Electrode Reaction and Mass-
Transport Mechanisms Associated
with the I7/1; and H*/H2 Redox
Couples in lonic Liquid Media

By:
Cameron L. Bentley
B. Sc. (Hons.)

A thesis submitted to the Faculty of Science, Monash University, in fulfilment
of the requirements for the degree of Doctor of Philosophy.

School of Chemistry
Monash University
Australia

June 2015



© The author 2015. Except as provided in the Copyright Act 1968, this thesis may
not be reproduced in any form without the written permission of the author.

| certify that | have made all reasonable efforts to secure copyright permissions for
third-party content included in this thesis and have not knowingly added copyright
content to my work without the owner's permission.






Contents

ADSEFACT ... ii
General DECIArAtION .........c.cooiiiiiicee s %
ACKNOWIEAGEMENTS......c.viiiiiic et e e e e re e Vi
I TS o) T U 1SS vii
337/ 101 010 SRR PST IX
GlOSSANY OF TEIIMNS ...ttt Xi
Lo INEFOAUCTION .ot 1
1.1 10NIC LIGQUITS .ot 3

I O R o 11 (0] V2SS 3

112 SHTUCKUIE ... 5

1.1.3  Physicochemical Properties ..........cccocveveiieieeieiiee e 9

114  APPLCALIONS ...cvviieiicciece e 10

1.2 lonic Liquids as EIECIrOIYEES .........coveiiiiiiiec s 11

1.2.1  Electrolyte PropertiesS........cccooueiiiieiieeiiee e 11

1.2.2  Application in Electrochemical DeviCes............ccccoovvreniriinininnnns 12

1.3 Fundamentals of Electrochemistry...........ccccovveiiiiiiicie e 20

1.3.1  Kinetics of Electrode Reactions...........covvereiieiinc i 21

1.3.2  Electrode Reaction Mechanisms...........cccocvereiniieinicneneenee, 23

1.3.3  MaASS-TranSPOI.....cccvvieiiie et 25

1.4 Electrochemical Methods............ccoouiiiiiiiiii s 30

1.4.1  ChronoamperOmMELIY .......ccceieeiueiiieiieieeiesee e eseeseesre e sreesree e 30

1.42  Potential Sweep VOltammEetry .........cccoovvvviniiieiii e 31

1.4.3  Convolution VOoItammetry ........cccevieiiieiie s 33

1.4.4  Practical Considerations in 1onic LiqUidS..........ccccoevvreniiienieninnnns 35

1.5 Model REJOX SYSIEIMS......ccuiiiiiiiiiiiisiieieie e 37

151 T/12 COUPIE..oiiiiee e 38

152 HYH2 COUPIE oo 46

1.6 RESEArCh ODJECHIVES .....cccvviiiieiie et 60




EXPEFIMENTAL.......cciiiice et 78

2.1 Materials and Preparation ..........ccccoceiveevverieieenieeie e e s 78
2.1.1  Glovebox and Schlenk Line ........ccccooviiiiiiiiiniccese e 78
2.1.2  10NIC LIQUIAS ..cvveivieiecie it 78
2.1.3  Solvents and Supporting Electrolytes...........cccoovviieicnninnnnnn. 79
2.1.4  EIECtroactive SPECIES........cocviverieeie e eiee e 80
2.2 Electrochemical Systems and Procedures.............ccocevirieriinieienenenenenen 82
2.2.1  POENLIOSTALS. ...ttt 82
222 EIECIIOUES ..o 83
2.2.3  SBUUP .ottt 84
2.2.4  Semiintegration and Convolution............cccccevveieiiieie v 85
2.2.5  Numerical SIMUIAtION...........ccoiiiiiiiie e 85
2.2.6  Miscellaneous TeChNIQUES.........cccceiieiirerieiiece e 86

Electroanalytical Applications of Semiintegral and Convolution Voltammetry
IN 10NIC LIQUIA MEAIA ...t 91

