. For comparison, the commercial Vulcan
X72 (Pt/C) was used as reference that exposed dramatically decrease to 80 % after the same
period. Even though the current density provided by the polymer layer is still far from the value
given by Pt/C catalyst, the presented result indicates a strong stability of the Poly(VImM)/GC
towards oxygen reduction reaction resulting from the covalent bonding of the polymer and the
electrode via SI -ATRP process.
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Figure 3.23 Stability of (red) GC/Poly(VImM) and (black) Bare GC under amperometric conditions at 0.4 V/
RHE with rotation speed of 900 rpm in O-saturated 0.1 M KOH solution

Beside the ORR, the oxygen evolution reaction (OER) is another important reaction for energy
storage and conversion systems, particularly regenerative fuel cell. The challenge within this
topic is to find bifunctional catalysts presenting an efficient catalytic activity toward the ORR
and OER. The electrocatalytic activity for the OER of the as-prepared poly(VImM) was
evaluated in alkaline solution (Figure 3.24).
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Figure 3.24 OER polarization curves using RRDE for (black) Bare GC and (red) GC/Poly(VImM)

The catalytic performance of the substrate in presence of the polymer layer is strongly enhanced
with an increase of the current density of 1 order of magnitude and a notable decrease of the
onset potential (150 mV). For similar reasons as described above, the enhancement of the OER
activity could be linked to the chemical composition and to the surface organization in brush-
like structure of the poly(VImM). In the literature, carbon-based catalysts have been
investigated for OER; thus, nitrogen-doped carbon (N/C) nanomaterials exhibit notable

activity. This activity was linked to the carbon (adjacent to N atoms) carrying positive charge
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that favor the adsorption of OH™. In our case, the OER activity can be attributed to the presence
of nitrogen (electron rich dopant) in imidazolium generating a high electron density and as
consequence generating a positive charge density of carbon that adsorb OH™ and thus

accelerating the catalytic cycle of OER.

3.4 POLY({ONIC LIQUIDS) AS TEMPLATE FOR GENERATING HYBRID
CATALYST MATERIALS

Owing high density of cation and anion within the polymer layer, the latter can be further used
as host — guest platform for receiving other materials in order to generate hybrid catalysts that
possess higher catalytic performance and multifunctional character. In this part, the potential
use of the poly(VImM) as a host guest platform for other catalysts has been investigated. In this
subsection, we will investigate the effect of adding nanoparticles onto the polymer brushes
structures on the electrocatalytic performance of the hybrid material, poly(IL)/NP, toward
ORR. Thus, we will investigate the case of the C-dots (case of C-dots 2 and 3 generated in
glucose ionic liquid and mixture glucose/glutamine in H20, respectively), commercial Pt/C

nanoparticles and Au nanoparticles.

3.4.1 Poly(ionic liquid) and Carbon dots

C-dots/Nafion ink

<

>
\ 1. Drop-casting method \
GC/Poly(VImM) 2. Dried in oven at 50 °C GC/Poly(VImM)/C-dots

Figure 3.25 Scheme illustrating the deposition procedure of CDs on poly(IL)

To evaluate the electrocatalytic performance of our materials, the N-doped CDs, microwave
assisted CDs preparation in glucose ionic liquid, were deposited onto bare glassy carbon and
onto poly(VImM) modified glassy carbon electrodes as presented in the figure 3.25. Figure
3.26a displays the LSVs curves recorded as function of the rotation speed, from 400 to 2500
rpm, at scan rate 10 mV.s™'. In this case, two reduction waves were observed with all the studied
materials. To evaluate the influence of the C-dots, Poly(VImM) modified GC was used as
prepared without further addition of C black. The electron transfer number calculated with
RRDE is 3.2, which is coherent with the value found by using Koutecky-Levich plots. The
electron number varied in two steps, the first step from 0.7 V to 0.3 V/ RHE that gave an
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electron number around 3.2 while the second step from 0.1 V to -0.2 V/ RHE gave a ne around
3.4. From 0.3 V to 0.1 V, a transition can be observed indicating the two-successive- step
mechanism for oxygen reduction reaction occurring at the modified electrode. The mechanism
is then confirmed by observing the quantity of produced hydrogen peroxide, which followed
the two-step variation of ne. Precisely, the main product at the first reduction wave is hydrogen

peroxide (40%), then the percentage of H20: is reduced during the second reduction wave
(30%).

Interestingly, by adding C-Dots — 3 to the modified GC, the calculated electron transfer number
using K-L plots, was found to be at ne = 3.5 at 0.6 V vs. RHE which was strongly enhanced
compared with the electron number provided by each component. In addition, from 0 to -0.2 V
vs. RHE, the electron number reaches saturation level close to 4 electrons (ne = 3.9). The results
are evidenced by calculating the ne and the quantity of hydrogen peroxide using eq. (3.6) and
(3.7) as shown in Fig.3.26¢. The quantity of hydrogen peroxide decreases and reaches a lowest
value around 5 % at -0.2 V vs. RHE. This result indicates the high selectivity for ORR activity
of the prepared material by forming water as final product.
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Figure 3.26 (a) ORR polarization curves using RRDE at different rotations speeds for GC/poly(VImM)/C-dots-3
in O,-saturated 0.1 M KOH solution; (b) Koutecky-Levich plot for GC/poly(VImM)/C - dots -3 in
function of the potential; (¢c) Evolution of the electron number and %H»0, as function of the potential
of (dark curves) GC/poly(VImM)/C-dots -3 and (pale curves) GC/C-dots -3
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The observed change of the catalytic reduction of ORR is certainly related to the synergetic
effect between the Poly(IL) and CDs. The combination poly(IL) and C-dots3 may generate and
expose a new catalytic site more favorable for the ORR following the 4e” pathway. The
enhancement of the ORR performance of the hybrid material might correspond to a strong
interaction between the positive charge provided by imidazolium ring and the N-doped C-Dots.
According to the reported work about the interaction between ionic liquid (EMI'SCN") and
graphene surface, different interactions can be occurred at this interface®. The n-m stacking
effect between the imidazolium aromatic ring and the conjugated C planes of the graphene can
be one of the factors for the adhesion of the C-Dots onto poly(VImM). However, as the
synthetized C-Dots contains partially amorphous structure, the present m-m stacking effect
cannot be considered as main interaction between the 2 components. The electrostatic
interaction could explain the synergetic effect. Indeed, the positive charge of imidazolium ring
can attract the nitrogen and oxygen contained functional groups ({-Ec-dots3=-24 + 5 mV). The
electrostatic interaction involves the decrease of the electron density of not only the most acidic
proton of imidazolium ring but also the nearby carbon active sites from the pyridinic nitrogen
(Np) of the C-Dots. This effect could favor the adsorption of oxygen and the reduction process
should be easier following the mechanism below. The polarization curves show the absence of
peak — like current as in the previous studies using C-dots, suggesting that the graphitic nitrogen
(Ng is not involved into the interaction between the polymer chain and the C-dots. In our case,
the Ny is incorporated into the carbon network while the N atoms are located at the edge side,

providing a higher probability to interact with the polymer.

201T

Figure 3.27 Proposed mechanism for oxygen reduction within Poly(VImM)/C-dots 3

As described in the previous part, the dissociative mechanism in the case of poly(VImM) is
strongly unfavorable because of the high flexibility of the chains. By embedding the C dots
inside the film, the degree of freedom of the polymer brushes decreases leading to a less flexible
system and higher ionic transport. The electrostatic interaction between the ionic liquid polymer
and the N-doped C dots generates new active sites in which the oxygen can interact with both
components as shown in Fig.3.27. In addition, the size of the C dots is around ten nm

corresponding to a surface area around 314 nm? with a high concentration of nitrogen functional
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groups. Resulting from the large surface of the C dots, a large quantity of the ionic liquid-C
active sites of C dots can be formed leading to the formation of high concentration of the dual
active sites at the interface C dots and poly(ionic liquid). This process can be associated to a
dissociative mechanism, where the oxygen binds to the catalyst surface via two adjacent active
sites under conditions where the distance between 2 active sites has to be equal to the length of
the molecular oxygen bond. We suggest that the molecular oxygen migrates into the active site,
one head is linked to the C(2) of imidazolium ring by hydrogen bonding while the other head
is linked to the C(2”) of the C dots which is adjacent to the nitrogen functional group. The O =
O bond is broken with one oxygen atom at C dots surface and one oxygen atom adsorbed at
ionic liquid chain.

In order to demonstrate clearly the important role of polymeric ionic liquid during the oxygen
reduction reaction, the as-prepared C-dots 2, microwave assisted CDs preparation in a mixture
glucose/glutamine in H20, were used. In term of current density, it is clearly displayed that in
the first potential range, [0.7V; 0.3V], the current density provided by polymer/C-dots hybrid
is lower than that value obtained using only C-dots system (Figure 3.28a).
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potential for (dark curves) GC/Poly(VImM)/C-dots 2 and (pale curves) GC/C-dots 2

It indicates that the diffusion inside the catalytic film change in the presence of the polymeric
film. Being discussed for multiple times in previous parts that the Poly(VImM) brushes create
water channel to conduct oxygen molecules to the active sites. As supposed that the interaction
between the imidazolium rings and pyridinic nitrogen is crucial in the current system, the
oxygen is oriented towards the duel active sites (C(2)—H - C/Np) leading to a hindrance of the
Ng catalytic sites. However, in lower potential region, the current density of the substrate in
presence of polymer chains is higher when compared to the value offered by GC/C-dots 2,
which is coherent with the proposed mechanism. The figure 3.28b shows that the number of
exchanged electrons is strongly enhanced from 2 — 2.2 to 3.4 — 3.7 for two potential windows.
Consequently, the percentage of hydrogen peroxide decreases down to 20% in the potential
ranging from 0.2 to -0.2 V/ RHE by using GC/Poly(VImM)/C-dots 2.
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The figure 3.29 summarizes the number of transferred electron and quantity of hydrogen
peroxide generated at -0.2 V/ RHE. Significantly, the poly(vinyl imidazole) shows a restraint
affinity towards C-dots with similar number of electron and hydrogen peroxide rate in presence
and in absence of C-dots, confirming the crucial role of the cationic properties of the polymeric
ionic liquid layer. Briefly, we have investigated a facile route for making efficient full organic
electrocatalyst toward oxygen reduction reaction. The hybrid material poly(ionic liquid)/C-
dots-3 exhibits a high selectivity for reducing oxygen to water (95 %) at -0.2 V vs RHE. Our
preliminary results demonstrate that the interaction between ionic liquid and carbon-based
materials is strongly involved into the reduction mechanism. In addition, our approach provides

green materials with low cost means catalysts for further applications in metal-air batteries, fuel

cell, etc.
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Figure 3.29 Summary on the electrocatalytic performance in presence (red) and in absence (black) of C- dots -3:

(a) electron number and (b) quantity of hydrogen peroxide at -0.2 V/ RHE.

3.4.2  Poly(ionic liquid) and metallic NPs

In this part, the most efficient catalyst platinum catalyst, commercial Pt/C, was introduced by a
drop casting over the poly(VImM), and the catalytic performance of the hybrid material was
investigated (Figure 3.30). As expected for Pt/C, the curve shows a single-step plateau (Figure
3.30b grey curve) corresponding to the ORR reduction through 4e™ process. Interestingly, when
the Pt/C catalyst is supported onto poly(VImM)/GC an increase in the ORR activity is observed
as attested by the positive half-wave potential shift (+40 mV) and the increase of the limiting
current density from —4.5 to —5 mA c¢m 2 (Figure 3.30b red curve). This was also confirmed by
measuring the » value and the %HO:" involved in the ORR process (Figure 3.31). As an
example, at 0.3 V the nis 3.97 + 0.02 and the %HO2" is below 1% for Pt/C/poly(VImM), while
for Pt/ C the n value is 3.92 + 0.03 and the %HO:>" is 3%. The Tafel slope, measured in the low
overpotential, of Pt/C/poly(VImM) is 54 = 4 mV dec”!, which is smaller than that of Pt/C (59
+ 3 mV dec™'), suggesting the high intrinsic catalytic activity of the hybrid material (Figure
3.54).
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Figure 3.30 (a) ORR polarization curves using RRDE at different rotations speeds for GC/poly(VImM)/Pt/C

electrode; (b) ORR polarization curves using RRDE at 1600 rpm for (grey) GC/Pt/C, (red)

GC/poly(VImM)/Pt/C in O»-saturated 0.1 M KOH solution; (¢) Koutecky-Levich plot for (grey)

GC/Pt/C, (red) GC/poly(VImM)/Pt/C in function of the potential.

5 4.00

a - -H - GCIPtIC b
- -O - GC/Poly(VimM)PtC | _
at & 398}
e ‘® c ‘o u
!~ PR . (. B m- - N
o 3 . & 396 PR LT N
I = b i o.
< l‘. g o 0 .o Oy
2} " 5 394f .
. - u
" o’ 0°° § "
L] . -nm .
1F U T L R Rl ¥-71 EECENE
-0-0-0-0-0-0-0-0-0" te e
| 0r0-0-0-0 - - GCIPtIC
0 L 3.90 ., . --0--GC/Poly(VImM)/Pt/C
0.3 0.4 0.5 0.6 0.7 0.8 0.3 0.4 0.5 0.6 0.7 0.8
Potential (V)/ RHE Potential (V)/ RHE

Figure 3.31 (a) Evolution of electron transfer number as function of the potential; (b) Variation of the hydrogen
peroxide percentage at GC/Pt/C and GC/poly(VImM)/Pt/C as function of the potential obtained
from RRDE plots in O»-saturated 0.1 M KOH solution.
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The Pt/C/poly(VImM) catalyst exhibits a slight improvement in ORR activity that is linked to
the presence of the poly(IL). Indeed, this enhanced activity could be explained by several
factors, including the synergetic effect of the hybrid catalyst, the role of the poly(VImM) in
improving the interface between the Pt/C and the GC thanks to a lower charge transfer

resistance, and the improved dispersion of the catalyst.

To bring more insight about this point, similar investigations were performed using Au
nanoparticles as catalyst. It is well — known that Au is an inefficient catalyst for ORR. In this
experiment, Au NPs were added onto poly(VImM)/GC and their ORR catalytic performances
were evaluated and compared to the Au NPs deposited onto GC. Our results show that the Au
NPs display oxygen reduction occurring through the peroxide route with an electron-transfer

number around 2.7 within a potential range 0.2 V to —0.2 V (Figure 3.32b).
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Figure 3.32 (a) ORR polarization curves using RRDE at 1600 rpm for (black) GC/Au NPs and (red)
GC/poly(VImM)/Au NPs in O-saturated 0.1 M KOH solution; (h) Variation of the exchanged
electron number as function of the potential.

However, for AuNPs that are drop cast onto poly(VImM)/GC, a higher catalytic activity is
observed (Figure 3.32a), and the onset potential is shifted by 150 mV when compared with the
AuNPs/GC catalyst. In addition, the electron-transfer number for the hybrid catalyst is found
to be around 3.5 over a potential range 0.5 to —0.2 V. These results confirm the presence of a
synergetic effect between the AuNPs and the poly(VImM). Even if the initial material shows
an inefficient catalytic performance towards the ORR, its deposition onto ply(IL) provide to the

hybrid material higher performance.
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Figure 3.33 (a) ORR polarization curves using RRDE at different rotations speeds for GC/poly(VImM)/Pt/C
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GC/poly(VImM)/Pt/C in Os-saturated 0.1 M HCIOj4 solution

The electrocatalytic performances of the Pt/C/poly(VImM) were also investigated in acidic
media. Figure 3.33a shows the LSV curves for Pt/C/poly(VImM) at various rotation speeds in
0.1 M HCIO4.The curves exhibit a reduction plateau suggesting a diffusion-controlled regime
within the potential range of 0.3 to 0.6 V/ RHE. Figure 3.33b shows the improved catalytic
activity of Pt/C/ poly(VImM) for ORR when compared with the Pt/C, in acidic media, as
attested by the positive potential shift around 25 mV along with the increase of the limiting
current density. Furthermore, the n value and the %H20: of Pt/C/poly(VImM) are found to be
4 and 0.1% over the potential range 0.9 to 0.3 V/ RHE (Figure 3.S6), confirming that the ORR
in acidic media occurs exclusively via a 4¢~ pathway (O2 + 4H" + 4~ — 2H20).
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Figure 3.34 Variation of the relative current (a) in 0.1 M O, — saturated KOH solution at E = 0.4 V/ RHE and ®
= 1600 rpm and (b) after the methanol injection by using bare GC, poly(VImM), Pt/C and
poly(VImM)/Pt/C.
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The Pt based catalysts suffer from multiple limitations, including the vulnerability to the
crossover reactions. Within this problematic characteristic, methanol tolerance of
Pt/C/poly(VImM) was evaluated. The Pt/C exhibits an instantaneous relative current decay to
55% after methanol injection (Figure 3.34b), whereas a less-pronounced variation is observed
for poly(VImM) and Pt/C/poly(VImM) with a current attenuation to 85 and 75%, respectively.

Besides the ORR, the oxygen evolution reaction OER is another challenge for energy storage
and conversion systems. Iridium and ruthenium oxides are the efficient electro-catalysts for the
OER®. Several reviews were devoted to the most recent achievements in the development and
the design of catalysts for ORR and OER®* %, The ongoing challenge is to design new catalysts
that rationalize several parameters including the performance, the stability, the tolerance, and
to some extent the bi-functionality. To this end, the bi-functionality of these materials towards
ORR and OER is further explored.

The electrocatalytic activity of poly(VImM) after incorporation of Pt/C toward the OER was
evaluated in alkaline solution. Figure 3.35a shows that the poly(VImM) has a catalytic activity
when compared with bare GC, but lower than that observed for Pt/C which is an inefficient
catalyst for OER. One is noted that even if the poly(VImM) displays catalytic activity, it is still
far below than the iridium and ruthenium oxide catalysts. More interestingly, the hybrid

material based on Pt/C/poly(VImM) exhibits pronounced catalytic activity compared with Pt/C.

Figure 3.35b compares the catalytic activity of Pt/C and Pt/C/poly(VImM) in alkaline media.
The Pt/C/poly(VImM) offered higher current densities and lower overpotentials for both ORR
and OER reactions when compared with Pt/C. The overpotential of the hybrid material at 2
mA.cm 2 is almost 200 mV lower than that for Pt/C. As a result, the poly(IL)/Pt shows a
potential use as a bi-functional catalyst for ORR and OER. This study provides simple and new
strategies for preparing poly(IL)-based catalyst or hybrid materials that combine the poly(IL)
and other metal catalysts.
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Figure 3.35 (a) OER polarization curves at 10 mV/s and 1600 rpm in O»-saturated 0.1 M KOH solution recorded

on bare GC, poly(VImM), Pt/C and poly(VImM)/Pt/C. (b) LSV plots comparing the ORR and OER
in in O-saturated 0.1 M KOH solution at Pt/C and poly(VImM)/ Pt/C catalyst.
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3.5POLY(IONIC LIQUIDS) AS TEMPLATE FOR ELECTRODEPOSITION OF
METALLIC NANOPARTICLES

In the previous parts, we demonstrated the possible use of immobilized polymeric ionic liquid
layer as active material towards oxygen reactions. Besides that, the polymer ionic liquid was
successfully used as a platform for host guesting other catalysts providing a synergetic effect
to the hybrid materials. Even though the increase of the catalytic activity of the as — prepared
substrates, the interface between ionic liquid moieties and the particles is relatively vague. In
this part, the poly(IL) is used as a nanostructured platform for guiding the electrochemical
deposition of metallic nanoparticles. The poly(1-allyl-3-methylimidazolium) (PAMI) is
prepared by means of surface-initiated atom transfer radical polymerization as reported in our
previous works. Next, the electrochemical deposition of metal onto GC/poly(IL) has been
performed. It has been demonstrated that the hybrid materials possess bi-functionality towards
oxygen reactions (ORR and OER). In this part, we would like to introduce a multifunctional
aspect of the polymeric ionic liquid-based materials. Thus, the catalytic reaction, hydrogen
evolution reaction (HER), has been chosen to evaluate the catalytic performance of the
materials. Being known as the best candidate for hydrogen evolution reaction, noble metals

were used, including palladium and platinum.

3.5.1 Electrochemical deposition of M NPs (M = Pt, Pd) in presence of immobilized PIL and
its catalytic performance

The metal is deposited onto the electrode surface, GC/poly(IL), by chronoamperometry
technique, which consists to apply a fixed potential in the presence of metallic salt (Na2PdCl4

or K>PtCl4) dissolved in aqueous solution (Figure 3.36).
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Figure 3.36 Procedure for Electrochemical deposition of nanoparticles onto GC/PAMI substrates
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Depending on the applied potential, the nucleation and growth of the metallic structure at the
GC/poly(IL) are different, resulting from the difference of thermodynamic barrier. To cover a
large window of deposition potential, different samples were prepared with a deposition
potential ranging from 0.2 V to -1 V/ SCE at a fixed time (100 s). Afterwards, the electrodes
were then rinsed thoroughly with water and characterized in aqueous acidic solution. As shown

in the Figure 3.S6c¢, the typical electrochemical response of Pd decorated GC/poly(IL) electrode

130



Chapter 3 ITonic liquid-based materials towards electrochemical activation of small molecules

was recorded in N2-saturated 0.5 M H2SO4 solution. At a potential higher than 0.7 V, an anodic
peak is observed corresponding to the oxidation of Pd NPs. These oxidized species are reduced
at 0.4 V. Besides that, the reduction peak at the potential ranging from 0V to -0.4 V corresponds
to the proton reduction/hydrogen adsorption and the reverse peak attributed to hydrogen
evolution/desorption. Similar CV’s shape for Pt NPs decorated GC/poly(IL) was also observed
as presented in the Fig.3.S6d. Briefly, the transformation of metallic platinum into oxide is
occurred at 1.3 V/ SCE and the reverse reaction is located at 1.2 V/ SCE. Even though the
hydrogen adsorption peak is hindered by the HER, the anodic peak indicates a strong desorption
of theH2 molecule from the Pt surface. These electrochemical characterizations confirm the
electrodeposition of Pd and Pt over the GC/poly(IL) electrode.

ITO/PAMI/Pt NPs; (d) ITO/Pt NPs deposited at -0.6 V/ SCE

Scanning Electron Microscopy (SEM) leads to determine the size and the morphology of the
deposited materials. Typical images of the samples prepared by depositing Pt or Pd on
GC/poly(IL) electrodes are presented in the figure 3.37a,c. The remaining images Figure
3.37b,d display the samples prepared in the absence of the polymer layer. The SEM revealed
that the morphology and the size of the particles deposited onto ITO are different depending on
the presence or the absence of the polymeric ionic liquid layer. Common behavior for both
metals is the formation of nanoparticles after the electrochemical deposition. The size of the
particles decreases in the presence of the poly(IL) layer. For Pd NPs deposited onto

ITO/poly(IL) a smooth surface was obtained with a very dense layer composed from small
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particles (< 50 nm) (Figure 3.37.a) while nanocubes with larger size (up to 200 nm) were
obtained in the absence of the PAMI layer (Figure 3.37b). In the case of the platinum particles,
smaller nanospheres were observed in the presence of the PAMI (Figure 3.37¢). By depositing
metallic nanoparticles via chronoamperometry technique, the measured current is composed of
3 components, including the double layer charge contribution, the 2D-instantaneous nucleation
and 3D nucleation with diffusion-controlled growth® "', From the SEM images, the formation
of 3D nanoparticles was observed, conducting to elimination of the 2D contribution. Indeed,

the currents recorded in the figure 3.S6a-b can be attributed to:
=]t &(3:34)

Where Jads =k1 e>q)(—k2t) (3.35) is the current attributed to the ions adsorption which is based

on the Langmuir-type adsorption—desorption equilibrium with ki = k2.qads and qads is the total

charge density due to the adsorption process

1/2,1/2
Tt

1/2
And the = ZfD—C{l—exp{—2\/§n3/2N0C”2Vrln/2D(t—%ﬂ}(3-36) is

attributed to the 3D-nucleation controlled by diffusion (zf, D, C, t, No, Vm, and A correspond
to the molar charge transferred during electrodeposition, diffusion coefficient, bulk
concentration of electrolyte, number of active sites, molar volume of the deposit and the
nucleation rate constant). The relationship between the nucleation rate constant and the

deposition potential is given by:

n_+ao)ze
A(E) = A’ exp(—% Ej (3.37) leading to the number of atoms in critical nucleus is

C

kT dlnA
=—(— I;: j—oc(3.38) where Ao is a constant which depends on the nc, k is the
ze,

Boltzmann constant, o cathodic charge transfer coefficient and eo the elementary charge.

112
z
In summary, by simplifying with p, = T and p, = 2\/§n3/2N0C1/2V¥2D , the final current

is given by j=k, exp(kzt)+&{l—exp {—pz (t—l_exiﬂﬂ} (3.39) resulting from the

12
t

mechanism of Langmuir — type adsorption/desorption equilibrium followed by 3D nucleation
under diffusion-controlled regime. Consequently, the measured current, especially the
nucleation rate constant varies with the applied potential. It could result to a difference of the
final crystallographic configuration of the deposited nanoparticles, leading to a difference of
catalytic activity of the nanoparticles in function of the deposition potential. Even though the
mechanistic investigation of nucleation and growth of the nanoparticles is still at the spectacular

stage, it is still possible to conclude that the nucleation of nanoparticles is strongly affected by
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the concentration of metallic ions at the vicinity of the electrode surface. By combining the
SEM images and the polymer brushes structure, possible explanation can come from the high
density of cations within the film that are converted to numerous nucleation sites for the
formation of the final film. Consequently, smaller size particles are obtained by using poly(IL)

as template, i.e. higher specific surface area, rather than big particles in the absence of PAMI.

The hydrogen evolution reaction is evaluated by using the samples prepared at different
deposition potential ranging from 0.2 V to -1 V/ SCE. The LSV polarization curves were
recorded in N2 -saturated 0.5 M H2SO4. The HER on GC/poly(IL)/Pd NPs starts at low cathodic
potential, resulting to a low overpotential after which the reduction current increases rapidly.
Compared to the bare GC electrode, all the modified electrodes exhibit strong catalytic activity
towards HER. As the growth of the particles are different by changing the deposition potential,
their activity is considerably varied (Figure 3.38a), involving the onset potential and the current
density (Figure 3.38b). The sample prepared by applying a potential at -0.2 V/SCE exhibits the
most positive onset potential (-0.22 V/RHE) at a current density of 20 mA.cm™.
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Figure 3.38 (a) HER polarization curve (LSV) at 10 mV.s-1 in 0.5 M H,SO4 aqueous solution on GC/PAMI/Pd

NPs deposited at different potentials; () Variation of onset potential as function of deposition
potential.

It is well — known that the proton reduction can follow 2 pathways depending on the surface
state of the catalyst either the Volmer — Heyrovsky or the Volmer — Tafel mechanism. Being
considered as model catalytic reaction, the HER is a typical example of two — electron transfer

33 32

reaction with an intermediate (H— * where denotes catalytic site). The detailed reactions

are given below’?:

Volmerstep: H'+e +* > H* b= 2.3RT ~120mV.dec”  (3.40)
2.3RT
Heyrovskystep: H*+H" +¢” —>H, +* b= (IZSW ~40mV.dec'  (3.41)
_|_

_23RT

Tafelstep: 2H*—>H, b ~30mVdec'  (3.42)
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The reaction rate is largely depended on the adsorption of the proton onto the catalyst surface,
i.e. the adsorption free energy (AGn). If the binding energy is too low, the adsorption becomes
rate determining step, RDS, (Volmer step) whereas if the binding energy is too strong, the
desorption step becomes rate determining step (Heyrovsky/Tafel step). To correlate the reaction
rate and the mechanism, Tafel slope is used. The Tafel step is pointed as RDS if the
corresponding slope is around 30 mV.dec™! (Eq.3.42). The value indicating Heyrovsky step as
RDS is calculated to be 40 mV.dec™! (Eq.3.41). Tafel slope of 120 mV.dec™ is attributed to the
surface coverage of adsorbed hydrogen or Volmer step (Eq.3.40).

Relying onto the literature, it has already been demonstrated that the adsorption of hydrogen
into the noble metal lattice results to either the formation of metal hydride surface at positive
potential/ reversible H'/Hz potential, so — called underpotential deposited hydrogen (H-UPD),
or overpotential — deposited hydrogen, H-OPD, which is generated below H/H2 potential. It
has been demonstrated that H-OPD are intermediates for the reduction reaction while the H-
UPD remain spectator during the process’>. Several works reported that Pd — based materials
are suitable for hydrogen storage, H-UPD, issue from strong permeability and high solubility
of hydrogen at Pd surface’>’*. Thus, the adsorption of H-OPD may be limiting factor for the
catalytic performance of the Pd — based materials. In our case, values close to 120 mV.dec™!
have been obtained for all of the samples (Figure 3.39a), suggesting that the adsorption of the

hydrogen into the catalyst surface is the limiting step.
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Figure 3.39 (a) Tafel slope towards HER in 0.5 M H,SO4 aqueous solution on GC/PAMI/Pd NPs deposited at

different potentials; (b) Variation of onset potential as function of deposition potential.

0.2

The evolution of the Tafel slope as function of the deposition potential is reported in the Figure
3.39b. The GC/poly(IL)/Pd NPs prepared at -0.2 V/SCE exhibits the lowest Tafel slope of 90
mV.dec’!, suggesting improvement of the adsorption of the H-OPD. However, the value of the
Tafel slope is relatively subjective since the latter depends on the choice of the j-V region and
the iR-drop correction. Therefore, the only possible conclusion that can be announced is the

exclusion of combination and ion — atom reactions as the limiting steps. Despite the need of
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more powerful analysis tools for achieving exact mechanism, the clear standpoint is that the
electrochemical deposition in the presence of the immobilized ionic liquid layer enhances the
adsorption of hydrogen.

In the absence of the polymeric ionic liquid layer, the GC/Pd NPs electrode prepared under the
same conditions exhibits lower catalytic activity compared to the electrode in the presence of
the ionic liquid polymer (PAMI), resulting from a higher overpotential (npanes = 240 mV vs.
npamipaNes= 215 mV at 20 mA.cm) (Figure 3.40a). Figure 3.40, inset, shows the Tafel plot for
GC/Pd NPs and GC/poly(IL)/Pd NPs, indicating a lower slope, i.e. higher H — adsorption rate,
for the electrode containing the poly(IL). This result is further confirmed by the electrochemical
impedance spectroscopy tests. As shown in the Figure 3.40b, the charge transfer resistance is
lower in the presence of the polymer ionic liquid layer (1 kQ compared to 3.5 kQ), suggesting
a higher electron transfer between the catalyst and the electrode surface. From these results, we
could confirm that the presence of polymeric ionic liquids influences not only the nano-
structuration of the metallic layer but also its catalytic performance.
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Figure 3.40 (a) HER polarization curve (LSV) at 10 mV.s-1 in 0.5 M H,SO4 aqueous solution (inset)

Corresponding Tafel plot; (b) EIS curve recorded at -0.2 V/ RHE on GC/Pd NPs and GC/PAMI/Pd

NPs deposited at -0.2 V/ SCE, (inset) Equivalent Randle circuit.
Even though improvement of the catalytic activity through the presence of poly(IL), the
performance of the poly(IL)/Pd is still far from the activity of platinum, which is referred as
one of the best electrocatalysts towards HER. Indeed, similar approach has been performed to
Pt based catalysts. The electrochemical deposition was performed onto GC/ poly(IL)electrodes
using different deposition potential during 100s in aqueous solution containing Na>PtCls as Pt
precursor. Afterwards, the catalytic activity of different electrodes was evaluated towards HER
in 0.5 M Nz-saturated H2SO4 solution as displayed in the figure 3.41. The performance of
GC/PAMI/Pt NPs varies as function of the deposition potential as observed for the Pd — based
electrodes. From the figure 3.41b, one notices that the highest onset potential is obtained at -50

mV/RHE corresponding to the sample prepared under amperometric conditions at -0.6 V/ SCE.
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This sample shows an overpotential of 70 mV at 20 mA.cm™ which is among the most efficient

catalysts towards HER>7>~"7
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Figure 3.41 (a) HER polarization curve (LSV) at 10 mV.s-1 in 0.5 M H,SO4 aqueous solution on GC/PAMI/Pt
NPs deposited at different potentials; Variation of (b) onset potential and (c,d) Tafel slope as
function of deposition potential.

Next, the Tafel curves were plotted and the slope were calculated from different samples
(Figure 3.41c, d). It has already been demonstrated that the Volmer — Tafel mechanism occurs
when the H — coverage is very high (0 ~ 1), which is known for Pt surface’?. In the deposition
potential ranging from -0.2 V to -0.8 V/ SCE, the Tafel slopes are found to be around 30
mV.dec’!, indicating that the Tafel step is rate determining step which is coherent with reported
works®’8, As an interesting result, the presence of polymeric ionic liquid increases the catalytic
activity of the platinum particles. Indeed, the Pt based electrode in the presence of poly(IL)
shows a higher catalytic activity with an overpotential of 70 mV at 20 mA.cm™ compared to
100 mV obtained in the absence of the poly(IL). Besides, the charge transfer is evaluated by
using EIS, resulting to a 40-times lower Rcr in case of GC/ poly(IL)/Pt NPs at n = 70 mV
(Figure 3.42).
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Figure 3.42 (a) HER polarization curve (LSV) at 10 mV.s' in 0.5 M H,SO4 aqueous solution (inset)
Corresponding Tafel plot; (b) EIS curve recorded at -70 mV/ RHE on GC/Pt NPs and GC/PAMI/Pt
NPs deposited at -0.6 V/ SCE.

The enhancement of the catalytic performance towards HER confirm the importance of the
polymeric ionic liquid. The crucial role of the polymer ionic liquid can be attributed to different
factor. Firstly, as discussed in the previous part, the concentration of metallic anion is higher
inside the layer rather than in the bulk, suggesting higher nucleation and growth rate due to
diffusion-controlled system. Secondly, the organization of the polymer layer, i.e. brush — like
structure, can participate to the orientation of the deposited metallic structure. Finally, the non
— negligible interaction of the polymer layer and the deposited particles may also enhance the

hydronium conduction and charge transfer rate at this interface.

Even though additional analyses must be performed to achieve deep understanding about the
origin of the catalytic enhancement, at the current stage, it is clear that the presence of polymeric
ionic liquid layer boosts the catalytic performance of the deposited materials, whether
palladium or platinum or others. However, the limited availability and extremely high cost of
noble — metal-based catalysts restrict their use in mass production. Consequently, seeking for a
new approach to reduce the quantity of the catalyst by maintaining its activity becomes
important task for cost effective system. Based on the observation concerning the possible anion
capture within the polymer ionic liquids layer, we propose to use the latter as host — guest
template to capture the metallic anions via ion exchange followed by electrochemical deposition

in electrolytic — free solution affording nanocluster decorated poly(IL) nanofilm.
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3.5.2 Metal clusters decorated Polymeric ionic liquid nanofilm as catalyst

Relying on advantageous performance offered by metal — based catalyst, nanosized structures
have been proposed to both decrease the needed quantity of material and the increase of the
catalytic activity, via the increase of the active site number and the specific area. The
nanomaterial can be obtained by using several approaches as chemical synthesis,

electrochemical deposition, etc. Recently, K. Tang and al”

reported the electrochemical
deposition of Pt on edge-rich layered WSz nanosheets and demonstrate the increase of the
catalytic activities of the generated structure toward the HER. Thus, very small amount of Pt
nanoparticle is found to be enough for boosting the system up to commercial Pt/C. However,
the deposition of Pt is strongly dependent on the chemical composition, crystalline structure

and morphology of the substrate (WS2).

From aforementioned concept, the purpose of this part is to prove the possibility to generate
nanoclusters of noble metal by the anion capturing property of polymeric ionic liquid, e.g.
poly(1-allyl-3-methylimidazolium). The imidazolium skeleton of the as-prepared poly(IL) film
creates extremely high cationic charge density at the interface between the electrode/solution
interface. The electrostatic attraction allows strong molecular interaction between the
imidazolium rings and metal-based anion (XCls*, X = Pt, Pd). The specific feature allows the
poly(IL) modified electrode receiving a large density of metal precursors, which acts as

reservoir for further electrochemical deposition of clusters (Figure 3.43).
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Figure 3.43 Typical procedure to generate Xex (Pt, Pd, etc.) nanoparticles decorated GC/PAMI.

The electrochemical nucleation and growth of the nanoparticles can be occurred in distilled
water under self-electrolytic conditions (without any additional supporting electrolyte). The
electrochemistry in electrolytic — free solution is reported in the previous works>!. Thus, by
applying a cathodic potential, the anions (XCls*, X = Pt, Pd) inside the film can act as both
precursor and metal reservoir for growing the nanoparticles. After the polymerization, the

electrode was immersed in solution containing the metallic salt during 2h. Next, the electrode
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was rinsed thoroughly and transferred into the electrochemical cell. After the electrochemical
deposition in aqueous solution, the presence of clusters was first evidenced by the
electrochemical characterization in aqueous acidic solution (0.5 M H2SOa4). The typical signal
of the Pd° (Figure 3.44a) and Pt° (Figure 3.44b) were obtained as described in the previous part.
However, the current intensity attributed to the oxidation of Pd, Pt particles is lower than in the
previous cases, that the deposition had been performed in the presence of metallic salts in
solution. It is noted that even the concentration at the vicinity of the electrode is higher in the
current case, the quantity of anion is still scanty within very thin layer of polymer. Thus, the

quantity of X° (X = Pd, Pt) generated in this case must be lower.
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Figure 3.44 CV of (a) GC/PAMI/Pdexc NPs and (b) GC/PAMI/Ptexc NPs recorded in aqueous solution containing
0.5M OszSO4.

X-ray photoelectron spectroscopy (XPS) was used to follow the change in the atomic
composition of the surface of different substrates. After anion exchange, the high-resolution
spectra of the Pd(3p) exhibits lump signal of the Pd** (3p*? and 3p'?) centered at 337 eV and
343 eV, indicating the presence of PdCl4?" within the polymer film (blue curve Figure 3.45a).
Interestingly, after the electrochemical deposition, well — defined peaks at lower binding energy
335 eV and 341 eV appear corresponding to Pd° confirming the formation of metallic Pd inside
the polymeric film (red curve Figure 3.45a). In addition, the variation of the signals provided
by CI(2p) confirm the hypothesis. Precisely, the appearance of CI signal at 198 eV and 199 eV,
attributed to 2p*2 and 2p'”? respectively, confirms that the PdCl4> is caught inside the polymer
layer (blue curve Figure 3.45b). Next, a decrease of the CI contribution after the
electrodeposition (red curve Figure 3.45b) is observed confirming the formation of metallic Pd.
Moreover, the nitrogen signal at 401.5 eV is still visible confirming the presence of

imidazolium.
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Figure 3.45 High resolution XPS spectra of (@) Pd(3p), (b) C1(2p) and (¢) N(1s) of (black curves) GC/PAMI, (blue
curves) GC/PAMI/PACls* and (red curves) GC/PAMI/Pd NPs, respectively.

Even though the evidences about the presence of Pd and Pt particles from cyclic voltammetry
and XPS measurements are confirmed, the SEM images do not display visible nanoparticles.
The slight difference of contrast is attributed to the ITO surface that is similar to non — modified
ITO. This result is attributed to the minute size of the metallic particles that cannot be detected
by SEM (lower than 5 nm). Besides, as the deposition occurs only inside the polymer film, the

generated particles must be retained in the layer and attached to the polymer brushes (Figure
3.S8).

Afterwards, the catalytic performance of the prepared electrodes toward the HER was
evaluated. Figure 3.46a shows clearly that the presence of Pdexc NPs inside the polymer layer
enhances strongly the catalytic activity of the final electrode when compared to the Bare GC
and GC/PAMI (black and grey curves, respectively). Typically, the GC/ poly(IL)/Pdexc NPs
deposited at -0.2 V/SCE exhibits the lowest onset potential around -0.18 V/ RHE and an
overpotential of 310 mV for a current density about 20 mA.cm™. Compared to non-modified
electrode, an overpotential of 650 mV is required to reach the same current density.
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Figure 3.46 (a) HER polarization curve (LSV) at 10 mV.s™' in 0.5 M H,SO4 aqueous solution on GC/PAMI/Pd
NPs deposited at different potentials; () Variation of onset potential as function of deposition
potential and (¢, d) Tafel slope as function of deposition potential.
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The kinetic is evaluated by plotting the Tafel curves for samples prepared at different potential
ranging from 0.2 V to -1 V/ RHE. The prepared samples exhibit Tafel slopes ranging from 125
mV.dec! to 89 mV.dec™!. Interestingly, the sample deposited at -0.2 V/ SCE shows a Tafel
slope value of 89 mV.dec!, indicating a higher adsorption rate by decreasing Volmer step
limitation.

To get more insight about the charge transfer kinetic, electrochemical impedance spectroscopy
was performed at different overpotential for the sample prepared at -0.2 V/ SCE. The Nyquist

and Bode diagrams are presented in the Figure 3.47.
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Figure 3.47 (a) Nyquist plot and (b) Bode plot at different overpotential towards HER by using GC/PAMI/Pd NPs
electrode at different overpotentials; (¢) Equivalent circuit used for the EIS fitting.

As displayed in the Figure 3.47, the GC/ poly(IL)/Pd®** NPs exhibits single semicircle for all
of the used overpotentials, suggesting that the equivalent circuit can be constructed by single
time constant. In real environment, the pure capacitor is rarely observed due the electrode
roughness®®®!, where introduction of constant phase element. This concept reflects somehow
the deviation from the ideal electrical double layer capacitor. Mathematically, the CPE’s

impedance is described as:

1 0 /s _\ou
Z:Y:Q (jw) (3.37) with Q° (S.s%) has the numeric value of the admittance Y for o = 1

rad.s!. The exponent value (o) indicates the behavior of the CPE and could be resulted from
the following equation, a = 1/(D-1) (3.38)%. For a rough and fractal surface, the dimension (D)

is in between 2 and 3. For a smooth 2D surface, the value of a is equal to unity and for a highly
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contorted surface (D = 3), a = 0.5. For a = 1, the CPE resembles a pure capacitor while when
a = 0, the CPE become a pure resistance. At an intermediate value of exponent (a), the

capacitance is calculated from CPE via following equation:

Cr =Q" (R +R)"*(3.39)

Consequently, the potential dependence of the resistance and of the capacitance (R-CPE circuit)
reflects the kinetic of the HER process. Indeed, the charge transfer resistance decreases from
8250 Q atn =60 mV to 500 Q at =200 mV. In addition, the variation of log(Rct™") as function
of the overpotential was plotted as shown in the Figure 3.S9a, resulting to a linear relationship
at low overpotential. The calculated Tafel slope is 83 mV.dec™! for the GC/ poly(IL)/Pd**® NPs
obtained from the EIS data. In addition to the value of the charge transfer resistance, the
capacitance derived from the CPE is another important parameter. For calculation of
capacitance, the exponent and CPE are required. The variation of the a and calculated
capacitance are presented in the figure 3.S9c¢. In the overpotential ranged from 0 V to 0.4 V, a
exhibits a slightly variation ranging from 0.80 to 0.89, which correspond to a phase angle in
between 80° and 90° (given as ax90°). As the “capacitance” is classed in parallel with the
charge transfer resistance, the Nyquist plot become a semi-circle whose center is depressed by
an angle of (1-0).90° (3.40), i.e. 10° - 20°. Furthermore, the application of high overpotential
conducts to a decrease of the double layer capacitance from 0.14 mF.cm™ at 60 mV
(approximately 40 mF.mg™!) to 0.04 mF.cm™at 200 mV (~15 mF.mg™"). These variations could
be attributed to the partial blockage of the electrode surface by the generated hydrogen species
resulting to the formation of microbubbles. The high values of the double layer capacitance for
the particles decorated polymer ionic liquids highlight the ionic character of the polymer and

the small size of the particles, indicating large specific surface areas’'.

Besides, the characteristic time for the electron transfer across the catalyst — electrolyte interface
can be approximately estimated as the time constant, i.e. T = RC (3.41), where smaller t
represents higher electron transfer rate. As presented in the figure 3.S9b, the evolution of T in
function of the potential shows a diminution of 3 orders of magnitude from 0 V to -0.17 V/RHE,
suggesting an increase of the electron transfer kinetic correspond to the drop of the measured
current in this potential range. In addition, below -0.2 V/RHE, the time’s values reach a
saturation at around (107 s). The value in this case reflects purely the charge transfer kinetic
and excludes other contributions. Similar values were obtained suggesting that the Volmer step

is the RDS during the reduction process.

The overpotential needed to reach 20 mA.cm™ at the GC/poly(IL)/Pdexc NPs is found to be
around 310 mV compared to 250 and 210 mV obtained for GC/Pd NPs and GC/ poly(IL)/Pd
NPs, respectively (Figure 3.48a).
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Figure 3.48 (a) HER polarization curve (LSV) at 10 mV.s"! in 0.5 M H,SO4 aqueous solution on GC/Pd NPs
(black); GC/ poly(IL)/Pd NPs (red); GC/PIL/Pd NPs via ion exchange (blue) and (b) Corresponding
Tafel plot.

However, the sample prepared via ion exchange displays promising route to decrease the
quantity of the active materials, herein noble metals, at least in the range of 2 orders of
magnitude. In addition, in term of Tafel slope, the obtained value is around 89 mV.dec™! (Figure
3.48b) which is similar to the one obtained when using GC/ poly(IL)/Pd NPs, confirming the
enhancement of the adsorption of H-OPD onto Pd surface.

For upgrading the performance of the polymeric ionic liquid-based materials, similar procedure
was applied to platinum. All of the prepared samples exhibit strong activity towards HER
(Figure 3.S10). One notices that the electrode prepared by electrodeposition at -0.6 V/ SCE
displays the highest performance with an overpotential of 195 mV at 20 mA.cm™. The
corresponding Tafel slope was also calculated and found to be 49 mV.dec™'. The obtained value
is relatively ambiguous to have a clear idea about the exact mechanism for this substrate. One
conclusion is the exclusion of the Volmer step as RDS. Even though the hybrid material exhibits
high efficiency towards HER, the slope of the current in the Faradic zone is very low compared
to other Pt — based catalysts. Possible explanation could be related to the disconnection between
different particles inducing a high catalyst resistance. In order to get insight to the kinetic, EIS
measurements were performed (Figure 3.S11) and present a decrease of double layer
capacitance from 0.16 mF.cm™ at 60 mV (~32 mF.mg™!) to 0.075 mF.cm? at 200 mV (~14
mF.mg!) with a Tafel plot of 53 mV.dec! (Figure 3.S12). As the calculations are performed
by assuming that all the imidazolium cations interact with the metallic anions (2 Im": 1 A"). It
is probable that the diminution of the mass specific capacitance is related to the affinity of the
PtCl4* to the imidazolium cation and the deposition process resulting to amorphous structure
of Pt particles. Once compared with the GC/Pt NPs and GC/ poly(IL)/Pt NPs, the performance
of GC/ poly(IL)/Pt™¢ NPs is found to be lower with an over potential of 195 mV compared to
100 mV and 70 mV at the same current density of 20 mA.cm (Figure 3.49). Nevertheless, the
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gain in term of catalyst quantity is a great advantage of the current purpose compared to other

preparation method.
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Figure 3.49 (a) HER polarization curve (LSV) at 10 mV.s"! in 0.5 M H,SO4 aqueous solution on GC/Pt NPs
(black); GC/PAMI/Pt NPs (red); GC/PAMI/Pt NPs via ion exchange (blue) and (b) Corresponding
Tafel plot.

In summary, poly(IL) modified electrodes have been successfully used as a host-guest template
for capturing metallic ions that serve as precursor for the electrochemical generation of metal
clusters. The metal nanoparticles decorated poly(IL)/GC has also been studied for
electrocatalytic activation of small molecules (HER and ORR) with relatively high
performance. The simplicity of the material elaboration combined to the number of possible
polymer-based ionic liquids (estimated around 10* molecules), the current approach opens up

new class of electrocatalysts.

3.6 CONCLUSION

Seeking for highly efficient and cost-effective catalysts towards electrochemical activation of
small molecules is the key process in developing renewable technologies. Possessing unique
properties to be salt in the liquid phase at room temperature, the ionic liquid has been
demonstrated as a promising candidate for elaboration of hybrid materials for multi-purposes
in the fields of electrocatalysis. The chemical structure and the morphology of the immobilized
polymer film generate water channels that enhance the diffusion of the target molecules from
the bulk to the vicinity of the electrode. This specific character has been used for enhancing the
catalytic activity of different materials from carbon dots to platinum-based particles towards
oxygen reactions. Even more interesting, the cationic skeleton of the polymer can act as
template to catch the anions from the bulk, affording a new and facile approach for preparing
nanofilm of metal-organic framework that exhibit high performance towards catalytic
activation of different molecules. In summary, within this humble work, the immobilized
polymer ionic liquid has been used as active materials and template for generating efficient
catalysts towards oxygen reactions (ORR, OER) and hydrogen evolution reaction (HER).
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In the first part, nanometer scale doped carbon dots (CDs) were prepared using the microwave-
assisted method in the presence of bio-based materials and ionic liquid (1-ethyl-3-
methylimidazolium ethylsulfate). First, glutamine and glucose in ionic liquid were used as
carbon and nitrogen source. Next to that, CDs were generated in the absence of glutamine while
using the ionic liquid as source of nitrogen. As a result, both C-Dots materials exhibit a
pronounced electrocatalytic activity with a prevalent 2-electron pathway leading to the
formation of hydrogen peroxide. More interestingly, the C-Dots generated in the presence of
glucose and ionic liquid display a selective 2-electron reduction of Oz, with H202 production

higher than 90% for a potential range up to 0.8 V.

In the second part, we develop a polymer ionic liquid brushes, poly(IL), as an emerging catalyst
for ORR. Our results show that the poly(IL) presents a promising electrocatalytic activity which
is correlated to the chemical composition and the nano-structuration of the polymer. We
demonstrate the use of poly(IL) as a host guest platform for Pt catalyst providing to the hybrid
material a more efficient catalytic activity, stability and tolerance to crossover reaction. These
performances were attributed to the synergetic effect between the poly(IL) and the Pt catalysts.
We also reveal the potential use of poly(IL) and the hybrid poly(IL)/Pt as efficient bifunctional
catalysts for ORR and oxygen evolution reaction OER. We anticipate that the simple
preparation and the capability to design tasks specific poly(IL) can provide a new class of

material for energy applications.

In the last part, the ionic properties of the immobilized polymeric ionic liquids have been used
for growing the particles inside the layer. First approach consists to perform electrochemical
deposition in the presence of metal salts solution. The presence of the polymer layer changes
the morphology of the electrodeposited nanoparticles. Thus, the hybrid materials exhibit an
enhancement of the catalytic performance. In a second approach, the polymer ionic liquid is
used as a host -guest template to capture the metallic anion, followed by electrochemical
deposition under self-electrolytic condition in distilled water. The final nanofilm displays a

strong catalytic activity with a low catalyst loading (up to 2 orders of magnitude).
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3.8 APPENDICES
Preparation of catalytic ink.

Pt/C and C black NPs inks: The catalytic inks were prepared as followed. 2.8 mg of catalyst
(Pt/C or C black NPs) was dispersed in 0.5 ml of 5% Nafion/EtOH under sonication for 30 min.
Then 10 pl of as-prepared catalytic ink was drop-casted onto glassy carbon (GC) electrode or
poly(VImM) supported GC leading to a coverage density of 0.23 mg.cm™. The film was then
dried before use.

Au NPs ink: 100 pL of suspension of Au NPs in toluene was mixed with 250 puL of absolute
ethanol followed by addition of 15 pL of Nafion® 117 solution. The as-prepared mixture was
sonicated for 3 times ten-minutes. 10 pL of the solution was drop casted onto the glassy carbon

electrodes. And the film was dried before use.

C-dots ink: 200 pL of purified suspension of carbon dots was mixed with 500 uL of absolute
ethanol followed by addition of 25 pL of Nafion® 117 solution. The as-prepared mixture was
sonicated for 3 times ten-minutes. Finally, 10 uL of the solution was drop casted onto the glassy
carbon part of a rotating disk electrode. After drying, the catalytic film was homogeneously

formed on the electrode and was used for further electrochemical measurements.
Instrumentation.

Electrochemistry: For catalytic performance evaluations, a E7R9 ThinGap Fixed-Disk RRDE
tips with 320 um gap (Acc disk = 0.247 cm?, Apt ring = 0.187 cm?) was used as working electrode,
a stainless-steel mesh and saturated calomel electrode were used as counter electrode and
reference electrode, respectively. In all experiments, the potential was converted to Reversible

Hydrogen Electrode (RHE) via the following equation:
E (/RHE) =E (/SCE) + 0.241 + 0.059*pH

The electrochemical measurements are controlled with a CHI920C bipotentiostat (CH
Instruments, Austin, Texas). For oxygen reduction and evolution reaction measurements, 0.1
M KOH solution was used as electrolyte and bubbled with purified oxygen gas for 30 minutes.
During the measurements, the solution was kept under Oz atmosphere.

The electrochemical tests including cyclic voltammetry, linear sweep voltammetry (LSV),
electrochemical impedance spectroscopy (EIS) and scanning electrochemical microscopy
(SECM) were performed using CHI920C bipotentiostat (CH Instruments, Austin, Texas).

Spectroscopy: XPS measurements of the modified electrodes were performed using a Thermo
VG Scientific ESCALAB 250 system fitted with a micro focused, monochromatic Al Ka (hv =
1486.6 e¢V) 200 W X-ray source. Infrared spectra were obtained using Fourier-transform
infrared spectroscopy (FT-IR) via a Thermoscientific (Nicolet 8700). UV-Visible and
Fluorescence measurements were accomplished using a Cary 4000 (Varian) and a Aminco

Bowman — Series 2 (Bioritech), respectively.
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Microscopy: The distribution in size of the as-prepared carbon dots was obtained via DLS
measurements (Zetasizer NanoZS) and TEM image using a JEOL JEM 100CX. The SEM
images were taken by MEB-FEG Zeiss (Zeiss SUPRA 40). The AFM investigations were
performed in tapping mode at room temperature with a Molecular Imaging PicoPlus.
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CHAPTER 4

SCANNING ELECTROCHEMICAL MICROSCOPY
FOR LOCALIZED ELECTROCHEMISTRY: FROM
CONVENTIONAL TO PROBE-LESS APPROACH

In this part, the scanning electrochemical microscopy (SECM) will be used to investigate the

local electrochemical reactivity of different materials and the effect of surface
functionalization. Thus, we purpose to probe the electron transfer properties of a single
graphene layer (SGL) and modified SGL deposited onto flexible and insulating material. In

addition, the SECM will be used to investigate surfaces bearing ionic liquid molecules

including a thin layer and polymer ionic liquid.

Insulating Substrate

Keywords: scanning electrochemical microscopy (SECM), feedback, rate constant, charge
transfer, localized electrochemistry, graphene, (polymer) ionic liquid, redox process, imaging

mode.
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4.1 INTRODUCTION AND GENERAL PRINCIPLE OF SCANNING
ELECTROCHEMICAL MICROSCOPY

Back to the history, in 1989, A.J. Bard and al"? proposed a new electrochemical technique
that provides the possibility to investigate the local electrochemical reactivity of a material
(conductive or not) at micro/nanometer scale. This technique consists to measure the variation
of the current recorded at an ultramicroelectrode tip, faradaic current, while approaching a
surface of interest. The SECM require the use of reversible redox mediator that will ensure
the feedback loop to probe the surface’. Since then, the SECM has been widely used for
studying and resolving multiple problems at the local scale and become extremely powerful
tool to study localized reactions in various electrochemical systems*. Among the large
spectrum of applications, this technique has typically been utilized for investigating the
electronic/electrochemical behaviors of diverse materials, for studying nanoparticle at

individual level® or even for performing surface patterning with complex structures, etc®.
4.1.1. Ultramicroelectrode

The notion of ultramicroelectrode is referred to electrodes that have a radius ranging from few
nanometers to 25 um. At such small scale, the edge effect is become comparable with the
basal plan resulting to the change of the diffusion regime (Figure.4.1). Indeed, the mass
transport, by means of diffusion, is high in the absence of convection. Typically, the mass
transfer coefficient for a micro-disk electrode is:
mg, = 4D (4.1
na
where D (cm?s™) is the diffusion coefficient of the O species and a is the radius of the

electrode.

Electrode size decreasing

Linear diffusion » Hemispherical diffusion

[T T

Figure 4.1 Variation of the diffusion regime in function of the electrode size

7l

As a consequence, the current measured at the tip is referred to two-dimensional diffusion

which make the system more complicated.

The diffusion is revealed by Fick’s second law

0°Cy(1,2,1) 1 Co(rz,t) 0°C,(1,2,1)

i 0Cy(r,z,t) _D(

4.2
nFA ot o°r r or 0z* ) (4.2)

where r is referred to the radial displacement and z the linear one (perpendicular to the

electrode)
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5 boundary conditions are required to obtain solution from Eq.4.2

Att=0,C, (r,2,0) = Cypye (4.3)
Atx >0, limCy(r,z, 1) =Copy (4.4)

Atz = o0, IimC (1,2,t) =C,, (4.5)

Atrsa, CeBBY g (4.6)
82 z=0
Atr<a,t>0,C,(r,z,t)=0 4.7)

The solution of the equation (4.2) conducts to the current — time curve as followed:

. _ 4nFAD,C

mTa

Otk f (1) = 4nFD,C,,af (1) (4.8) with A = ma® for disk electrode and

dimensionless term of time T = 4Dot/a>.

At short time where T <1, lim f(1)= 0, limi= o (4.9)
>0 >0
At large time where ©> 1, lim f(t)=1, limi=ig = 4nFDCq,a  (4.10)

From the Eq. 4.10, linear relationship can be obtained between the steady-state current and the
diffusion coefficient of the redox species in solution which offer alternative way to Randle —
Sevcik equation for measuring Do value. Besides, by positioning the UME tip to a vertical
axis piezo of a SECM setup, it is possible to obtain controllable displacement for investigating
the local reactivity over a given substrate with and/or without applied biases. Among the
different SECM approaches, two most relevant and popular mode are feedback mode and

imaging mode.
4.1.2. Feedback mode

The following argumentation is based on the reduction of Ox + le~ & Red. Accordingly, the

backward reaction can also be explained in the same manner.

0 7N
Red % X Red
Ox

7N

Ox Ox Insulating substrate
Ox

Figure 4.2 Working principle of SECM feedback mode; (@) semi-spherical diffusion far from the substrate, (b)
blocking of diffusion provokes by insulating substrate and (¢) Feedback loop at a conductive
substrate.
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The feedback mode consists to measure the current at the UME tip in function of the distance
to the substrate to reveal the electronic/ electrochemical behaviors of the probed substrate.
Indeed, far from the substrate (typically distance 4 times higher than the UME radius), the
microelectrode is remained under steady-state conditions by semi-spherical diffusion resulting
to a plateau (limiting current).

Close to the substrate, two possible extreme situations can occur. By approaching to an
insulating substrate, the limiting current decreases exponentially with the distance, i.e.
negative feedback, issue from the hindrance of the diffusion of the redox mediator from the
bulk to the tip surface.

Theoretical evolution of the normalized tip current (IT(L) = ir/it») in function of the

normalized distance L = d/a is

1
L(L)= thL = {A + % + C-GXP(%) } (4.11); A —D = Values dependingon RG = —re‘e:mde

lim, L=
Contrarily, at a conductive surface, with or without applying potential, the vacancies localized
at the surface of the substrate are involved in the oxidation process, i.e, the Red is oxidized
into Ox which diffuses back to the UME resulting an electrochemical reaction loop. As a
consequence, the UME current increases when the tip approaches the substrate producing a

positive feedback (Figure 4.3).

LUMO

LUMO LUMO

e’ Red
ox-_"

Conductive substrate

Figure 4.3 Working principle of SECM feedback mode on conductive substrate.

162



Chapter 4 SECM for localized electrochemistry: from conventional to probe-less approach

For Ox species used as mediator in solution, the positive feedback loop is ensured by the 5

following steps:

1* step: Generation of Red species by the UME tip;

27 step: Diffusion of Red to the vicinity of the substrate;

3" step: Electronic exchange with the substrate to generate Ox (illustrated in the Fig. 4.3);
4 step: Diffusion of Ox back to the tip;

5™ step: Propagation of electron inside the substrate and backward reaction to ensure the

electroneutrality.

Apparently, the diffusion of the redox molecules within the layer is strongly enhanced (Eq.
4.16).

1y, =nFAm Cp, (4.12)

i
m,=——m 4.13
© nFAC, ( )

where

1..
I.(L)= llLL =k, + % +k,. exp(k—L“); k,—k, = Values dependingon RG; k, <0 (4.14)

lim, L=o0
with L = d/a, which conducts to the distance — dependence relationship of mass transport
coefficient
I,(Ly 4D,
na’nFC,,,  ma

o

k k
[kl +f2+k3.exp(f4)} (4.15)

thus atL —>0,1Lin3[mO(L)]:oo (4.16)

Consequently, the feedback mode allows probing the heterogeneous electron transfer kinetic

at various substrate surfaces including conductors and semiconductors.
4.1.3. Imaging mode

In addition to the capability of probing the reactivity at one spot of the surface, the SECM
allows to obtain an electrochemical reactivity map of the substrate. An SECM image can be
obtained by scanning the UME tip in x — y plane and following the variation of the tip current
as function of the tip location or following the variation of the z — values as function of tip
location, so-called constant height and constant current mode, respectively’. Regardless to the
selected mode, the recorded data reflect the heterogenous electron transfer rate occurred at the
substrate. In this manner, a reactivity and/or conductivity map of the surface is constructed.
As discussed in the previous part about the diffusion of the species from and to the tip, the
resolution of the SECM technique is governed by the distance tip — substrate and the size of
the microelectrode, which determined the diffusion layer. Theoretically, the resolution

provides by a microelectrode is at least equal to its diameter.
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4.2  SCANNING ELECTROCHEMICAL MICROSCOPY FOR FOLLOWING THE
DOPING LEVEL OF GRAPHENE

Graphene supported flexible and transparent electrodes have been widely investigated using
multidisciplinary approaches leading to their employment in optoelectronic devices as dye

sensitized solar cell (DSSC)%°, electrochromic devices'®

, organic light emitting diode
(OLED)!'"'2 and electrocatalysis'>. However, the understanding of the local reactivity of
single layer graphene (SLG) in solution is still restricted. Indeed, the control of the electrical
double layer and the heterogeneous electron transfer processes at this interface are the key
factor enabling further potential applications. The latter can be modulated by surface
modification enabling the introduction of defects onto the graphene structure. It has been
demonstrated, in the earlier reports, that the introduction of small concentrations of defects to
the highly oriented pyrolytic graphite (HOPG) enhances the electron transfer kinetic up to 3
orders of magnitude'*. As a consequence, among various surface functionalization approaches
the electrochemical reduction of diazonium was widely studied for modifying carbon-based
materials such as carbon nanotubes (CNTs)!>!® and graphene!’. This surface modification
generates m-conjugated system breaking due to the formation of C sp?® via C-C covalent bonds
between the substrate and the organic layer. As an example, the introduction of nitrophenyl
group to graphene/SiOz substrate, via spontaneous reduction, enhances the conductivity of the
material when compared to pristine graphene!'®.

Being known in the literature, SECM has been used for preparing well-defined patterns onto
various substrates or studying the reactivity of a large number of materials, including carbon-
based substrates!®. The most relevant report investigating the role of the imperfections of
chemical vapor deposition (CVD) graphene using scanning electrochemical microscopy
(SECM) was performed by Abruna’s group®®. This work focused on the passivation of the
defects by grafting a thin polymer layer. The authors have demonstrated that the defect
density caused an increase of the electrochemical reactivity of the electrode material. Besides
that, the SECM was used for the analysis and the patterning of graphene materials®'. Even
though recent advancements, the investigations of local electrochemical properties of single

layer graphene deposited on insulating substrate are still scanty.

Single layer graphene (SLG) is an important 2D materials for both electron transport (high
conductance) and electron transfer (heterogeneous catalysis), which make it qualified as an
electrode material in both basic electrochemical investigations and applications including
energy conversion and storage devices. Within this part, we report the electrochemical
behaviors of single layer graphene/ethylene vinyl acetate/polyethylene terephthalate
(SLG/PET) plastic film. Our approach consists to follow the local electrochemical reactivity
of SLG/PET by using SECM configuration. Next, different surfaces functionalization scheme,
from destructive approach by electrochemical reduction of the diazonium group to non-

destructive approach via the drop casting of metal nanoparticles onto the SLG/PET substrate
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were performed. The electron transfer properties of the SLG/PET as a function of the surface
modification manners were investigated. This work was accomplished via a collaboration
with the Prof. Z. Liu from Beijing Graphene Institute (BGI)!!) - Pekin University who
provides the SLG/PET substrate.

4.2.1 Local reactivity of SLG/PET using SECM

Graphene/nanowire/plastic films were fabricated by a continuous large-scale roll-to-roll
production of transparent conductive electrodes. The preparation procedure of
SLG/NWs/EVA/PET (SLG/PET) and the characterizations of this material were reported in
previous work??. Briefly, the continuous graphene film was grown on copper foil (5 cm x 5
m) using roll-to-roll (R2R) low-pressure chemical vapor deposition (CVD) method. In
parallel, metal NWs (Ag or Cu) were coated onto EVA/PET (50 mm/75 mm) where EVA was
treated by air plasma to increase the hydrophilicity of the film for having a good metal NWs
dispersion. Then the graphene grown on Cu foil was hot laminated onto metal NWs
mesh/EVA/PET forming unique laminated structure at 100 °C by using two rollers providing
good adhesion and homogeneous film with minimum air traps. Finally, the graphene film was
roll-to-roll delaminated from the copper foil by electrochemical bubbling delamination
transfer method resulting to the formation of SLG/NWs/EVA/PET continuous film (5 cm x 5
m) with low defect density (In/Ig = 0.05 Fig 4.4c) and recycled copper foil (Scheme 4.1)%2.

Grahene on Cu foil _a

ol
0“40
F{gf""‘m -

Graphené /
Nanowire
EVA
PET
Flexible transparent conductive plastics

Scheme 4.1 Schematic and structure of graphene and metal nanowire hybrid films produced by a continuous
roll-to-roll process.

The diameter of an individual Ag NWs is about 35 nm, and the graphene on PET sheet
resistance was found to be ranged from 10 to 50 Q/sq?’. The generated SLG/PET was
characterized using scanning electron microscopy (SEM) image, optical microscopy (OM)
image and Raman spectroscopy as shown in Fig.4.4. All those characterizations clearly
identify that the graphene is high-quality monolayer?2.

Uhttp://bgi.tucoo.net/en/about-bgi-en/who-we-are/
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Figure 4.4 Characterization of graphene. (@) Scanning Electron Microscopy (SEM) image of SLG/PET; (b)
Optical Microscopy (OM) image; (¢) Raman spectrum. All those characterizations clearly identify
that the graphene is high-quality monolayer?.

As a starting point of this work, the pristine SLG/PET was electrochemically characterized by
sweeping the potential in between 0.6 V and -1.5 V vs Fc'/Fc in acetonitrile (MeCN) solution
containing 1 mM of Fc and 0.1 M of TBAPFs. As shown in Fig. 4.S1, only the reduction peak
can be observed at -0.5 V corresponding to an extremely high AE (>1V) which is distorted
from the conventional Nicholson and Shain theory?’. From the cyclic voltammetry results,
there is no doubt that SLG/PET presents a slow electron transfer process at a large electrode
scale. For getting further information about the local heterogeneous electron transfer (HET) at
the SLG/PET, SECM in feedback mode was performed in the presence of electron acceptor
(TCNQ) or electron donor (Fc) redox couples.

Figure 4.5 shows a typical approach curves recorded onto unbiased SLG/PET using Fc as
mediator. The curves show current decrease when the tip approaches the substrate suggesting
either the absence of regeneration of the mediator or the presence of slow electron transfer
rate at the SLG/PET surface.
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Figure 4.5 Approach curves onto SLG/PET using Fc as mediator (blue and cyan).
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The SECM approach curves were recorded at different substrate locations and two behaviors
were observed. The first one (blue curve) corresponds to a total negative feedback behavior
suggesting the absence of the regeneration of the mediator and that the SLG/PET behave as an
insulating surface toward the reduction of the ferrocenium to ferrocene. This curve matches
perfectly with the theoretical approach curve expected for an insulating surface (solid line).
The second behavior (cyan curve) displays a current decrease while the UME approaches the
substrate but shows a deviation when compared to the expected negative feedback. This
deviation highlights the existence of a slow regeneration of the ferrocene at the SLG/PET
substrate and the curve fitting leads to extract the apparent electron transfer rate (kapp), which
is found in the range of 10 cm.s! ?*?°. The SECM investigations using ferrocene as mediator
lead to distinguish two areas with different local electrochemical reactivity. As known in the
literature, the presence of metal on the under layer of graphene could provide an n-doped state
of the graphene layer implying band-gap opening?®. As a result, depending on the density of
the metal NWs under the graphene sheet, the doping density differs between different
graphene domains.

To get further insight, different biases were applied to the SLG/PET substrate with the aim to
evaluate the impact of the driven force on the heterogeneous electron transfer (HET) at the
surface (Fig.4.6). At overpotential n = applied potential — E%mediator > -0.6 V, all the approach
curves display a decrease of the measured current when the tip approach the substrate with an
apparent electron transfer rate ranged between 10 and 10~ cm.s™!. The latter increases when
the over potential become more negative, highlighting an accelerate electron transfer rate
constant of the reaction ferrocenium to ferrocene at the SLG/PET surface. Further increase of
the applied overpotential to the SLG/PET electrode induces a change of the shape of the
approach curve and reaches a total positive feedback for an overpotential value around -1.4 V.
This transition was observed at around m = -0.65 V. Two possibilities can explain this
behavior either the electron donor properties of the electrode, upon applying negative
potential, become dominant by enhancing the n-doping behavior of the graphene layer or the
favorable evacuation of the generated hole at the interface. Both hypotheses conduce to an
increase of the electron transfer (>102 cm.s! at -0.65 V) which is coherent with previous
results?’. Based on the Butler-Volmer model, the electron transfer rate reaction is linked to the

overpotential via Eq.4.17:
F
k., =k".exp(2—m) (4.17
i Pl (4.17)
Inset in Fig. 4.6 shows a linear variation of In(k) as a function of the overpotential. Thus, the
intercept at 1 = 0 V gives the electron transfer rate at the standard potential of Fc which is

found to be k’ = 6. 10* cm.s™! and the calculated charge transfer coefficient is o = 0.1. In

general, the a value ranges from (0.3 — 0.7), however, a low value has already been reported
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on modified electrode and was attributed to a pinhole in the self-assembled monolayer (SAM)

and to the presence of defect and impurities within the graphene?’ 0,
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Figure 4.6 Approach curves onto biased graphene substrate: w/o bias (black), n = -0.45 V (purple), -0.55 V
(dark blue), -0.60 V (blue), -0.65 V (green), -1.25 V (orange) and -1.45 V (red). (inset) Ln (kqpp) in
function of overpotential. Grey curves represent theoretical approach curves onto insulating and
conducting substrates.

In order to get more information on the electronic properties of SLG/PET, the SECM
response at the graphene substrate was investigated in the presence of reducing mediator,
TCNQ (E° =- 0.5 V vs Fc'/Fc). Similar to the case of ferrocene, the approach curves with the
TCNQ on the SLG/PET were recorded on different substrate location and display two
different shapes depending on the probed area. As illustrated in Fig. 4.7a, the screening of the

SGL/PET surface shows either a total positive (red curve) or negative feedback (black curve).
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Figure 4.7 (a) Approach curves onto SLG/PET using TCNQ as mediator (black and red), (b) approach curves
onto biased graphene substrate: w/o bias (black), 1 = 0.2 V (purple), 0.4 V (magenta), 0.6 V (dark
blue), 0.8 V (blue), 1 V (green), 1.2 V (yellow), 1.4 V (orange) and 1.8 V (red). (inset) log (kapp) in
function of overpotential. Grey curves represent theoretical approach curve onto insulating and

conducting substrates.
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In the zone zl, (black curve) the oxidation of TCNQ®  at the substrate is not favored
providing a total negative feedback. However, by changing to the area z2 (red curve) a
positive feedback was observed with a kapp = 2. 102 cm.s™!. The obtained results might be
related to the variation of the n-doped density of the graphene layer which is linked to a non-
homogeneous dispersion of the metal NWs mesh. In addition, the approach curves are
performed in the same area using Fc followed by the TCNQ as redox probe. Interestingly, it
was found that the positive feedback with the TCNQ correspond to the area where the Fc
exhibits a total negative feedback, while the negative feedback obtained with the TCNQ
correspond to the area where the Fc shows a slow electron transfer at the SGL/PET. All these
results suggest the presence of correlation between the response of Fc and TCNQ on the

probed area highlighting the presence of two doping level within the graphene layer.

Besides that, different biases (from 0.2 V to 1.8 V) were applied to the substrate and the
corresponding approach curves at the location z1 (Fig. 4.7b) were recorded given intermediate
feedback with a k= 1.2. 10 cm.s™! and o = 0.024 (Fig. 4.7b Inset). The low charge transfer
coefficient reflects is the presence of another factor that inhibits the electron transfer at the
graphene surface, i.e. the structure of the interface graphene/electroactive species/solution.

Indeed, the TCNQ with aromatic ring has been reported to be able to generate n-m stacking

L2 1t was

interaction with the graphene producing a graphene/TCNQ complexes
demonstrated that the adsorption of TCNQ induced by long-range Coulomb interactions
results to close-packed island aggregations of this molecule at the graphene/insulator
surface®’. Therefore, the electron abundant of TCNQ and/or TCNQ®~ can be delocalized to the
n — conjugated system of SLG generating an n-doped layer of TCNQ at the interface that acts
as a barrier toward the electrochemical oxidation of TCNQ®~ generated at the tip. In the
following, the impact of surface modification on the electron transfer properties at the local

scale will be investigated.
4.2.2  Surface modification of SLG/PET and SECM investigations

The surface modification of graphene was performed by grafting an organic layer through the
electrochemical reduction of p-nitrophenyl diazonium. By sweeping the potential between 0.3
V and -1.25 V vs Ag|lAgCl in acetonitrile solution containing 1 mM of p-nitrophenyl
diazonium and 0.1 M of TBAPFs, a reduction peak is observed at -0.6 V corresponding to the

reduction of diazonium group (Fig. 4.8a).

The current density decreases upon continuous cycling suggesting the formation of the
organic layer at the surface and the blocking effect induced by the organic film (Fig. 4.8a)*33.
Next, the modified electrode was characterized by electrochemistry in acidified MeCN (0.1 M
sulfuric acid). As shown in Fig. 4.8b, by sweeping the potential to -1.8 V vs Ag|AgCl in
acidic media, the attached nitro groups (R-NO2) were reduced to amine groups (R-NH2) and
substituted hydroxylamine groups (R-NHOH) via 6 and 4 (H™+4e") pathways, respectively>®.
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For the anodic side, a redox signal was observed at E° = 0.35 V corresponding to the
reversible electrochemical response of hydroxylamine/nitroso redox couple (2¢~ + 2H")*’. The
electrochemical characterization confirms the occurrence of the grafting of nitro-phenyl layer
onto SLG.
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Figure 4.8 (a) Cyclic voltammograms for the reduction of 1 mM of p-nitrophenyl diazonium in MeCN solution
with 0.1 M of TBAPFg; (b) Cyclic voltammograms of immobilized p-nitrophenyl layer/SLG/PET in
MeCN solution containing 0.1M of H>SOy (red curve) and pristine SLG/PET (black curve).
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Figure 4.9 Approach curves onto biased diazo modified SLG/PET using Fc as mediator: w/o bias (black), n = -
0.05 V (purple), -0.15 V (magenta), -0.175 V (blue), -0.2 V (green), -0.25 V (yellow), -0.3 V
(orange) and -0.35 V (red). (inset) log (kapp) in function of overpotential. Grey curves represent
theoretical approach curve onto insulating and conducting substrates.

To investigate the charge transfer at the modified interface NO2-Phenyl/SLG/PET, approach
curves using Fc as mediator were performed (Figure 4.9). For un-biased substrate (black
curve in Figure 4.9) the approach curve shows the presence of Fc regeneration at the surface

with a kapp = 3.3. 107 cm.s™!. After the substrate polarization, the transition from current

170



Chapter 4 SECM for localized electrochemistry: from conventional to probe-less approach

decrease to a current increase occurred at lower overpotential (-0.2 V) when compared to the
un-modified SLG/PET (-0.6 V) with a charge transfer coefficient oo = 0.21 and k° = 3.03. 1073

cm.s™.

From Figures 4.9 and 4.6, the variation of the current from the experimental approach curves
as a function of the applied overpotential was plotted for SLG/PET and modified SLG/PET at
normalized distance (L = d/a) value of 1.5 (Figure 4.10). The transition from slow to fast
electron transfer was found to be 400 mV shifted for the modified graphene electrode
suggesting an increase of the work function of SLG/PET by the introduction of nitrophenyl
layer. Indeed, the surface functionalization generates defects on the single layer graphene
produced by the covalent bonding between the aryl and the graphene layer. The presence of
the organic layer creates not only m — m conjugated system breaking, but also a chemical
doping of the graphene. Thus, the presence of an electron withdrawing head group, — NOz2,
decreases the electron density of the graphene layer generating a p-doped like behaviors of the
graphene substrate. The electron accumulation at the interface organic layer/solution permits
the acceleration of the electrochemical reduction process, i.e. the reduction of Fc* at the SLG
substrate. It was also demonstrated that binding the single layer graphene with an aryl group
increases the conductivity of the substrate'®, and as consequence enhances the electron

transfer rate.
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Figure 4.10 Variation of the normalized current with the overpotential for bare SLG (black) and modified
SLG/PET (red).

Meantime, the chemical induced breakdown of the conjugated system of SLG/PET can also
inhibit the formation of the TCNQ islands at the surface. It should be noted that due to the
slow electrochemical response toward redox reaction, the electrochemical grafting of the p-
nitrophenyl diazonium onto the graphene surface cannot generate a compact organic film
leading to the pinhole effect in which the electroactive species can diffuse to the SLG. The
combination of these factors results on the positive feedback observed with TCNQ on the
modified SLG/PET (Fig. 4.11).
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Figure 4.11 Approach curves onto diazo modified SLG/PET using TCNQ as mediator (red), theoretical

approach curve for conducting substrate (grey).

One has to note that unlike SGL/PET substrate, all the recorded approach curves after surface
functionalization exhibit similar shape whatever the probed area. This finding confirms that
the surface grafting acquires to the graphene substrate homogeneous electronic properties and
doping. The HET rate was found to be increased by 2 orders of magnitude (> 4. 102 cm.s™).
Consequently, the formation of a p-n junction that involves the electron rich organic layer
(accumulation of electron) and electron deficient graphene layer (accumulation of holes) has
to be taken in consideration for explaining the enhancement of the charge transfer through the

interface substrate/solution.

Besides changing the electronic properties of single layer graphene via a destructive approach,
such as electrochemical grafting, non-destructive methods can also be used for modulating the
electronic properties of the graphene-based materials. As mentioned above, the graphene
single layer is supported by a metal NWs mesh on plastic film. The interaction between the
metal and the graphene was revealed from the SLG side in the previous part. However, the
electron transport in between the metal and the SLG cannot be exploited from the metal side
which is taken, for the next step, in consideration by drop-casting Pt nanoparticles (NPs, 50
nm) onto the graphene layer. As the NPs were deposited by drop-casting, the interconnectivity
between different particles is not ensured. Thus, the electron density of the nanoparticles is
not sufficient for providing a fast electron transfer rate*®*°. First, a series of approach curves
using Fc and TCNQ as mediators were performed using Pt NPs deposited onto a glass slide as
a substrate. In both cases negative feedback is observed (Figure 4.S2) indicating the absence
of regeneration of the mediator at the Pt NPs/insulating interface. This result is expected
because the size of the used UME (10 mm) is larger than the particle size around 50 nm or
even an agglomerate particle unless their size exceeds the UME size which is not observed in
our case (Figure 4.S3). However, by depositing the Pt NPs onto SLG/PET, positive feedback
was recorded for both TCNQ and Fc with a high electron transfer rate kapp = 6. 102 cm.s™! and

4. 10 cm.s™!, respectively (Figure 4.12). As discussed before, the Pt NPs can also act as an
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electron reservoir which can be transferred to the graphene substrate inducing electron
deficient at the metal surface and electron rich density at the graphene layer. The electrons
provided by the Pt NPs increase the electron density of the graphene and thus enhance the
activity of the graphene layer toward the electrochemical reaction of both oxidized and
reduced mediator at the Pt NPs/SLG/PET surface.
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Figure 4.12 Approach curves onto Pt NPs/ SLG/PET using (@) Fc and () TCNQ as mediator, theoretical
approach curve for conducting substrate (grey).

Next, a new interface was generated by depositing Pt NPs on pre-modified SLG/PET with p-

nitrophenyl layer. The presence of the Pt NPs was verified using atomic force microscopy

(AFM) (Figure 4.S4). Interestingly, the Fc approach curve displays a positive feedback with a

HET rate around 6. 102 cm.s™! (Figure 4.13a) while the electron transfer toward the oxidation

of TCNQ®*~ was dramatically decreased giving kapp ~10% cm.s™' (Figure 4.13b).
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Figure 4.13 Approach curves onto Pt NPs/organic layer/SLG/PET using (@) Fc and (b) TCNQ as mediator,

theoretical approach curve for conducting substrate (grey).

Thus, by introducing the organic layer in between the SLG surface and the Pt NPs film, the
electronic properties of the substrate changes. As a consequence, the electrons accumulated at

the organic layer are transferred to the Pt NPs which can act as an electron acceptor reservoir
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and thus, enhances the electron density at the surface of Pt NPs and favors the reaction
involving ferrocenium.

The mapping of the substrate was recorded using SECM imaging mode. Thus, by fixing a
distance at 5 um from the substrate, the tip current was recorded after displacement over 200

mm x 200 mm areas (Figure 4.14).
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Figure 4.14 SECM image of 200 pm x 200 pm area onto Pt NPs/organic layer/SLG/PET using (a) Fc and (b)
TCNQ as mediator.

The SECM images provide an overall view of the electrochemical reactivity of the surface. As
shown in Figure 4.14a, the Pt NPs/modified SLG/PET displays increase of the feedback
current in the case of ferrocene as a redox probe. In this region the Pt NPs were revealed
strongly by Fc (red part). In the case of TCNQ as mediator, the conductive region observed
with ferrocene behaves as an insulator-like film (Figure 4.14b). One has to note, that both
SECM images were recorded in the same area. In addition, the comparison of the SECM
images demonstrates that the area where the Fc probe gives negative feedback due to the
absence of NPs on the organic layer, a positive feedback is recorded with TCNQ. These

results match perfectly the results obtained from the feedback mode.
4.2.3 Influence of the supporting substrate to the electrochemical behaviors of SLG

In the previous part, the influence of the front side (graphene side) modification on the
electronic properties of single layer graphene was evaluated. However, the influence of the
supporting substrate of graphene has not been taken into consideration. In this study, the SLG
supported on copper foil is then investigated. As displayed in the figure 4.15, the reactivity of
the graphene layer differs by using two opposed substrates, PET/EVA and copper foil. Unlike
reported behaviors of SLG/PET in the presence of ferrocene (negative feedback), the
replacement from PET to copper foil as underlying substrate conducts to a change of both

conductivity and reactivity at the graphene surface.
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Figure 4.15 Approach curves using Fc onto (blue) SLG/PET and (red) SLG/Cu.

In the present case, a positive feedback was obtained indicating a reinforcement of n-doped
character of the graphene layer. It has been demonstrated that the graphene has n-doped
character when deposited onto metals as Al, Cu, Ag and p-doped behavior when deposited
onto Au or Pt surfaces®’. In the same study, Giovannetti et al.*’ have reported that the
chemisorbed graphene onto copper foil possesses a calculated shift of fermi level around 0.5
eV (dv-G = 0.3 nm) compared to pristine graphene. Consequently, from electrochemical point
of view, the presence of copper foil induces a diminution of the overpotential for n-doping
graphene layer by 0.5 V. Interestingly, when compare with the previous results on the
evolution of the feedback curve as function of the overpotential of SLG/PET, similar
overpotential value of 0.55 V (Figure 4.10, black dots) was found to be necessary to switch
from p-doped to n-doped graphene. This value confirms the important role of the supporting

layer to the electronic properties of the deposited graphene sheets.

In order to get more information about the influence of the supporting layer on the properties
of graphene, an electrochemical treatment was performed to gradually oxidize copper layer to
copper oxide, affording new interface of SLG/CuOx/Cu. The generation of copper was
performed in 1 M KOH solution by using chronoamperometry at different polarization time.
The presence of the copper oxide was revealed by both XPS and SEM. The figure 4.16a
displays the apparition of a strong Cu®" satellite peaks at 943 eV and 962 eV confirming the
formation of Cu20. In addition, the presence of a peak at around 934 eV corresponding to the
broader shift confirms the presence of CuO. From SEM images, compared to the smooth
surface of pristine G/Cu the presence of CuOx needle-like structure is observed. Interestingly,
the majority of the needles growth in the underneath of the graphene layer (Figure 4.16 d-e),

suggesting the formation of new interface SLG/CuOx/Cu.
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Figure 4.16 (a) XPS spectra of Cu(2p) from pristine SLG/Cu (black) and L/CuOX/Cu (blue); SEM images of
(b-e) pristine SLG/Cu and (c-¢) SLG/CuOy/Cu modified at 0.75 V for 60 min in 1 M KOH solution.

The local reactivity of the modified substrates was evaluated by using Fc*/Fc redox couple in
SECM configuration. The feedback curves displayed in the figure 4.17 shows a gradual
decrease of the electron transfer rate by approaching to negative feedback as function of the

oxidation time.
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Figure 4.17 (a) Approach curves onto SLG/CuOy/Cu using Fc as mediator. Theoretical approach curve for
conducting and insulating substrates (grey); (b) Electron transfer rate as function of oxidation
times.

The electron transfer rate was exponentially decreased in function of the oxidation time and
reached 3.10° cm.s' after 60 min treatment. By coupling the SEM images and the
electrochemical behaviors of the modified layers, the decrease of HET rate can be attributed
to the growth of the oxide layer which have semi-conductive behaviors*!. Basing on the local
reactivity of the SLG deposited onto different substrates (PET, Cu, CuOx), it can be concluded
that the electronic properties of the graphene layer is strongly depended on the electronic

properties of the supporting layer.
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In summary, the electronic properties of single layer graphene deposited onto flexible and
transparent support were investigated by SECM. The variation of the feedback curves as a
function of the nature of the mediator indicates the presence of different electronic
interactions occurring between graphene single layer and the electroactive species. In
addition, the functionalization of the graphene layer with the p-nitrophenyl layer through the
electroreduction of diazonium group has also been examined. The observed increase of the
electrochemical response can be explained by the formation of the p-n junction due to the
withdrawing effect of the organic layers which provides double benefits. Firstly, the organic
layer (n-doped layer) enhances the electron transfer from the substrate to the oxidized species
in solution. Secondly, the chemical p-doped graphene provides accessible sites for the
reduction process by preventing adsorption of aromatic compounds. With further modification
of the substrate with platinum nanoparticles, the electrochemical responses toward the
oxidizing and reducing mediators are inverted. Furthermore, the supporting layer provides a
crucial role onto the electronic properties of the graphene sheets. Overall, the local
electrochemical reactivity of the graphene monolayer can be tailored by modifying its
structure via different approaches. Besides the fundamental knowledge of the surface
modification of SLG/PET, we believe that the capacity to tune the electronic and
electrochemical properties of the large scale SLG/PET could be used in a large spectrum of
application such as touch screens, smart materials, molecular electronic, and for energy

storage and conversion.
4.3 SECM IN IONIC LIQUID MEDIA AND OVER IONIC LIQUID LAYERS
4.3.1 SECM in ionic liquid media

The masse transport of redox species in ionic liquid solution differ from that measured in
usual solvent. Different measurements were performed providing comparable results,
typically 3.9.107 cm?s™ for ferrocene in imidazolium based ionic liquid [EMI*][TFSI]*.
This value is much lower than that found in acetonitrile solution (D = 2.10° cm?.s™!) that
cause non-negligible change in the electrochemical response of the redox species. In this
context, the deep understanding of the electron transfer and the masse transport at the surface
of a material provides a considerable role for improving the efficiency of different
electrochemical processes in ionic liquid media. We report, in the present part, the use of the
feedback mode via scanning electrochemical microscopy followed by cyclic voltammetry to
investigate the heterogeneous electron transfer kinetic in IL media at very thin double junction

within the gap UME/substrate, metal/IL/insulator (1) and metal/IL/metal (2).

An ultramicroelectrode (UME), attached to a vertical axis piezo of a SECM setup, was
approached to the substrate through an ionic liquid solution ([EMI'][TFSI]) containing 10
mM of I1-ferrocenylmethyl-3-methyl imidazolium TFSI as redox mediator. The
electrochemical signals provided by the redox mediator were recorded at different distance
between the tip and the conducting substrate (Figure 4.18b). Indeed, independent to the
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distance L, the steady-state current is always satisfied. From the value of the limiting current
in the bulk solution (black curve in Figure 4.18b), the diffusion coefficient of the [FcMIm™M]
[TFSI] can be calculated via the equation 4.10".
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Figure 4.18 (a) Scheme of the investigation of the electrochemical behaviors of the 10 mM of FcIL in
[EMIm*][TFSI] solution on conductive substrate; (b) Cyclic voltammograms at different distance
tip — substrate (L =d/a) : (black) L = oo, (blue) L = 1, (green) L = 0.6, (red) L = 0.2.
As shown in the figure 4.18b, the CV at L = oo represents a well-defined diffusion-controlled
system with a plateau current recorded at 50 mV.s! as a scan rate with a value of DiFeMim+m] =
4.6.107 cm?.s™! observed in [EMI'][TFSI'] solution which is 2 orders of magnitude lower than
the same molecule in acetonitrile solution. Nevertheless, the limiting current increases
exponentially by approaching the UME to the substrate below L = 1. Despite the variation of
the diffusion coefficient in ionic liquid the recorded SECM CV’s at different distances over

conducting substrate, behave similar to those obtained in classical solvent (acetonitrile).

However, by approaching the UME to an insulating substrate, a transition of diffusional
regimes was observed under the same conditions. Unlike reported work on the
electrochemical responses of the redox mediator by lowering the distance tip- insulating
substrate where steady-state current decreases exponentially with the distance*’, peak-like
shape cyclic voltammograms is observed. This behavior is mainly due to a considerable
planar diffusion contribution (Figure 4.19b).

Far from the substrate, the plateau current was obtained as in the previous case where the
mass transport is controlled by the radial diffusion. However, at L = 1, peak-like current was
observed from the CV at 5 um Pt UME corresponding to the early-stage formation of
metal/thin liquid film/insulator double junctions. A well-defined reversible peak-shape CV
was even emphasized by approaching the tip closer to the substrate (L = 0.2).
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Figure 4.19 (a) Scheme of the investigation of the electrochemical behaviors of the FcIL in [EMIT][TFSI]
solution on insulating substrate; () Cyclic voltammograms at different distance tip — substrate (L
=d/a) : (black) L = oo, (blue) L = 1, (green) L = 0.6, (red) L = 0.2; (¢) CVs at different scan rate
from 10 mV.s™! to 100 mV.s™!, inset: CVs from 0.1 V.s'! to 2 V.s'! at L = 0.2; (d) Variation of the
peak current in function of the scan rate.

At this position, the oxidation and the reduction peaks of FcIL are observed with a peak-to-

peak separation less than 20 mV which is attributed to a thin film character. The phenomenon

that can be occurred in this configuration is mainly due to the high viscosity of the ionic
liquid, [EMI][TFSI] (35.55 cP at 25°C*). The proposed behavior can induce important
effects to the electrochemical response at the UME where the diffusion of the redox mediator
from and to the electrode surface is inhibited by amplifying the physical obstruction due to the
presence of the UME. Perhaps, a meta-state is generated in which all the FcIL molecules are
captured inside the small volume defined by the UME and the substrate as presented in the

Figure 4.19a. Besides, the low diffusion coefficient of FcIL induces extremely slow mass

transport process (~ second scale, i.e negligible compared to the electron transfer rate) which

is in the same potential sweeping scale. Therefore, at the reverse scan, the generated oxidized
species are localized at the vicinity of the electrode and susceptible for reduction without any

overpotential (AE < 20 mV). In addition, a linear relationship between the anodic and

179



Chapter 4 SECM for localized electrochemistry: from conventional to probe-less approach

cathodic peak currents as function of the scan rate is obtained (Figure 4.19d) which can be

referred, in this case, to a quasi-immobilized electroactive layer.

As demonstrated in the previous parts, in highly viscous solvents, case of ionic liquid, the
diffusion is strongly affected. Indeed, to get insight on the mass transport in such solvent,
approach curves were performed and recorded as shown in the figure 4.20. By using an
approach rate about 2 pm.s™!, the responses do not fit with the SECM steady-state theory. The
feedback curve obtained by using insulating substrate shows unusual behavior where the
current is less sensible with the variation of the distance and starts to decrease at L < 1.
Nevertheless, the currents obtained by cyclic voltammetry at L < 1 show a net decrease of the

oxidative current.
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Figure 4.20 (a) Experimental approach curves on (black dots) conducting substrate and (red dots) insulating
substrate. Solid lines correspond to the theoretical approach curves; (b) Evolution of the feedback
curves in function of the approach rate ranging from 0.1 pum.s! to 30 pm.s”' on insulating

substrate.

Two contradictory observations can be correlated by adding the contribution of the
convection into the mass transport*’. Nkuku and LeSuer* proposed new SECM model in
deep eutectic solvent via introduction of convection term on the total mass transport during
the tip’s approach. The combination of the diffusion and the convection is ensured by the
Peclet number which is equal to va/D where v is the tip velocity. It has been demonstrated
that at Pe values below 0.01, the convection is negligible compared to the mass transport.
However, when the Pe value is beyond 1, the convection contributes significantly to the
process. Typically, at an approach rate around 0.1 pm.s! (Pe = 0.01), the feedback curve fits
completely with the theoretical approach curve. By increasing the tip velocity from 0.1 pm.s™!
to 30 pm.s! (Pe = 0.01-5.43), the feedback curves onto insulating substrate switch from fully
negative to positive (Figure 4.20b) where the contribution of the convection becomes

dominated in the mass transport.

Independent to the approach rate, the cyclic voltammograms at different scan rate offer the

real behaviors of the redox species at the vicinity of the microelectrode as mentioned in the
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previous part. From that point of view, it is possible to reconstruct a more reliable approach
curve by eliminating the contribution of the convection via the plateau current from the CVs
recorded at different distance tip — substrate. Interestingly, from the steady state current
values of different CVs, the variation of the i-/i as function of the normalized distance tip —
substrate is plotted as shown in the Figure 4.21. Importantly, even though the substrate is
insulating or conductive, the evolution of the normalized current fits perfectly with the
expected theoretical approach curves which are calculated under steady-state conditions.
From the obtained results, the experimental feedback curves can not only be obtained by
amperometric approach techniques with low tip velocity but also by means of cyclic

voltammetry technique.
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Figure 4.21 Reconstruction of the approach curve by means of the plateau currents collected from CVs at
different distances (black dots) tip — conductive substrate and (red dots) tip — insulating substrate.

Solid lines correspond to the theoretical approach curves.

In conclusion, the formation of the extremely thin layer of ferrocenated ionic liquid in
EMITFSI solution reveals several effects to the charge transfer and the diffusion of the redox
species at the vicinity of the electrode materials. This present work can open new
understanding of the redox phenomena occurring at the interface between ionic liquid solution
and the electrode surface and for further applications concerning the use of ionic liquid as

both solvent and/or active materials.
4.3.2 SECM over thin layer of electroactive ionic liquid generated by click chemistry

As reported in the chapter 2, the surface modification of thin layer of ferrocenated ionic liquid
onto electrode surface by click chemistry was performed. In this part, the investigation of the
electroactive top layer was performed by employing the Scanning Electrochemical
Microscopy (SECM). Via the feedback mode, the local reactivity of the substrate can be
revealed at unbiased state. First, the feedback mode’s responses on grafted azido-phenyl layer
generated after 10 cycles were investigated by using two redox mediators:
decamethylferrocene (DmFc*/DmFc, E° = 0.1 V vs. SCE) and ferrocene (Fc*/Fc, E* = 0.4 V
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vs. SCE). For both redox couples, the normalized current at the microelectrode (UME)
decreases as the Pt tip approaches the azido-phenyl modified ITO. This behavior, negative
feedback, indicates the absence of regeneration of the mediator at the surface. Moreover, the
experimental approach curves show a good agreement with the theoretical approach curve for
an insulating substrate, demonstrating the insulating properties of the modified electrode and

confirm the formation of dense layer free of pinholes (Fig.4.22b).
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Figure 4.22 Scheme for investigating the electrochemical behaviors of (@) azido-phenyl modified electrode and
(¢) after immobilization of [FcPIm"][Br] by click chemistry. Corresponding experimental approach
curves using two redox mediators: DmFc*/DmFc (m), Fc*/Fc (0) and the theoretical approach curves
(solid lines) for (b) azido-phenyl modified electrode and (d) after immobilization of [FcPIm*][Br]
by click chemistry.

However, after the grafting a top layer of ferrocenyl-imidazolium (Figure 4.22c¢), two
different behaviors are observed, as illustrated in Fig. 4.22d. In the case of DmFc, negative
feedback is obtained, and the experimental curve matches the theoretical approach curve for
an insulating substrate. This result indicates the absence of interaction between the DmFc”*
generated at the UME and the attached Fc head group, and the absence of any interaction with
the ITO electrode through pinholes and/or tunneling. By contrast, in the case of the Fc'/Fc
redox couple, the normalized current increases rapidly as the UME approaches the modified
substrate. A positive feedback is observed, and the experimental approach curve matches the
theoretical curve expected for a conducting substrate under diffusion control. The increase in

the current during the approach curve is due to the oxidation of the grafted Fc head groups by
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the Fc* generated at the UME. The fact that two similar redox mediators show opposite
behaviors can be explained by the difference in the standard potential of the probes. For
comparison, similar behavior was observed for Fc groups attached to the insulating n-Si
surface*®. Indeed, as the standard potential of the Fc mediator is close to that of the
immobilized ferrocenyl-imidazolium, the facile and efficient oxidation of the attached Fc by
oxidized Fc* diffusing from the tip becomes possible, inducing regeneration of the Fc
mediator at the interface. Overall, the SECM investigations demonstrate that the electron

transfer at the modified interface can be considered as an extremely fast and efficient process.
4.3.3 SECM over polymer layer of ionic liquid

Being described in the chapter 3, the presence of polymeric ionic liquid layer at the electrode
surface does not block the diffusion of the active species from the bulk to the electrode
surface and enhances the electron transfer towards inner sphere molecules. In order to confirm
the results obtained from cyclic voltammetry and electrochemical impedance spectroscopy,
scanning electrochemical microscopy, SECM, was employed to investigate the local
electrochemical properties of the interface. For comparison, the SECM investigations were
performed using two redox probes (inner and outer sphere) over GC modified with the
initiator (Br terminated GC) and over the poly(IL)/GC after SI-ATRP polymerization.

In this case, the SECM configuration allows the investigation of the surfaces at their open
circuit potential (unbiased substrate). Figure 4.23a depicts the approach curve in the presence
of FcMeOH and shows an enhancement of the current when the UME approaches the surface
for both investigated surfaces. The increase of the current is related to the regeneration of
FcMeOH at the electrode surface which enhances the flux of the FcMeOH in the vicinity of
the UME. This behavior indicates the presence of thin layer of Br terminated layer (lower
than 5nm) and that the polymer brushes structure maintains the access of the redox probe to
the GC surface.
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Figure 4.23 SECM approach curves at bare GC and poly(VImM) using (a) ferrocene methanol and (b)
potassium ferricyanide at 1 mM in 0.1 M KOH aqueous solution
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However, in the case of ferricyanide, two different opposite behaviors were observed (Figure
4.23b). On GC/Br initiator electrode, the current decreases while the UME approaches the
surface indicating that the backward reaction (Fe(CN)s*™ — Fe(CN)s®~ + €") at the substrate
occurs with a low electron transfer. In the case of GC/poly(VImM) substrate, a positive
feedback is observed confirming the occurrence of the backward reaction at the polymer
interface. The observed positive feedback is related to the presence of ferricyanide moieties
within the poly(VImM). These electrochemical investigations demonstrate that the

poly(VImM) brush structure enhances the electrochemical response of an inner-sphere probe.

44 POLYMERIC FERROCENE BASED IONIC LIQUID FOR PROBE-LESS
SECM

4.4.1 Electrochemical behaviors of poly(FclL) film on ultramicroelectrode

In this part, we purpose to study the electrochemical behaviors of immobilized polymer redox
ionic liquid, Poly(1-allyl-3-ferrocenylmethylimidazolium bromide) (Poly(FcIm), by using
Surface-initiated Atom Transfer Radical Polymerization on Pt UME surface. SI-ATRP was
chosen due to the robustness via covalent bond attachment and capacity to generate polymer
brushes with controlled thickness. This method has already been reported to perform the
polymerization of 2-hydroxyethyl methacrylate (PHEMA) on microelectrode arrays as
platform for Hg" sensing®. However, there is no report on SI-ATRP polymerization onto
single UME. The SI-ATRP procedure was kept similar as described in the previous part
(chapter 2 and 3).

As the first report on immobilizing a redox-active polymer ionic liquid onto the
ultramicroelectrode, the electrochemical response of the modified Pt UME in electrolytic
solution was performed by cyclic voltammetry at different scan rate ranging from 0.01 to 20
V.s! as shown in the figure 4.24a-b. The reversible redox system at 0.17 V/Erc+Fc
corresponds to the typical electrochemical response of the Fc moieties within the polymeric
ionic liquid. Unlike the response of the microelectrode in the presence of redox probe in
solution with plateau current, the peak-like shape confirms the presence of immobilized

ferrocene moieties at the UME.
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Figure 4.24 Cyclic voltammograms of the Pt UME/Poly(FcIL) electrode recorded at different scan rates : (a)
from 20 mV.s' to 1 V.s! ; (B) from 1 V.s! to 20 V.s'! ;(¢) Variation of the peak potentials in
function of the scan rate; (d) Variation of the oxidation peak current in function of the scan rate.

The electron transfer kinetic was then investigated by plotting the variation of the peak
potential as function of the logarithm of the scan rate. According to the Laviron’s formalism,
the calculated electron transfer rate constant is 253 s! which is similar to that reported on
large electrode GC/Poly(FcIL)*’. At low scan rate (below 0.1 V.s™), the current varies linearly
with the scan rate highlighting the presence of a non-diffusive process. However, at high scan
rate the current is proportional to the square root of the scan rate suggesting the limitation by
the electron transfer and/or the apparent diffusion of the polymer chain thanks to the
flexibility of the attached brushes polymer (Figure 4.24d). Such behavior has been already
described in the literature®®

4.4.2 SECM study by using UME/ poly(FcIL) tip

Later, the modified electrode was used to probe a conducting substrate in the presence of a
redox mediator, decamethylferrocene, using the SECM approach curve. The choice of the
mediator is due to its standard potential (E° = - 0.3 V/ Erci/rc) that is not interfered with the
electrochemical active window of immobilized ferrocene moieties. As consequence, the
difference of electron transfers kinetic, if it happens, is mainly due to the physical presence of

the polymer layer by excluding the possible contribution from the attached redox moieties. As
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shown in the figure 4.25, the recorded approach curve displayed no difference in term of
feedback curve compared to bare Pt UME. This result appears coherent with the previous

electrochemical response of the modified electrode using cyclic voltammetry.
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Figure 4.25 Approach curves onto Pt substrate by using Pt UME/Poly(FcIL) in a MeCN solution containing
0.05 mM of DmFc as mediator and 0.1 M of TBAPFe.

After achieving the positive feedback curve, the modified electrode was kept close to the
conducting substrate (L = 1). Next, a cyclic voltammogram was recorded by sweeping the
potential from -0.6 V to 0.4 V/ Erc+/re. This experiment will lead to record the electrochemical
signals of the redox molecules in solution (DmFc) and the immobilized ones (Fc). At a
potential lower than 0 V/ Erci/re, a well-defined plateau current was obtained resulting from
the response of the DmFc¢'/DmFc. Interestingly, by sweeping the potential from 0 to 0.4 V, a
plateau current was observed which could be attributed to the electrochemical signal of the
immobilized Fc moieties (Figure 4.26). For comparison, the CV recorded far from the
substrate (L=10) displays a steady state shape for DmFc, while a peak shape is obtained for
the immobilized Poly(FcIL). Thus, the increase of the current of DmFc, at lower
UME/substrate distance, is consistent with the obtained positive feedback (Figure 4.25).
However, for immobilized poly(FcIL) the electrochemical behavior is unexpected since it

changes from immobilized (non-diffusive) to diffusional system.
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Figure 4.26 Cyclic voltammograms at different distance tip — substrate recorded at the Pt UME/Poly(FcIL) in a
MeCN solution containing 0.05 mM of DmFc and 0.1 M of TBAPFs.
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These intriguing results conduct us to perform further investigations for understanding this
behavior. Next, the DmFc solution was removed from the SECM electrochemical cell and
was replaced by a MeCN solution containing only 0.1 M TBAPFs as supporting electrolyte.
Different cyclic voltammograms were recorded by varying the tip — substrate distance as

shown in the figure 3.27.

To follow the evolution of the electrochemical response, different CVs were recorded at
different distance tip — substrate ranging from L = 0.2 to 3. The displacement of the tip is
carried out by manual control considering the initial UME position located at 5 um (L = 1)
from the substrate determined during the approach curve in the presence of DmFc as a redox
probe (Figure 4.25).
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Figure 4.27 Cyclic voltammograms at different distance tip — substrate recorded at the Pt UME/Poly(FcIL) in a
MeCN solution containing 0.1 M of TBAPFs.

Far from the substrate L>3, the recorded CV at the modified UME displays a peak shape
behavior confirming the presence of immobilized poly(FcIL) (black curve). For L=3 (blue
curve) the shape of the CV changes from total peak shape to a mixed situation corresponding
to a peak shape and steady state. Interestingly, at L = 1, instead of obtaining peak-like CV as
previously presented, a plateau current was achieved. Further approach of the
poly(FcIL)/UME to the substrate, displays a sigmoidal CV with an increase of the plateau
current. In order to confirm this result, different CVs at L= 0.2 were recorded by varying the
scan rate from 0.01 to 0.4 V.s™! as presented in the figure 4.7. The Figure 4.27 shows that the
values of the steady state current remain unchanged while varying the scan rate. This result
confirms the establishment of steady state regime of the attached poly(FcIL) in confined
tip/substrate distance. In a typical SECM experiment, redox mediator in solution, the steady
state current increases with decrease of the separate tip/substrate distance which is originated
from the feedback loop due to the regeneration of the mediator at the conducting substrate.

However, in our case the observed current increase could not be explained by the redox
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feedback loop since the Fc species are attached onto the surface and the separate tip/substrate
distance is in the um range. The current enhancement could be due to the mechanical
properties, for instance the flexibility, of the polymer brushes that induce a diffusion-like
process in which the charge propagation results from an electron hopping between the Fc
moieties within the film. The latter is expected to increase in confined media when the
poly(FcIL))UME is brought closer to the substrate. Overall, the performed SECM
experiments are unprecedented and exhibit unusual electrochemical behavior presenting a
change from peak-like to steady state CV of the immobilized poly(FcIL).

Even though the Fc moieties are immobilized onto the electrode surface, a diffusion process

could occur, resulting from the flexibility of the polymer chain. Demaille et al*->

reported a
diffusion coefficient of redox poly(ethylene glycol) immobilized onto Au tip by self-
assembled monolayer (SAM). The methodology consists to compress the polymer modified
Au tip onto a conductive substrate (few nanometer separate distance) and to follow the
movement of the Fc heads. It was demonstrated that the mechanical force induces a diffusion
loop of the Fc moieties in between the tip and the substrate with an apparent diffusion
2nFDR, I

2

coefficient in the order of 10° — 10" cm?.s™! via the following equation j = (4.18)

where a is the monomer statistical length, Rip the radius of the UME, I' the chain surface
coverage. In our case, due to the high flexibility of the system via brush-like polymer chains,
the diffusion of Fc moieties is probably occurring in confined medium (modified UME close
to the substrate). By considering the difference of the geometry of the tip, the apparent
diffusion coefficient of the immobilized Poly(FcIL) can be estimated using the formula

. 4FDR,T

i (4.19). For tip/substrate distance L=0.2 (red curve in Figure 4.27) the

calculated apparent diffusion coefficient is around 0.8 10 cm?.s™!. Recently, the diffusion
coefficient of immobilized flexible redox layer has been measured using Randles-Sevcik
equation*®. Indeed, during the electrochemical characterization of poly(FcIL)/UME in
electrolytic solution, the current became linear with the square root of the scan rate at higher
scan rate (Figure 4.24b). This linearity indicates an additional dependence of the electron
transfer rate on the diffusion of the ferrocene head groups to and from the surface. In other
words, the mass transport follows a semi-infinite diffusion process within this time scale. The

diffusion constants of ferrocene could be determined from the anodic peak current using the

Randles-Sevcik equation i, = 0'4463nFAC(n}1:}D

1/2
j (4.20) . In this equation, the

concentration, C, can be replaced by I'/e, with e being the layer thickness and I" de surface
concentration. A s result, the diffusion coefficient of Fc in poly(FcIL)/UME is estimated at
1.9 102 cm?.s™!. Simple comparison shows a difference of about 3 order of magnitude in the

diffusion coefficient when comparing the poly(FcIL) far from the substrate (L>4) and close to
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the substrate (L=0.2). The transition from peak shape behavior to steady state could be related
to the variation of the diffusion coefficient in confined media (the tip is close to the substrate)
and thus the flexibility of the poly(FcIL) increases with the decreases of the tip/substrate
distance.

Unlike the diffusion mentioned by Demaille et al.>

where the oxidized Fc heads generated
from the tip diffuse to the substrate and come back to the tip, the present notion of diffusion
includes several factors (translocation of ions, electrophoretic migration of ions, charge
diffusion resulting from the change of the viscoelastic properties of the polymer in the
presence/absence of electric field). The latter could induce a change in term of electron
transfer rate and the electron transport through the film and the configuration of the polymer

layer.

In addition, a series of experiment were performed by changing the chemical environment,
scan rate, and distance. Two mixtures of an ionic liquid, EMITFSI, and MeCN with different
proportion were used for this study. As expected, similar behavior was obtained, i.e. by
approaching the modified tip to the substrate, a transition between the peak — like current to
plateau current is observed. For the mixture 1 composed of EMITFSI:MeCN (70:30 v/v), the
current intensity is lower than in the case of the mixture 2 (70 MeCN: 30 EMITFSI (v/v)),
resulting from the different viscosity of the medium. In addition, the higher concentration of
EMITFSI induces a delay for the switching between the two regimes (Figure 4.28 b and e). At
an intermediate distance (L = 1), the current obtained in the solution 2 is less dependent on the
scan rate than the values recorded in the solution 1. However, at a smaller distance L=0.2,
plateau currents were obtained for both cases.
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Figure 4.28 Cyclic voltammograms at different distance tip — substrate (@, d) L =00, (b,e) L=1, (c, ) L=10,2
and different scan rate (0,02 to 0,2 V.s') recorded at the Pt UME/Poly(FcIL) in (a,b,c)
EMITFSI/ACN 7:3 (v/v) and (d,e,f) EMITFSI/ACN 3:7 (v/v).
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However, the proposed explanation is only a hypothesis and other phenomenon could explain
this unexpected behavior. Thus, during the CV measurement, the formation of an electric field
is expected. Owning a high concentration of cationic imidazolium species, the Poly(FcIL) is
susceptible to the electric field and the cation is attracted to the negative side via the electric

force F = qE , where E is the electric field and q is the net charge on the object. Furthermore,

the anion from the bulk moves to the positive side (UME) with the opposite force. For non-

uniform electric field, the electric flux is designed to be:

d= fﬁd§ -4 (1 __d ] (4.21) where d the distance between 2 electrodes, R the radius
2g, Jd? +R?

d
of the substrate. When d << R, the electric flux becomes: ¢ = 2&(1 _Ej (4.22)
€
Therefore, by approaching the tip to the substrate, the electric flux passing the substrate

increases.

As consequence, the imidazolium rings will move with a velocity controlled by the

Coulombic forces and the viscosity drag forces. It is known that the electrophoretic mobility

(n) that relates the applied electric field to the velocity as: = EnS (4.23)with & is the zeta
n

potential, em is the permittivity of the liquid and n is the viscosity of the liquid. Perhaps, by
this way, the polymer chain is in an outstretched configuration (Scheme 4.2c). This
hypothesis is consistent with the first proposed explanation based on the change of the
flexibility and thus the diffusion coefficient.

()
[
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°
./
h 4

No field § Under field

Scheme 4.2 Possible mechanism for the enhancement of the measured current: (@) configuration in absence of
substrate, (b) configuration of Poly(FcIL)/UME in presence of insulating substrate and (c)
configuration of the polymer chains in presence of conductive substrate
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To confirm the crucial role of the imidazolium rings, the poly(vinylferrocene) modified UME
was used to perform the same experiment. As presented in the figure 4.S8, there is no a clear
increase of the faradic current when the tip approach the substrate. Moreover, at the explored
UME/substrate distance (L between 3 and 0.2), the transition between peak —shape to steady
state is not fully observed with the poly(vinylferrocene). This result, highlight the role of the

ionic liquid within the polymer structure in the observed phenomena.

In addition, a well-defined structure of the polymer brushes enhanced the electron transport
via hopping by independent channels with a decrease of the perturbation (Scheme 4.3).
Considering a Fc¢" head at a layer n and a Fc head at a layer n+1, the electron hopping can be

occurred as Fc'm) 2 Fc'r1) + Fem). The charge mobility is calculated as p=v,/E (4.24)
with E is the electric field and vad is the charge drift velocity which can be considered as a ratio
between the hopping distance (1) and the hopping time (1), i.e. v, =A/t=2Ak_ (4.25)with

kex is the hopping frequency or the rate constant for governing the hopping (s!). It has been
demonstrated that the dependency of the mobility on the electric field is as followed’':

LE =LA 'exp(-AG /RT)exp(anFAE)/RT (4.26), with AA'exp(-AG. /RT) is the
contribution of the diffusion and the remaining part represents the perturbation due to the

presence of the electric field. By approaching the tip to the substrate, an increase of the

electric field is expected which induces a strong enhancement of the charge mobility, i.e. the

hopping rate.
1st electron transfer electron hopping 2nd electron transfer electron hopping perturbation
b _— —_— — —
1st electron transfer electron hopping 2nd electron transfer electron hopping

Scheme 4.3 Possible pathway of electron hopping in two configurations: (a) w/o electric field and (b) under
electric field.

As a consequence, the measured diffusion coefficient can be expressed as Dexp = Do + Dt

(4.27)°" with Do is the diffusion coefficient in the absence of any self-exchange reactions and

Der is the diffusion due to the self-exchange reactions, which is expressed as followed:

2
Dy =—= (4.28) where c the concentration of the co-reactant with which the diffusing

4

molecules exchanges electrons and 6 the distance between the centers of 2 species when the

electron exchange occurs. In solution, the value of Do is typically much larger than the Der.

However, in the situation where the electroactive species are immobilized onto the electrode
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surface, smaller diffusion coefficient Do (<10® cm?.s!) is obtained, inducing a considerable

contribution from the diffusion by self-exchange reactions.

In order to verify the hypothesis about the generation of electric field in the presence of a
conductive substrate, the same experiment was performed by approaching the modified UME
onto an insulating glass substrate as presented in the figure 4.29 and 4.S9. The peak-like
behavior remains visible whatever the selected tip — substrate distance. Interestingly, by
approaching the tip to the insulating substrate, a diminution of the current is obtained. In the
absence of the formation of the electric field in between the UME and the substrate, the

polymer brushes may be in a depleted configuration as presented in the scheme 4.2b.
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Figure 4.29 Cyclic voltammograms at different distance tip — substrate (@) L = oo, (b) L = 0.2 and different scan
rate (0.02 to 0,2 V.s™); (¢) CVs recorded at various distance (v = 0.1 V.s™) recorded at the Pt
UME/Poly(FcIL) in MeCN solution containing 0.1 M TBAPFs

The change in the configuration of the polymer chains due to the concentration of electrolyte
has been recently reported by Rodriguez-Lopez et al? Briefly, different cyclic
voltammograms were recorded in organic solvents containing millimolar concentration of
redox-active polymer (VioRAP) and various concentration of supporting electrolyte. As a
consequence, increasing the concentration of electrolyte induces a transition from peak-shape
current to plateau current. The variation of the electrochemical response in function of the
concentration of electrolyte is attributed to the dependence of the electrostatic interaction of
permanent charged RAP on the ionic strength due to the supporting electrolyte in solution,
resulting to a modulation of the hydrodynamic radius of the polymer chains. As conclusion, it
has been claimed that the electrostatic interaction has strong impact on the electrochemical
response of the redox-active polymer. As mentioned in the chapter 2, the ionic flux is
described as J. =-D.Vc, —%DiV(IHuci (2.9), which is depending on the velocity of the
ion. In our study, as being supposed that the polymer layer is swelled by approaching the
substrate, it is worth noting that the electrostatic interaction is facilitated by generating ion
channels, resulting to higher ionic flux, i.e. a higher electron transfer/transport rate. By
analogy with Rodriguez-Lopez et al work, approaching the modified UME to the conducting

substrate the local concentration of the electrolyte could change which may explain the
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variation of the CV behavior from peak-shape to steady state. In this case, the performed

SECM experiments could be treated as a Scanning lon Conductance Microscopy SICM.

In summary, the increase of the current by decreasing the distance tip — conductive substrate
observed in the figure 4.27 and 4.28 could be attributed to: (i) Change of the dynamic of the
polymer brushes in confined media inducing increase of the diffusion coefficient of the redox-
active group (Fc). (i1) An increase of the hopping rate by increasing the electric field, (ii1) An
increase of the diffusion of the anion from the bulk to the polymer layer, (iv) A change of the
configuration of the polymer (outstretched brushes) by displacement of the imidazolium
centers in the presence of the field, (v) Finally, at a smaller distance, the establishment of

feedback loop (regeneration of the attached mediator) is not fully excluded.
4.4.3 Probe-less SECM by using modified ultramicroelectrode

Even if the origin of the change from the peak shape to steady state still not clear, the
experimental results demonstrate clearly the occurrence of this change. The interesting
properties of the Poly(FcIL) when approaching conductive substrates, conduce us to further
investigate the modified surface to probe the reactivity of the surface by using feedback mode.
As displayed in the figure 4.30, the current intensity increases by approaching the tip to the
substrate showing a positive feedback behavior. The interaction between the Poly(FcIL) and
the substrate starts at a separate distance L bellow 1, while for a mediator in solution this
interaction is observed at L bellow 4 (see Figure 4.25).The observed distance delay is
comparable to the one observed when the approach curve is recorded in viscous media and
could reflect a delay in the establishment of the feedback loop due to a lower diffusion
coefficient®®. Despite the origin of the feedback, this experiment demonstrates the possibility

to use Poly(FcIL) modified UME for probing conducting substrate.
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Figure 4.30 Approach curves onto Pt substrate by using Pt UME/Poly(FcIL) in a MeCN solution containing 0.1
M of TBAPF¢ by applying 0.35 V vs Erci/rc to the tip w/o bias to the substrate.

As discussed in the previous part of this chapter, the cyclic voltammetry at different distance

allows to reconstruct the approach curve with high accuracy. As illustrated in the figure 4.31,
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the red dots represent the variation of the measured steady state current, Inormalized, at different
L ranging from 3 to 0.2. Interestingly, these values match with the experimental approach

curve recorded in the absence of the mediator in solution (grey curve).
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Figure 4.31 Approach curves reconstructed by cyclic voltammograms at different distances by using Pt

Normalized tip current

UME/Poly(FcIL). (Solid curve) Experimental approach curve; (dot line) Extension of the
experimental curve.

In summary, we have shown the possibility to immobilized task-specific ionic liquid on
ultramicroelectrode by using SI-ATRP. The presence of poly(Fclm) was evidenced by
following the redox signal of ferrocene group. As a result, the presence of imidazolium ring
influences strongly the kinetic heterogeneous electron transfer and electron transport. In
addition, the presence of a conductive substrate generates an electric field in between that
influences strongly the viscoelastic properties of the polymer layer, resulting to a change of
the flexibility of the chains and the accessibility of the anion from the bulk. In the other hand,
a new kind of SECM setup can be developed with an electrolytic free solution to characterize
the immobilized redox molecules. Besides, we believe that the large variety of task specific
ionic liquid monomer described in the literature can be used for surface functionalization at
micro/nano scale and open a new possibility for tuning of new properties of the surface at
small scale. Particularly, we will develop this new approach for analyzing biological systems
such as cells.
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45 CONCLUSION

The local reactivity of nanomaterials is far different from the macroscopic behaviors where a
collective response is observed. By wusing an ultramicroelectrode, the scanning
electrochemical microscopy provides a powerful tool for investigating the local behaviors of a
material with and/or without applied bias. This technique can cover a large range of
application from fundamental studies to application in diverse fields, including energy storage
and conversion systems. In this chapter, the SECM technique has been used for (1) studying
the properties of graphene-based materials, (2) investigating the properties in solution of ionic
liquid and over an ionic liquid layer, and (3) possible application in energy field by following

the lithiation/delithiation process.

In the first part, it is known that graphene becomes nowadays emerging materials for multi-
purposes. However, the electronic/electrochemical properties of the graphene — based
materials are still opened for research. Within this context, we have followed the change in
the electrochemical properties of graphene after several functionalization. The switching
properties of the materials are attributed to a change of the Fermi level depending on the
surface modification. By using electrochemical tools, the pristine SLG can be tuned into p-
type or n-type graphene. Interestingly, the modulation of the doping type of graphene can be
electrochemically followed by using SECM.

In the second part, the localized electrochemical properties of the (redox)-ionic liquids have
been revealed. At a very close distance tip — insulating substrate in an ionic liquid solution
containing a redox molecule, immobilized — like system is obtained instead of diffusion-
controlled system as reported in literature. It is further demonstrated to be related to the high
viscosity of the ionic liquid medium, resulting to a non-diffusive like system. In parallel, the
electrochemical signature of the immobilized redox-ionic liquid has also been investigated,
suggesting 2-D charge transport within a top compact single layer of ferrocenated ionic liquid.
Furthermore, the polymeric ionic liquid is proven to be capable to accelerate the electron
transfer with inner sphere probe (e.g. KsFe(CN)g). Interestingly, by immobilizing the polymer
FcIL onto an ultramicroelectrode surface was used as probe-less in SECM configuration. The
results demonstrate the change of the electrochemical signal of the attached Fc moieties from
peak shape to sigmoidal shape. In addition, the poly(FcIL)/UME could be used for recording

approach curve in the absence of redox mediator in solution.
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4.7  APPENDICES

For SECM measurements, a commercial four-electrode SECM cell was used. A silver wire
and a platinum wire were used as a reference electrode (RE) and counter electrode (CE),
respectively. An ultramicroelectrode with a diameter of 10 mm was used as working
electrode. All the potentials were recalculated using the ferrocenium/ferrocene (Fc'/Fc) redox
couple as internal reference. Surface modification was carried out in a conventional
electrochemical cell using silver/silver chloride (Ag|AgCl) as RE, stainless steel mesh as CE.
The electrochemical and SECM measurements were performed using CHI920C bipotentiostat

(CH Instruments, Austin, Texas).
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Figure 4.51 Cyclic voltammograms of SLG/PET in MeCN solution containing 1 mM of ferrocene and 0.1 M of
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Figure 4.52 (a) Approach curves onto Pt NPs/glass slide using Fc as mediator (blue curve), () Approach curves
on Pt NPs/glass slide using TCNQ as mediator. Theoretical approach curves are in grey.

The Pt NPs were deposited onto the substrate as followed: 3 ul of a dispersed of 0.1 % wt. of

Pt NPs (<50 nm) in water was drop-casted onto different substrates. The substrate was then

dried in an oven at 50 °C for 5 hrs. before further uses. The electrochemical responses of Pt

NPs deposited onto unmodified SLG/PET and onto glass slide were recorded by using
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scanning electrochemical microscopy. As shown in the Figure 4.S2, the approach curves
recorded with the Pt NPs deposited onto glass slide substrate gave negative feedbacks for both
ferrocene and TCNQ. As a result, an insulating behavior was observed which is due not only
to the leakage of charge density at the particle surfaces but also to the absence of charge

propagation at the surface in order to ensure the electroneutrality of the system.

Figure 4.53 3D-AFM image of Pt NPs onto glass substrate

Organiclayer/SLG/PET
Pt/organiclayer/SLG/PET

Figure 4.54 2D and 3D-AFM images of Pt NPs/organic layer/SLG/PET
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Figure 4.85 Grafting of initiator layer via electrochemical oxidation in a aqueous solution of 3 mM of 2-

bromoethylamine and 0.1 M of LiClO4. 10 um diameter Pt UME was used as working electrode
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Figure 4.56 CVs in electrolytic MeCN solution containing 2 mM of DmFc¢ recorded with (black) Bare UME,
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Figure 4.87 CVs at different scan rate ranging from 10 mV.s"! to 0.4 V.s'! in electrolytic MeCN solution
recorded with Poly(FcIL) modified UME at L = 0.2
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CHAPTER 5

MOLECULAR CONCEPT OF IONIC LIQUID
FOR ENERGY STORAGE AND CONVERSION
SYSTEMS: A PERSPECTIVE TOWARDS
ARTIFICIAL SKIN

In this chapter, different possible applications in energy field by using (electroactive) ionic
liquid-based materials will be reported. Moreover, the role of the surface modification to the
energy conversion is investigated via studying the influence of the molecular structure to the
triboelectrification effect.

Keywords: redox-flow lithium battery, supercapacitor — battery hybrid, (redox-active)
(polymer) ionic liquids, surface modification, triboelectric effect, electrocatalysis.
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5.1 INTRODUCTION

In the era of 4.0 technology, i.e. current trend of automation and data exchange in
manufacturing technologies, the development of extra-thin, light and flexible electronics
devices open new horizon for different applications in smart interfaces, smart sensing, soft
robotics, etc. Imagine a city which every surface can generate electricity from solar power or
paper-thin television to electronic skin, etc. The surface functionalization offers advantageous
properties to the surface by generating new interfaces. Indeed, the extreme layer of a material
is always differed from the bulk atoms due to the leakage of coordination number which induces
a change in term of surface energy, density of state and reactivity. As a consequence, the
exposure of a material in air provokes problems by physio- and chemisorption of
contaminations as corrosion, deactivation of the surface, etc. However, the obstacles can be
turned over by introducing a protective layer, for example, an ultra-thin functional organic film
which acts as a barrier to protect and/or to generate new interfaces with novel properties. Thus,
the surface functionalization with an organic layer has widely investigated since the last century
resulting from a large spectrum of approaches. The most relevant methods for making thin
organic layer are named self-assembled monolayer (SAM) and electrochemical assisted
approaches. In this context, highlighted examples and possible perspectives of potential
utilization of Redox-IL and polymeric Redox-IL as (multi)functional materials in a large
spectrum of application, such as energy storage and conversion, catalysis, stimulus surface, etc.

are described.
5.2 CONCEPTS OF (REDOX)-IONIC LIQUID IN ENERGY STORAGE SYSTEMS
5.2.1 Redox Ilonic liquids in redox — flow battery systems

This work is in collaboration with Prof. Qing Wang’s group, Department of Materials
Science & Engineering at National University of Singapore (Nernstian-Potential-Driven
Redox-Targeting Reactions of Battery Materials, Chem, 2017, 3, 1-14).

Increasing demand of energy generates considerably pressure to various research fields for
approaching to novel technologies towards efficient exploitation of renewable sources. Within
this context, the energy conversion and storage have widely investigated involving
photovoltaic, (photo) water splitting, batteries, etc. Very recently, new concept of energy
storage using redox targeting redox-flow battery was introduced by Wang et al'. Unlike
conventional RFB where the energy is stored in the liquid phase, in the redox-targeting RFB
(RFLB), the energy is stored in 2 separate tanks composed by active solid phase (e.g. TiO2 and
LiFePOs4) (Figure 5.1a-b). In parallel, the power is generated in electrochemical cells similar to
conventional flow batteries. There are considerable advantages of RFLB over other
technologies in terms of energy density (10 times higher than the conventional redox flow
systems)!. For charging and discharging the battery (Fig.5.1c-d), small electroactive molecules

with suitable standard potential can be utilized as charge shuttles. A large variety of redox
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molecules have already been tested in different battery materials. Whatever the RFB or RFLB,
most of the redox mediators reported in the literature exhibit drawbacks resulting from low
solubility. Therefore, the chemical structures influence significantly not only to the charge
transfer in between the battery materials and the redox mediators in the mobile phase but also

to the solubility in a solvent of interest.
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Figure 5.1 (a) Scheme for Redox flow lithium battery (RFLB), (b) stack cells, (¢, d) Working principle of the
redox targeting reactions in cathodic and anodic tanks. Adapted from Ref.1.

Considering the most developed vanadium based redox-flow battery (VBR), the cell voltage is
around 1.2 V and the concentration of vanadium species is ranged from 1.6 M to 3 M, which
limits its tanks energy density below 100 Wh.L™'. As shown in the figure 5.2 (1 — 8), most of
water-based systems provide an energy density lower than 100 Wh.L™!'.>”7 Further developments
have been demonstrated that non-aqueous systems combined with the utilization of organic and
organometallic compounds offer higher energy density and cell voltage® ', Except some

1721 ' most of redox molecules

compounds which have good solubility (> 2M) in aprotic solvents
(e.g. Figure 5.2, 11-15) display lower solubility in these solvents*’*. For RFLB, in addition to
the low solubility of the mediators, the voltage loss, which results from large potential
difference between two molecules, is also major problem (V' gegr2/re) = 300 mV when paired

with LiFePO4%, V' (cocp2#/cocp) = 540 mV for TiO2%9).
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Figure 5.2 Energy density of some selected redox-flow systems. The theoretical energy density of a redox-
targeting-based redox flow lithium battery (RFLB) is calculated on the basis of 50% porosity of LFP
loaded with 1.4 M redox mediators. 1-8 represent water-based systems: 2,6-DHAQ/K4Fe(CN)s,
Fe/Cr, AQDS/Br;, polysulfide/Br,, soluble Pb-Acid, BTMAP-Fc/BTMAP-Vi, and Zn/Br,
FcNCI/MV. 9 and 10 represent non-aqueous systems: Li/TEMPO, Li/MTLT ionic liquid; 11-15
represent all-organic or organometallic systems: FL/DBMMB, all Cr(acac)s, all V(acac)s;, CoCp»/Fc,
Li/Fc. The abbreviations are explained in Table 5.S1
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In this context, tailoring the physical-chemical properties at the molecular scale becomes crucial
not only for boosting the activities of the existed materials but also for creating new type of
molecular entities for storing and releasing energy. The proposed strategy of using redox active
ionic liquids is not only important for increasing the charge storage efficiency but also for the
mechanistic investigation of the influence of charged molecules to the processes at the interface
between electrodes and solution. In this collaborative work, we have introduced ferrocenated

imidazolium ionic liquid as single — molecule redox — targeting (SMRT) for LFP —based RFLB.

The working principle of SMRT consists to use a suitable redox molecule that has identical
standard potential to the LFP. As depicted in Figure 5.3a, the battery operation can be described

with two associated events occurring in the cell and tank.

RMc——RM" +e¢ (5.7

LiFePO, + RM" ——=FePO, + RM + Li" (5.8)

In the cell, a simple electrochemical reaction is necessary for generating oxidized species (RM™)

(Eq. 5.7) whereas in the storage tank, the oxidized molecules undergo reversible SMRT reaction
to regenerate RM and delithiate LFP (Eq. 5.8).

The principle of the SMRT reaction is illustrated in Figure 5.3c. At the standard condition,
Equation 2 stays at equilibrium because both the molecule and material share the same standard

potential (E°rm+rM = E°Fepo4/Lirero4). Upon charging or discharging, the equilibrium potential
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of RM (Erm) varies with the activities of the oxidized and reduced states, as governed by the

Nernst equation:

RT, a,..
_Ro RM
ERM_E + +?ln

(5.9)

RM

However, the equilibrium potential of LiFePOu involve the presence of 2 phases, for which the

activities of LFP and FePOs are equal to unity, inducing the Eq. 5.10

RT
ELiFePo4 = EOFePO4/LiFePO4 + Tln(aw) (5.10)

RT, a., RT RT Ao
AE = ?ln BM —Tln(aw ): ?IHL , (51 1) where E°rM+/RM = E°FePOu/LiFePOs.

RM aLi* 'aRM

Then, the difference of potential between the molecule and the solid material, provides driving
force for the reaction described in the Eq. 5.8. During the charging process, more RM™ is formed
in the catholyte by RM oxidation on the electrode (Equation 5.7), and Li" ions move away to
the anodic compartment for charge balancing, which concertedly results in a positive AE.
Hence, electrons are driven to transfer from the valence band of p-type LiFePOu4 to the lowest
unoccupied molecular orbital of RM", accompanied by Li" extraction to form FePOs (Figure
5.3¢). Conversely, during the discharging process, more RM and Li" ions are accumulated in
the catholyte. AE then becomes negative, and consequently electrons are driven to transfer from
the highest occupied molecular orbital of RM to the conduction band of n-type FePOs,

concomitantly with Li" insertion into the material forming LiFePO4

a

< T T

FePO, +FclL+Li*
288

[enuejod

1
| Li metal
Nafion/PVDF
Catholyte/CF

2mm

TANK

Figure 5.3 Working Principle of the Single-Molecule Redox-Targeting (SMRT) Reaction. (@) Schematic of an
RFLB half-cell with LiFePO4 granules filled in the energy storage tank. Lithium foil and carbon felt
(CF) were used as the anode and cathode, respectively. The Nafion/polyvinylidene fluoride (PVDF)
composite membrane was used as a separator in the RFLB to prevent crossover of FcIL; (b) The
LiFePO4 granules; (¢) Energy diagram and charge transfer of the SMRT reactions of RM* with
LiFePO4 upon charging and RM with FePO4 upon discharging. The thick dashed line marks the formal
potential of RM/RM?*, and the thin dashed line indicates the Fermi level of solid material.
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To validate the SMRT reactions, the 1-Ferrocenylmethyl-3-methylimidazolium TFSI (Figure
5.4A), FcIL, was chosen as mediator. As presented in the figure 5.4B (orange curve), the cyclic
voltammogram of this molecule (50 mM) in 1 M of LiTFSI/propylene carbonate (PC)
electrolyte shows its half-wave potential around 3.43 V/ELi/Li, which coincides with the
potential obtained with the LiFePO4. Moreover, the FcIL offers higher solubility, beyond 1.45
M in carbonated based electrolyte?’-*® than non-modified Fc (<0.2 M). For simulating the
reaction in the tank, a specific experiment was constructed. The electrode was firstly modified
with a dense layer of alumina followed by deposition of a top layer of LiFePO4/FePO4. The
presence of alumina film prevents electrical contact between the electrode surface and the active
material. The voltammogram was recorded in absence of the FcIL in electrolytic PC solution,
affording obtention of non-faradic current (grey curve). In presence of the FcIL molecule (50
mM), not only an increase of the recorded current is observed but also the shape of the
voltammogram changes (green curve). Under finite diffusion regime through the alumina layer,
the Fc'IL generated at the FTO surface is reduced to FcIL at the interface of LiFePO4/solution
(Eq. 5.8) and diffuses back to the electrode surface while the Li" diffuse to the Li — electrode,
resulting to a diffusion-controlled system. For the backward reaction, similar argumentation
can be applied. In summary, the FcIL molecule is validated as a bifunctional mediator for LFP-
based RFLBs.
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Figure 5.4 (a) molecular structure of FcIL; (b) cyclic voltammograms of 50 mM FcIL on a double-layer electrode
in the absence (orange) and presence (green) of FePO4/LiFePO, (1:1). For comparison, the gray curve
shows the CV of a FePO4/LiFePOs-coated double-layer electrode in the absence of FcIL in the
electrolyte. The electrolyte was 1 M LiTFSI/PC. The scan rate was 2 mV.s™. The insets illustrate the
reaction of FcIL on the double layer electrode.

Both static and flow cells were used to examine the SMRT reactions for battery applications.

As shown in Figures 5.5A—C, when 0.44 M equivalent LiFePOs powder was introduced into

the cathodic compartment, the static cell revealed an extended voltage plateau beyond the
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capacity of 0.50 M FcIL in the catholyte. This counts for more than 50% utilization of the
material via the SMRT reactions, whereas the LiFePO4 powder itself shows very little capacity
in the absence of FcIL (Figure 5.S1). Distinct from the previously reported two-molecule redox

systems?>-2

or single molecule with multiple redox potentials**°, the cell exhibits only one
voltage plateau, which considerably eliminates the voltage loss and thus unprecedentedly
improves the voltage efficiency to about 95%. The cell retains around 90% capacity after five
cycles, revealing reasonably good stability of the system. Some electrolyte was found trapped

at the gasket gap after the test, which could partly account for the capacity drop over the testing.
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Figure 5.5 SMRT Reaction for Static and Flow Battery Applications. (@) A typical galvanostatic voltage profile
of a static cell with 0.50 M FcIL in the catholyte and 0.44 M equivalent LiFePO, on the cathode. The
shaded area indicates the capacity from FcIL. The electrolyte was 1 M LiTFSI/PC. The current density
was 0.025 mA.cm™. (b) Exploded view of the static cell. (¢) Voltage profiles of the static cell for five
consecutive cycles. (d) Voltage profiles of flow cells with 0.20 M FcIL in the catholyte and 0.37 M
equivalent LiFePO, granules in the tank. The inset is the enlarged voltage profiles of the flow cells
after IR correction. The electrolyte was 1 M LiTFSI/PC. The current density was 0.025 mA.cm?.

To further demonstrate the feasibility of the SMRT reaction for RFLBs, a flow cell was tested.
As seen in Figure 5.5d, after adding 0.37 M (13.1 mAh) equivalent LiFePO4 granules to the
tank, the voltage plateau of 0.20 M FcIL was greatly elongated, which exceeds the discharge
capacity of the molecule by 2.1 times. In flow through mode, the reactions between the redox
molecules and solid material are considerably improved owing to the forced mass transport,
which results in enhanced utilization of LiFePO4 up to 95% (the capacity extension is 12.4
mAh). Benefitting from the SMRT reaction, the flow cell exhibited a voltage efficiency over
94%, which is on a par with or even superior to other rival battery technologies. The Coulombic
efficiency was around 90% for the flow cell, which is presumably due to the crossover of redox
molecules upon prolonged test as a slight color change of the anolyte was observed after
disassembling the cell. Because the FcIL stays in a reduced state in anolyte, it would remain
intact upon cycling. To eliminate the adverse effect of crossover, the same electrolyte
composition in both the anolyte and catholyte could be used to reduce the concentration gradient

and thus crossover. With the same electrolyte, the cycling stability of the flow cell was tested
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at controlled capacity, which shows Coulombic efficiency >97% and negligible degradation

over 50 cycles, revealing the robustness of the SMRT system.

As a proof-of-concept study, the tank energy density of the flow cell achieved is around 330
Wh.L! considering ~83% effective porosity of the solid material in the tank. To evaluate the
reachable energy density, LiFePO4 granules were loaded in a glass bottle for pore-volume
measurement. typical packing of the LiFePO4 granules in a short stick shape in a 12.5-mL glass
vial. The mass loading of the material is 18.5 g, which has a packing density and porosity of
1.48 g/mL and 59%, respectively, equivalent to 9.35 M effective concentration of redox species
and Li* ions. The volumetric energy density of the cathodic tank (Wh.L™!) can be calculated in
terms of the following equation:

l1-p
W =(Qdp+cF.—2)E
(Qdp 3600)

Here, Q is the specific capacity of LiFePO4 (170 mAh.g!), d is the density of LiFePO4 (3.60
g.mL), ¢ is the concentration of FcIL in the catholyte, p is the porosity of LiFePO4 granules
packed in the tank, and E is the cell voltage (3.45 V). So, W is determined to be 942 Wh.L!
provided that the concentration of FcIL is 1.40 M, which is nearly 20 times the tank energy
density of VRBs. By modifying the shape and dimension of the granules, as well as the loading
method, the porosity can be further reduced to accommodate more solid material and thus an

even higher energy density is expected.

The inset of Figure 5.4D shows the magnified voltage profiles of the flow cells with and without
the solid material loaded in the tank. It is observed that during the charging process, the FcIL
cell initially shared similar voltage changes to the FcIL/LiFePOs cell before its voltage started
to rise more steeply and diverge from the latter at ~70% state of charge (SOC). As the cell
voltage (after IR correction) is indicative of the equilibrium potential of FcIL/FcIL" in the
catholyte, the divergence point broadly shows the transition state from which AE (Equation
5.11) starts to drive the forward SMRT reaction (Equation 5.8), which regenerates FcIL,
retarding the voltage rise of the FcIL/LiFePOus cell. In comparison, the discharge curves of the
two cells diverged at ~40% state of discharge (SOD), indicating an opposite scenario at which
AE (Equation 5.11) starts to drive the backward SMRT reaction (Equation 5.8), which
regenerates FcIL", impeding the voltage drop of the FcIL/LiFePOs cell. The difference in the
starting point of SMRT reactions between the charging and discharging process is partly in
good accordance with the little potential disparity between FcIL (3.43 V versus Li/Li") and
LiFePOs (3.45 V versus Li/Li"), which inherently results in a slight asymmetry in the reaction
kinetics, with a more facilitated backward SMRT reaction than the forward reaction.

In summary, the Nernstian-potential-driven SMRT reaction presents an elegant way to improve
voltage efficiency without sacrificing the salient features of redox-targeting-based RFLBs and

simplify the electrolyte composition of the cell. The small potential difference originated from
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the activity changes of redox active species during charge-discharge cycles enables reversible
delithiation and lithiation of LiFePOu, for which near-unity utilization yield and 95% voltage
efficiency were achieved with a, single molecule. This also leads to a considerable enhancement
in volumetric tank energy density to 330 Wh.L™!, which is potentially optimized up to 942
Wh.L.

5.2.2  lonic liquids for fabrication of supercapacitor — battery hybrid

In complement with the use of redox ionic liquid in solution, the electrochemical assisted
polymerisation of redox-ionic liquid (referred to SI-ATRP, chapter 2) has also been
demonstrated to be promising for fabracation of thin-film supercapacitor-battery hybrid system.
It is noted that a supercapacitor provide an energy storage mode via movement of charges

from/to the electrodes while a battery stores charges by electron transfer/transport.

Due to different processes at the interface of electrode, supercapactors provide a high power
density, resulting from the rapid release of a large amounts of energy based on its volume while
batteries offer a high energy density, resulting from a higher energy storage in a given size or
mass. In addition, for a battery, the life cycle is shortened by charging/discharging with a large
pulsed current (e.g. risk of explosion for Li-ion batteries). In this context, organic battery has
been proposed not only to resolve the risks issue from the utilization of lithium by achieving
comparable performance but also to lower the cost, consequently allow large-scale
deployment®'. In addition, the organic — based battery offers more designable structures
(flexible or implantable) without caring about the mechanical issue from the inorganic ones.
Following this trend, we have developed the concept of hybrid organic supercapacitor — battery,
which provides several advantages compared to the current state-of-the-art, including a high
power and energy density, possible for the development of flexible and cost effective devices.
For the proof-of-concept, we have used an asymetric system in which the anode and cathode is
functionalized with oxidizable and reducible species, Poly(FcIL) and Poly(AQIL), respectively.
Having an ionic skeleton, the imidazolium rings within the polymer chains supply high charge
density, which is suitable for utilization as electrical double layer capacitor (EDLC) while the
redox-active groups (Fc and AQ) furnish the redox battery behavior via electron storage by the

following equations (protic solution):

2Fcc—=2Fc" +2¢ +2A" (anode)

AQ+2H" +2¢" —=AQH, (cathode)

The theoretical cell voltage is defined by the difference between the 2 (standard) potentials of
the electrodes, according to: cell voltage = cathode potential — anode potential®!, i.e. 0.6 V. Due
to the confidential terms (Patent application procedure), the results of charging/discharging are

not described in this thesis. Nevertheless, the calculated Ragone plot (power density (W.kg™)
vs energy density (Wh.kg!)) of our system is presented in the figure 5.6. It is worth noting that
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our system is located in the frontier between the electrochemical capacitors and batteries, i.e.
hybrid supercapacitor — battery region by providing a power density ranging from 103 to 10*
W .kg! and an energy density up to 7 Wh.kg™!.
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Figure 5.6 Ragone plot (P = f(E)) of the immobilized redox-active polymer ionic liquid at different C-rates.

5.3 ROLE OF SURFACE MODIFCATION IN ENERGY CONVERSION SYSTEMS

This work is in collaboration with Prof. Sang-Woo Kim’s group, School of Advanced
Materials Science and Engineering, Advanced Institute of Nanotechnology (SAINT),
Sungkyunkwan University (SKKU), Suwon, Korea.

5.3.1 General principle of triboelectric nanogenerator (TENG)

In the daily life, numerous electronic devices are needed to ensure our best demands for
healthcare, communication, transportation, etc. Typical examples that can be listed are laptops,
GPS devices, glucose meter. However, each of these devices is produced for a specific purpose
and sometimes needs to be connected to other devices. Furthermore, they are relatively
cumbersome that reduce the mobility and the fashionable of the owner. Within this context,
wearable technology has been nowadays becoming a hot trend in the field of electronic devices.
Indeed, the devices can be directly printed onto the skin or to the clothes providing more
immediate usage, better communication with the environment, more fashionable and more
discreet. Consequently, the next few decades will be deserved for the development of smaller
devices with a higher portability and more functionality. Such devices require a very low power
that can be supplied by surrounding environmental energy, e.g. variation of the temperature,
solar energy, wind power and friction, etc. Among these examples, the friction is the most
popular form of energy. In daily life, friction is helpful for fabrication of cloth, for walking,
prevents us from sliding, etc. Being known for thousand years, the most known case of
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triboelectrification is lightning which is attributed to the friction of tiny water drops via
convection in clouds. Starting from this concept, two distinct families of triboelectric generators
has been developed, i.e. traditional triboelectric generators and triboelectric nanogenerator
(TENG).

Wilhelm Holtz introduced the earliest machines in the 1860s. However, the latter are inefficient
and present an unpredictable tendency for switching its polarity. These drawbacks are
eliminated by the invention of James Wimshurst at the beginning of 1880s, so called Wimshurst
machine which is based on the separation of electric charges through induction, in absence of
any friction for its operation. Later, Robert J. Van de Graaff developed another electrostatic
generator, which uses a rotating dielectric belts to accumulate charges on a hollow metal globe
on the top, producing ultrahigh electric potential (up to megavolt scale). For discharging, visible
sparks through large air barrier are even visible. Nevertheless, it is noted that these traditional

generators are high voltage sources and there is no current flowing through unless there is a

discharging.
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Figure 5.7 (a) Wimshurst machine (in the Jack Judson Collection at the Magic Lantern Collection in San Antonio,
Texas.); (b) Schematic working principle of a Van de Graaff generator (Wikipedia) and (¢) World’s

largest Van de Graaff generator at Boston Museum of Science)

In 2012, Wang and al*° has proposed novel approach, triboelectric nanogenerator (TENG), by
coupling the triboelectric effect and the electrostatic induction for fabricating flexible power
sources towards flexible electronics. A typical power generator contains an inner circuit and an
outer one. In the inner part, a potential is produced by triboelectric effect due to the charge
transfer between a dielectric layer and another dielectric or inorganic film, resulting from the
opposite polarity. In the outer circuit, a current is obtained by an electron flux between two
backsides to balance the potential. Since then, the TENG has been widely investigated from the
mechanistic studies to applications***!. According to the literature, six different families of
TENG have been reported®’, comprising vertical contact separation mode based TENG

(dielectric to dielectric and metal to dielectric), lateral sliding mode based TENG (dielectric on
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dielectric and metal on dielectric), rotation mode based TENG and single electrode mode based
TENG (figure 5.8).
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Figure 5.8 Working principle of different TENG modes: vertical contact separation (dielectric to dielectric (a)*?

and metal to dielectric(b))*; (c) single electrode mode*; (d) lateral sliding mode with dielectric on
dielectric* and (e) rotation mode*.

As mentioned above, the potential generated and the current collected in a nanogenerator
depend strongly on the contact between the films in the inner circuit. Most of the materials
exhibit the triboelectrification, e.g. polymer, silk, hair, etc. Consequently, the choices of the
material for TENG are infinite. Nevertheless, the capability for a chosen material to gain/to lose
electrons is determined by its polarity. In addition, the use of cumbersome materials conducts
to a loss of volumetric generated power of TENG. In this context, molecular engineering
provides excellent way to produce thinner devices with higher power density. Self-assembled
monolayer, SAM, method for functionalizing the surface of Au electrode with different organic
molecules has been reported. As results, an influence of the molecular structure onto the
triboelectric effect is observed that could be attributed to the difference of polarity of various
molecules®’. It is known that the self-assembled monolayer is typically based on the adsorption
of a thiol onto Au substrate that can provoke a low stability and durability to the TENG. This
drawback can be resolved by the use of the electrochemical grafting, especially via diazonium
reduction, affording covalent bonding between the electrode and the organic layer. In addition,
the thickness of the organic layer could be modulated by changing the electrochemical
deposition conditions. For this study, we attempt to investigate the influence of molecular
structure on the triboelectric effect of the film. Consequently, various molecules have been

chosen as shown in the figure 5.9.
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5.3.2 Surface modification of flexible ITO by electrochemical reduction of diazonium

derivatives and its characteristics

The electrochemical approaches generate radicals from oxidizable or reducible groups which
can be attached onto a conductive/semiconductor substrates*®. Among various available

functional groups, the diazonium salts appear as one of the best candidate for generating thin,

compact film which has been largely used in different applications as molecular electronic*,

sensors>’, smart surfaces’!, etc.
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Figure 5.9 molecular structure of diazonium derivatives used for this study.

The electrochemical reduction of diazonium derivatives was performed in MeCN solution
containing 1 mM of molecule of interest and 0.1 M of TBAPFs. The aniline based molecule
solutions are followed by addition of diazotization agent (3 equiv.), tert-butyl nitrite (t-BuNO),
affording in-situ diazonium cation. Then, cyclic voltammetry was launched by sweeping the
potential from 0.6 V to -0.8 V/SCE for 10 cycles. The used working electrode is a flexible ITO
supported on PET (supplied from Aldrich). As an example, the cyclic voltammogram of
electrografting using 3,4,5-trifluoroaniline is shown in the figure 5.10. For the first cycle, a net
reduction peak is observed at around -0.2 V/SCE correspond to the formation of radicals at the
vicinity of the electrode surface, which are rapidly attached to the surface, resulting to a
dramatic decrease of the current since the second cycle. For the remaining molecules, similar
CV shape was obtained with a variation of the reduction peak potential. Nevertheless, no clear
faradic current is observed after ten reduction cycles.
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Figure 5.10 (a) Electrochemical grafting via reduction of 3,4,5-trifluoroaniline in a MeCN solution of 1 mM of

3,4,5-trifluoroaniline and 0.1 M of TBAPF¢. Scan rate = 100 mV.s™! and () CA measurement of the
modified ITO/PET

The presence of the organic layer was firstly proven by a change of the contact angle. Thus, in
presence of the 3,4,5-trifluorophenyl layer, an increase of the contact angle around 20° was
observed compared to the bare ITO electrode (Figure 5.10b). In addition, the XPS
measurements reveal the elemental composition at the surface of the surface of the electrode
(Figure 5.11). The high-resolution spectrum of C(1s) displays 3 components located at 285 eV,
287 eV and 289 eV which are attributed to C — C, C — N and C — F bond, respectively. Moreover,
the presence of F(1s) signal at 688 eV confirm the presence of the fluorinated layer at the ITO

surface.
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Figure 5.11 XPS spectra of 3,4,5-trifluorophenyl modified ITO/PET electrode. (a) Survey spectrum; (b, ¢) high
resolution spectra of Cls and F(1s), respectively.

Also, the XPS has been recorded for the remaining molecules that evidenced the presence of
the organic layer. For further studies, 3 fluorinated molecules will be used to investigate the
influence of the molecular structure on the electronic properties of the final interface (Figure
5.12 a-c inset). Indeed, the Kelvin force microscopy has been used for investigating the
morphology (KFM) and the surface potential of these surfaces (KPFM). The surface potential

was investigated as followed. First, the surface potential of HOPG reference sample was
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measured to set the surface potential of the reference. Then the surface potential of different
samples was measured by KFM mode (non-contact mode). Finally, the surface potential of

HOPG was measured again to confirm that there is no artefact due the degradation of the

[pp— [ R 5 =g o

tip.

e

mv

75

25

Figure 5.12 The surface potential and morphology were investigated by using KFM for (a, d) 3.4,5-
trifluorophenyl, (b, e) 4-(trifluoromethyl)phenyl and (¢, f) 4-(perfluoroctane)phenyl modified ITO.
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Figure 5.13 UPS spectra of (black) bare ITO/PET, (blue) 3,4,5-trifluorophenyl/ITO, (green) 4-
(trifluoromethyl)phenyl/ITO and (red) 4-(perfluoroctane)phenyl/ITO

As presented in the figure 5.13 a-c, the surface potential of 3 substrates (3,4,5-trifluorophenyl,
4-(trifluoromethyl)phenyl and 4-(perfluoroctane)phenyl modified ITO) were recorded. By
increasing the atomic percentage of the fluoride within the film, the surface potential is
considerably increases from -160 mV (3,4,5-trifluorophenyl) to -322 mV (4-
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(perfluoroctane)phenyl). This result suggests that the change of the quantity of F affect the
characteristics of the surface, which is coherent with the work function measured with the
ultraviolet photoelectron spectroscopy (UPS) (5.1 eV, 5.26 eV and 5.33 eV for 4-
(perfluoroctane)phenyl, 4-(trifluoromethyl)phenyl and 3,4,5-trifluorophenyl/ITO, respectively)
(Figure 5.13). The work function values were calculated by ¢ = hv — (cutoff — EF).

5.3.3 Molecular influence to the triboelectric nanogenerators: mechanical — electrical

converter

Then the modified electrodes were applied for TENG measurements by using vertical contact
separation mode based TENG by using an Al-PTFE/Functionalized ITO system (dielectric-to-
dielectric case) (Figure 5.8a). Three fluorinated layer modified ITO were used for the
measurements and the open circuit voltage (Voc) are reported in the figure 5.14a. At the initial
state where no contact is established, there is no charge induced or generated, inducing to no
difference of the electric potential. By applying external force, the 2 electrodes are kept in
contact, resulting to a surface charge transfer due to the triboelectrification. As the TENG starts
to be released, the top electrode, PTFE film reverts back to the initial position. Once the two
electrodes are separated, a difference of electrical potential is established. By defining the
electric potential of the ITO electrode is equal to zero, the electric potential at the PTFE
electrode (top electrode) is calculated by*’:

c : . : : e
———where o us the triboelectric charge density, €o is the vacuum permittivity and
80

U

topelectrode =

d’ is the interlayer distance at a given state. As the Voc is proportional to the distance between
the electrodes, once the TENG is released, the voltage increases and reaches a maximal value
where the top electrode is back to the initial state. Moreover, the voltage remains constant,
indicating the input impedance of the electrometer is infinitively large. As displayed in the
figure 5.14a, the recorded voltage for all the samples exhibits negative values, suggesting that
the functionalized ITO substrates provide positive triboelectric effect compared to the PTFE
(figure 5.14b). Then, the top electrode approaches to the bottom electrode, resulting to a drop

of the Voc to zero when the electrodes are in contact.

As presented in the figure 5.14a, the Voc obtained for the 4-(perfluoroctane)phenyl/ITO is
doubled compared to other substrates, suggesting a higher triboelectrification effect. John Carl
Wilcke published De electricitatibus contrariisa, 1757, mentioning a series of triboelectric
effect on static charges of different materials. Briefly, a material in the bottom range of the
series, when touched to a material near the top, will acquire more negative charges. As a result,
Teflon is one of the most negatively charged. As the work function of the 4-
(perfluoroctane)phenyl/ITO is the lowest among 3 substrates, it is easier for exchanging the

electron with the PTFE, conducting to accumulation of more positive charges at the interface.
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Figure 5.14 (a) Open circuit voltage of TENG with the functionalized ITO with (black) 3,4,5-trifluorophenyl/ITO,
(blue) 4-(trifluoromethyl)phenyl/ITO and (red) 4-(perfluoroctane)phenyl/ITO; (b) configuration of

TENG used for measurements.

The presented TENG must have two electrodes to form a closed circuit that complicates the
engineering design of the cells, restricting their commercialization and large-scale deployment.
To resolve this problem, single electrode cell, which is more practical, has been introduced. In
our configuration, functionalized ITO substrates were used as bottom electrode and a piece of
Nylon was used as a triboelectric generator. At the initial position, no change in the electrical
potential is observed. When the Nylon is in contact with the functionalized ITO, the
electrification occurs at the interface Nylon/Functionalized ITO. According to the triboelectric
series, the Nylon is more triboelectric positive than the functionalized ITO, which induces
negative charges at the surface of modified ITO, which is the contact electrification process.
Once the separation of Nylon and ITO occurs, the charges located within the organic layer
cannot be compensated, conducting to a charge separation at the interface ITO/organic film, i.e.
positive charges in the ITO, resulting to a driven force for electron to flow from the ITO to the
ground, conducting to the positive voltage. Then, when the Nylon substrate is put again in
contact with the functionalized ITO, the negative charges at the surface of the substrate can be
compensated by the opposite charges from the Nylon, resulting to an electron flow from the

ground to the ITO, i.e. Voc drops back to zero (Figure 5.15).

In this configuration, the 4-(perfluoroctane)phenyl/ITO exhibits higher Voc (39.6 V) which can
be attributed to the polarity of the molecule with a high density of fluoride that can be highly
negative charged. As consequence, a lower Voc of 37.9 V and 34.4 V can be explained for the
4-(trifluoromethyl)phenyl/ITO and 3,4,5-trifluorophenyl/ITO, respectively. When looking onto
the molecular structure of the 3,4,5-trifluorophenyl/ITO, the position 3, 4 and 5 of the phenyl
ring are blocked by the presence of fluoride, that inhibits the growth of further layer during the
electrochemical grafting process. As consequence, the latter exhibits lowest quantity of fluoride

which is responsible for the triboelectrification in this case of study.
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Figure 5.15 (a) Open circuit voltage of TENG with the functionalized ITO with (black) 3,4,5-trifluorophenyl/ITO,
(blue) 4-(trifluoromethyl)phenyl/ITO and (red) 4-(perfluoroctane)phenyl/ITO; (b) configuration of

TENG used for measurements.

In summary, the surface modification can be powerful tool for elaboration of triboelectric
nanogenerators (TENG). As discussed in the present example, the molecular engineering plays
a crucial role in the modulation of the performance of the TENG devices. Owing high density
of charges within their structure, the ionic liquid-based materials can also be applied for the
nanogenerator application, resulting to a modified flexible ITO electrode with polymeric ionic
liquids. Combining with the results reported in the previous parts, is it possible to fabricate a
multifunctional membrane which possesses an ability to either convert energy from mechanical

form into electrical one which can be store by redox reaction.
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5.4 CONCLUSION

This chapter provide an overview of the possible uses of the ionic liquids in energy applications,
including energy storage and conversion systems. These results are seen as a promising way
for fabricating electronic skin with multifunctional purposes, comprising the ability to convert
environmental energy into electricity which can be stored via supercapacitor — battery hybrid

system.

In the first part, the ferrocenated ionic liquid has been used as bi-functional mediator that ensure
the charging and discharging in a redox-flow lithium battery via single molecule redox targeting
model. The present system provides not only negligible voltage loss but also high energy
density (up to 942 Wh.L™!). In addition to the use of the FcIL in solution, the polymeric
ferrocenated ionic liquid and Poly(AQIL) have been demonstrated as promising candidate for

developing supercabattery system by increasing either the power density and the energy density
(104 Wkg! and 7 Wh.kg™).

In the second part, the preliminary results present an important role of the surface
functionalization to the conversion of mechanical to electrical energy by means of the
triboelectrification process. Having high density of ionic species within the structure, the ionic

liquid modified substrate can be expected as further use towards efficient nanogenerator.
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5.6 APPENDICES

Table 5.51 List of abbreviations of various flow batteries in Figure 5.2

Abbreviation Full name
2,6-DHAQ/K4Fe(CN)s 2,6-dihydroxyanthraquinone/ferrocyanide

Fe/Cr Iron/chromium

AQDS/Br2 9,10-anthraquinone-2,7-disulfonic acid/bromine

Soluble lead-acid Lead-acid flow battery based on soluble lead methanesulfonate
BTMAP-Fo/BTMAP-Vi B.1s((3-trlmethylgmmonlo)propyl)ferrocene d}chlorlde/ bis(3-
trimethylammonio)propylviologen tetrachloride
FeNCUMV (Eerrocenylmethyl)trlmethylammomum chloride/ methyl
viologen
Li/TEMPO Li-metal/ 2,2,6,6-tetramethylpiperidine-1-oxyl
. T Li-metal/ 4-methoxy-2,2,6,6-tetramethylpiperidine 1-oxyl +
LUMTLT ionic liquid lithium bis(trifluoromethanesulfonyl) imide
9-fluorenone/2,5-di-tert-butyl-1-methoxy-4-[2’-

FL/DBMMB Methoxyethoxy]benzene

all Cr(acac)s Chromium acetylacetonate

all V(acac)s Vanadium acetylacetonate

CoCp2/Fc Cobaltocene/ ferrocene

Li/Fc Li-metal/ ferrocene
VRB All-vanadium redox flow battery

Li/FcIN112 Li-metal/ ferrocenylmethyl dimethyl ethyl ammonium

Li/DMFc Li-metal/1,1-dimethylferrocene

RFLB Redox targeting based redox flow lithium battery
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CHAPTER 6

GENERAL CONCLUSIONS AND PERSPECTIVES

6.1 GENERAL CONCLUSIONS

Within this thesis, we propose a series of RIL by introducing oxidative and/or reducible groups
(ferrocene, anthraquinone, viologen, etc.) to the imidazolium’s and ammonium’s structure.
Besides, we have also prepared bi/multi-functional ionic liquids by combining redox-active
groups and polymerizable unit (vinyl, methacrylate, etc.) within the cationic skeleton. The
presence of such monomer units provides possibility to perform the polymerization affording
polymeric redox-active ionic liquids. In the vicinity of positive charge induced from different
cation centers (imidazolium, ammonium, etc.), the electrochemical response of the redox-active
components is strongly affected. Unlike conventional redox-active molecules, (Redox)-ionic
liquids provide multiple role in electrochemistry, i.e, simultaneously act as solvent, supporting

electrolyte and electrochemical active materials.

In the chapter 2, different approaches have been proposed for immobilization of different ionic
liquids onto electrode surfaces from thin layers to polymeric films. The thin layer of
electroactive ionic liquid has been performed via electrochemical grafting of the linker, 4-
azidoaniline, followed by click chemistry with 1-ferrocenylmethyl-3-propargylimidazolium.
Interestingly, independent to the number of electrochemical grafting cycles, a single layer of
ferrocenated ionic liquids is obtained at the top of the modified electrode. However, a different
of the electron transfer rate constant is strongly depending on the thickness of the primary layer.
Furthermore, the surface characterization techniques confirm the presence of the ionic liquid
layer. In addition to the surface modification with thin layer of ionic liquid, a biredox ionic
liquid molecule, FCAQIm, has been used for generating multi-redox state of the modified
surface. The immobilization has been performed by stepwise process. Importantly, the bi-redox
layer exhibits not only 3 redox states within a narrow potential window but also an enhancement
of the capacitance (3 times compared to the bare GC). In parallel, the functionalization of the
electrode with polymeric layers is also important approach for attaching more quantity of the
ionic liquid molecules. We have demonstrated a possibility to polymerize the FcIL by
electrodeposition under cathodic polarization. Apart from the detection of the immobilized
ferrocene moieties at the surface, the modified electrodes have been used as stable quasi-
reference electrode in non-aqueous and ionic liquid solution with negligible potential shift after
numerous cycles (< 10 mV for 500 cycles). Besides, this reference electrode can be prepared
and used in confined electrochemical cell, e.g. SECM. Later, another approach has been
reported to polymerize the ionic liquid-based monomer via SI-ATRP process. Indeed, 3

monomers have been used, varying from monoredox to biredox molecules. As an interesting
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result, all of the immobilized polymeric ionic liquids exhibit self-electrolytic behavior which is
one of the particularity of the ionic liquid. Moreover, the biredox polymer, Poly(FcAQIm)
presents a strong enhancement either the multiredox-state characteristic and the capacitance (30

times higher compared to the bare electrode).

In continuation of the previous works, in the chapter 3, the application of polymeric ionic liquid
in the field of electrocatalysis has been reported. The immobilized polymeric ionic liquids
(Poly(VImM) and PAMI) have been used as active catalysts towards oxygen reactions,
including oxygen reduction and evolution reactions. It has been evidenced that the presence of
the polymer layer enhances not only the adsorption of oxygen but also the ionic conduction.
Moreover, the brush-structure coupled with high density of positive charges create water
channels that favors the accessibility of the oxygen, resulting to higher oxygen concentration
inside the film. More interestingly, we have experimental evidences that poly(ionic liquids) can
provide host-guest platform for preparation of hybrid PIL/metal NPs with simple drop-casting
procedure, resulting to a synergetic effect, i.e. enhancement of catalytic activity (a gain of 40
mV was obtained by using PIL/Pt NPs compared to only Pt NPs). This approach has been
proven to provide a vast increase of the performance (ne approaches to 4) to low efficient
catalysts, e.g. Au NPs. In addition, profiting cationic behavior of the polymer, 2 electrochemical
approaches have been developed in order to generate homogeneous film of polymeric ionic
liquid decorated with metallic nanoparticles. As aforementioned, the self-electrocatalytic
behavior of the PIL allows the electrochemical deposition of metallic nanoparticles in
electrolytic-free medium. This approach provides thin and homogeneous layer which is
compose of multiple nanoparticles embedded inside the polymeric layer. The hybrid layers

provide high catalytic performance by using less quantity of material (2 orders of magnitude).

In parallel with the surface functionalization using (poly)-ionic liquids, the use of ionic liquid,
EMIES, has been explored towards synthesis of carbon quantum dots with ten of nanometers
in size. The EMIES has been evidenced to be either solvent and nitrogen source for doping the
final particles, conducting to N,S-doped C-dots. Importantly, this family of material exhibits a
strong affinity for electrochemical generation of hydrogen peroxide resulting from oxygen
reduction reaction in alkaline solution (higher than 90 % over a broad potential ranging from
0.6 V to -0.2V/RHE. Consequently, this approach paves the way for replacing the

anthraquinone process which is relatively expensive.

Appearing as novel materials, the electron transfer/transport through and within the layer is still
matter for exploration. Within this context, the scanning electrochemical microscopy setup has
been used for investigating the localized electrochemical behaviors in/over the ionic liquid
layers. In presence of redox molecule in an ionic liquid medium, EMITFSI, a formation of
immobilized-like layer of the Fc moieties inside the junction between the UME and an insulator
has been observed. Inversely, close to a conductive substrate, an immobilized Poly(FcIL) on

UME exhibits diffusion-controlled regime with appearance of plateau current. More
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importantly, feedback curve has been recorded in absence of any redox mediator in solution,
resulting probably from a scanning ionic conductance microscopy approach. Even though the
explanation of these phenomena is still opened, they question about previous studies using
approach curves in ionic liquid media, resulting to re-evaluation of the charge transfer kinetic

in ionic liquid solutions and over ionic liquid layers.

Besides, the SECM setup has also been used to investigate the electronic/electrochemical
properties of the graphene-based materials. Thus, by functionalizing the single layer graphene
with different approaches, varying from destructive (electrografting of diazonium salts) to non-
destructive one (drop-casting of Pt NPs), a modulation from p-type and n-type graphene is
observed and followed by SECM. Consequently, this study proposes new routes for modulating
the Fermi level of graphene-based materials, affording interesting interfaces in diverse

applications.

In the last part, preliminary results by using ionic liquids for different applications in energy
fields are reported. Thus, the ferrocenated ionic liquid has been interestingly proved to have a
bifunctionality aspect for charging and discharging the RFLB. As a result, the use of the ionic
liquid allows to avoid the voltage loss due to the use of 2 redox mediators in RFLB and increase
the energy density (up to 942 Wh.L™). In addition to the use of FcIL in solution, the polymer
ionic liquids have been demonstrated to provide suitable configuration for preparation of
supercapacitor — battery hybrid, which give either higher power density (up to 10* W.kg™!) and
higher energy density (7 Wh.kg™"). An exploratory study has been performed to evaluate the
influence of the surface modification to the triboelectrification effect of the ITO substrates. As
consequence, the triboelectrification effect change by changing the ratio the fluoride within the
film, resulting from a crucial change of the work function of the material. As a result, the open

circuit potential change in function of the molecular structure of the surface.

Altogether, the reported results pave the way for generating and utilization of novel family of
materials based on ionic liquids for multifunctional purposes, especially in the energy field and

fabrication of flexible electronic skin.
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6.2 PERSPECTIVE

In this part, some perspectives will be proposed for preparation of highly efficient thin film
catalysts for conversion of solar/electrical energy to chemical bonds via catalytic activation of
small molecules. As long-term goals, we aim to develop electronic skin which has high

energetical autonomous.
Flexible supercabattery coupled with electrochemical actuator

For energy storage, there are two typical systems which have been widely investigated and
commercialized, i.e. electrochemical capacitor and battery. It is noted that electrochemical
capacitor or supercapacitor stores energy in an electric field by the electrical double layer of the
electrode materials (Figure 6.1a). As the operation of a supercapacitor is based on the adsorption
of ions at the surface of the electrode, the system allows to store and deliver a large amount of
power within short time (high power density). And battery systems are based on the exchange
of electron between two chemical reactions, i.e. oxidation and reduction that occurs at the anode
and the cathode, respectively (Figure 6.1b). As the energy is stored by electrochemical reaction
that involves the electron transfer and ionic transport, high energy density can be obtained. By
Having large amount of ionic species within the polymer layer, the redox polymeric ionic
liquids could provide in parallel higher power density and higher energy density than other
systems, resulting to a supercabattery system. This notion is attributed to an energy storage

system that provide high ability to store either energy and power.
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Figure 6.1 Working principle of (@) supercapacitor and (b) battery
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For future development, instead of using asymmetric system in which the Poly(FcIL) is used
as anode and the Poly(AQ) is used as cathode, a symmetric system is considered. This approach
is composed of 2 working electrodes made through the same manner, i.e. modification by using
Poly(FcAQIL) as shown in the chapter 2. As demonstrated in the chapter 2, the capacitance
observed for the GC/Poly(FcAQIm) is 30 times higher than bare GC electrode, suggesting a
higher capacitance compared to the one given by a simple Poly(FcIL) or Poly(AQIL).

Anode e - Cathode Anode

Charge

Cathode

Power source

Figure 6.2 Schematic electrochemical processes during charging/discharging cycle.

As consequence, the use of the bi-redox system provides a higher power density. In principle,

during the charging process in protic solution,

At the anode, FcAQIm" A" ——Fc"'AQIm"™ A™ +1e” +1A~ (6.1)
At the cathode, FcAQIm" A™ +2e” +2H" ——>FcAQH, Im" A~ (6.2)
and during the discharging process,

At the anode, FcAQIm™ A” «——Fc"AQIm" A™ +1le” +1A~ (6.3)

At the cathode, FcAQIm" A™ +2¢” +2H" «——FcAQH, Im" A~ (6.4)

In addition to the hybrid behaviors of the immobilized redox-active polymer ionic liquids, they
provide a possibility towards the fabrication of organic systems. For SI-ATRP, the thickness of
the polymer is estimated to be in the range of 30 nm for all the used monomers. Furthermore,
it has been described in the chapter 2 the possibility to functionalize flexible substrates with
these polymer ionic liquids, comprising flexible ITO/PET and 3D — Ni foam. Consequently,

this approach put forward the fabrication of ultrathin/wearable organic supercabattery.

Besides, it is known that the intercalation of ions into a solid matrix cause mechanical stress
inside the material during charging/discharging process'-?. This phenomenon is more severe in

the case of Li-ion composite*~, inducing a power loss due to the contraction of the material to
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the equilibrium state by means of delithiation®’. Nevertheless, the flexibility of the polymer
chains (cf. chapter 4) allows the insertion of anion into the polymer layer without any
perturbation. In addition, the intercalation of the ions into the ionic liquid framework increase
the electron transfer kinetic. Thus, we can imagine an energy storage system combined with an

electrochemical actuator where the expansion is expected during the charging process.
Nanofilm catalyst towards activation of small molecules

In the previous part, the surface modification has been demonstrated to have an impact to the
conversion of the mechanical energy to the electricity, which can be store either by battery
systems or via chemical bonds. As presented in the chapter 3, the electrocatalytic performance
of the poly(VImM) and the influence of the molecular structure on the catalytic activity have
been evidenced. According to an estimation, there are around a million of possible ionic liquids
which could have different physical-chemical properties. Consequently, the performance of the
immobilized polymer ionic liquids can be improved by utilizing different molecular designs.
Moreover, the immobilized ionic liquid can provide a host-guest platform for the generation of
hybrid catalysts for catalytic activation of different reactions, comprising evolution oxygen and
hydrogen evolution reactions, and oxygen reduction reaction. In this part, different routes are
discussed for developing/boosting the performance of the system towards higher energy

conversion efficiency.

For fabrication of ionic liquid — based film as catalysts towards electrical — chemical
conversion, fundamental studies about the electrodeposition of different metal nanoparticles
can be further investigated. Indeed, in presence of the polymeric ionic liquid, high density of
cationic charges invokes the change of the size, the morphology, the exposed crystallographic
facets of the deposited nanoparticles. Consequently, a theoretical coupled with experimental
investigation allow to modulate the performance of the nanoparticles deposited in presence of
polymer ionic liquid films. Exempt the utilization of Pd and Pt nanoclusters as decorators for
boosting the performance of the final interface, other available metallic nanoparticles are
possible, such as Cu, Ag, MoSz, etc. The use of these metals paves the way for making efficient
multifunctional catalysts, especially for carbon dioxide reduction with high selectivity. It is
reported in the literature that copper — based catalysts offer a great selectivity towards

812 while the Ag produce majorly carbon monoxide (CO)'*!'4.

production of hydrocarbon
Interestingly, Rosen et al. have reported the used of ionic liquid, 1-ethyl-3-methylimidazolium
tetrafluoroborate, as mediator for generation of CO at low overpotential by using a silver

electrode’”.
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Figure 6.3 Different possibilities to develop more efficient catalysts towards activation of various reactions.

Up to now, all of the reported poly(ionic liquid) — based electrocatalysts have been utilized as
prepared without further thermal treatments. However, it is worth noting that most of
carbonaceous catalysts require high — temperature treatment for achieving their best
16718 Consequently, the immobilized ionic liquid layer could be further
transformed into N-doped carbon layer decorated with nanoparticles via annealing. In addition,
at high temperature, the metallic nanoparticles can be further crystallized, affording higher
density of the active facets, suggesting an enhancement of the catalytic activity.

performance
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Figure 6.4 Polarization curves recorded with (black) bare Ni foam, (blue) Ni foam/Poly(FcIL) and (red) Ni
foam/(Poly(FcIL) treated by annealing at 450° C for 2hrs, in O, — saturated KOH solution. Scan rate = 10 mV.s™!

The figure 6.4 presents an example of the crucial role of the annealing for enhancing the
performance of ionic liquid-based materials. For this preliminary study, a Ni foam was used as
substrate for immobilization of Poly(FcIL) by using SI-ATRP procedure (cf. Chapter 2). Then,
the modified substrate was investigated for oxygen reduction reaction in alkaline solution. As
result, a net difference of catalytic activity towards oxygen reduction reaction can be easily
observed before and after thermal treatment by using Ni foam/Poly(FcIL). After annealing at
450 °C for 2hrs for converting the polymer layer onto Fe,N — doped carbon film, the catalytic
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performance of the annealed Ni/Poly(FcIL) electrode is strongly increased with a shift of onset

potential about 250 mV compared to non-treated Ni/Poly(FcIL).
Thermoelectrochemical cell

Very recently, new concept of energy storage using thermocell has been developed at Prof.
Wallace’s group!®?. In conventional energy conversion, a fuel is needed to generate higher
valued products; e.g. photo/electro water splitting is used to convert solar power into chemical
bonding and combustion of fossil fuel is typical chemical energy/heat conversion, etc.
However, these technologies suffer from numerous inconvenient from economic to ecologic
point of view. Within this context, thermo-cells can provide some advantages, such as
continuous transformation from heat to electricity via the dependency of electrochemical redox

potential on the temperature, simple design, zero carbon emission, etc.

In the thermo-cells, small electroactive molecules with suitable standard potential can be
utilized as charge shuttles for charging and discharging the cell by Seebeck effect. Besides, as
the working principle of the cell engages a difference of temperature, the choice of solvent with
high thermal resistance is crucial. A large variety of redox molecules have already been tested.
Unfortunately, the most of the redox mediators reported in the literature exhibit drawbacks
resulting from the limited concentration due to their low solubility in various solvents
0. As a consequence, the chemical structures influence significantly not only to the charge
transfer in between the battery materials and the redox mediators in the mobile phase but also

to the solubility in a solvent of interest, where introduction of redox active ionic liquids.

The following points are proposed and will be carried out for the next steps to study the

influence of different redox active ionic liquids to the efficiency of the thermocell system:

(D) Charge transfer kinetic and mass transport by evaluating different redox active ionic
liquid structures. These parameters can be obtained by FElectrochemical Impedance
Spectroscopy (EIS) from utilization of several ionic liquids. These molecules are liquid at room
temperature with great solubility in a large spectrum of common organic solvents. Interestingly,
due to the electron withdrawing effect caused by imidazolium or quaternary ammonium center,
the standard potential of the ferrocenated ionic liquids can be modulated. However, there is no
systematic study up-to-date on the influence of the nature and the quantity of charge hold by
electroactive ionic liquids at the interface electrode/solution. The influence of the electrode
materials (CNTs, Graphene, etc.) will also be investigated. This investigation will allow not
only a better understanding on the charge transport profiles and the diffusion but also important
step forward to optimize the system.

(2)  Energy storage efficiency by thermo-cell system. By using various electrode materials
different redox active ionic liquids will be tested via the following redox couple Eq. 6.5 and
figure 6.5:
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3) FclLe——=Fc'IL+e  (6.5)

Hot anode

O Fc'lL O FclL
Figure 6.5 Working principle of a thermocell using FcIL. mediator

Furthermore, the conventional ionic liquids have been demonstrated to have higher accessible
thermal window than other organic solvent. Consequently, owing ionic properties, it is noted
that the redox ionic liquids can be used as prepared, without diluting with other electrolytic

solvent.
(4)  Cell design and elaboration procedure for fabrication of the devices
Triboelectrochemical cell

As mentioned in the previous chapter, the triboelectric effect is induced by friction. It is noted
that by definition, friction occurs whenever 2 bodies slides against each other (horizontal or
vertical mode). By consequent, apart from the generated triboelectrification, the friction can
also produce local heat at the contact interface. Assumed that all of the energy is dissipated as
triboelectric effect and heat on the sliding contact surfaces, the energy transformation can be

given by:
E=F

Friction

d=E_, +Q where Frriction 1s the friction force, d is the distance of sliding, E is the

energy transformed to the triboelectrification and Q is the heat generated at the interface.

Consequently, the heat generated at the contact surfaces is depending on the coefficient of
friction, the contact pressure and the relative sliding velocity. By combining with the working
principle of the thermocell, a new type of electrochemical system can be proposed.
Accordingly, by sliding a plaque of dielectric on a metallic substrate, the frictional heating could
induce a local difference of temperature, which can induce an oxidation/reduction of the

mediator in solution. Typical working principle of the cell can be illustrated in the figure 6.6.
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