Electrode Reaction and Mass-Transport Mechanisms Associated with the 17/12

Redox Couple in lonic Liquid Media ...........coceiveiiiieiieieee e 123

Proton Transport, Hydrogen Evolution and Equilibrium Acidity (pKa) in lonic

LiQUIA IMEBAIA ... 177
Conclusions and FULUIE WOTK ..o 319
PUB T ICALIONS ... ettt e et e e e e e e eaaa 327




Abstract

Room temperature ionic liquids have received considerable attention over the past
two decades as promising replacements for volatile molecular solvents in a range of
applications. As the use of these neoteric solvents in electrochemical devices and in a
growing range of processing technologies continues to expand, the limits to our knowledge
of some of the fundamental underlying processes has become apparent. For this reason, the
fundamentals of heterogeneous electron transfer reactions (i.e., thermodynamics, Kinetics
and mechanisms) and mass-transport have been investigated in ionic liquid media, focusing

on the technologically relevant I7/12 and H*/H. redox systems.

Initially, the utility of several voltammetric methods was evaluated for the purpose
of quantifying the parameters associated with a range of electroactive species (i.e.
diffusivity, stoichiometric number of electrons, and/or bulk concentration) in ionic liquid
media. Conventional steady-state voltammetric methods (i.e., microelectrode or rotating
disk electrode) are difficult to apply under highly viscous conditions and the peak currents
of dc cyclic voltammograms are sensitive to heterogeneous Kkinetics/uncompensated
resistance, limiting the application of these techniques for quantitative analysis in ionic
liquid media. Semiintegral voltammetry and related convolutive techniques were shown to
be powerful and also robust electroanalytical methods, which can be readily applied under

highly viscous conditions to quantify the diffusivity of a range of electroactive species.

Following the development of suitable electroanalytical methodology, the electrode
reaction and mass-transport mechanisms associated with the 17/l> redox couple was
investigated in 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide. The
iodide oxidation and iodine reduction processes were found to proceed in two steps on

platinum, via a triiodide, I3~, intermediate. These processes were simulated by combining a

termolecular heterogeneous charge transfer reaction (i.e., 21" = I + 2e7) with a
iii



homogeneous process (i.e., triiodide formation, I~ + I = I37). An analogous electrode
reaction mechanism was observed on glassy carbon and boron-doped diamond electrodes,
albeit with significant overpotentials when compared with the behaviour at platinum. lodide
oxidation on gold also proceeds in two steps, however the predominant intermediate species
was found to be the diiodoaurate complex anion, [Aul.]~, rather than triiodide. Finally, the
diffusivity of iodide was found to be directly proportional to the concentration of triiodide
present, showing up to a 50% enhancement under the conditions investigated. This
enhancement in mass transport could not be explained by a decrease in solution viscosity (as
predicted by the Stokes-Einstein equation), and was therefore attributed to electron-hopping

and/or a Grotthuss-type bond-exchange reaction between iodide and triiodide.

In the final body of work, proton transport, hydrogen evolution (at a platinum
electrode) and equilibrium acidity (pKa) was investigated in a broad range of ionic liquids.
In bis(trifluoromethanesulfonyl)imide containing ionic liquids, when the conjugate acid of
the anion (i.e., H[NTT.]) is used as the proton source, proton diffusivity was found to be
inversely proportional to medium viscosity, as predicted by the Stokes-Einstein equation.
Furthermore, it was found that the ‘proton’ diffusion coefficient (derived electrochemically)
is equal to the bis(trifluoromethanesulfonyl)imide anion self-diffusion coefficient (derived
with °F NMR), indicating that the acid is not dissociated in this environment (i.e., the
protons diffuse as H[NT¥.]). The hydrogen evolution reaction from both H[NTf,] and a range
of weak acids (sulfonamides, protonated amines, phenols, carboxylic acids or sulfonic acids)
was simulated by combining the classical VVolmer (rate determining step), Tafel and
Heyrovsky reactions. Finally, a straightforward voltammetric method for calculating pKa
values was devised and the equilibrium acidities (pKa) of twenty weak acids, covering
eighteen orders of magnitude in acid strength (2.0 < pKa < 19.5) was quantified in

1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide.
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Chapter 1: Introduction

1. Introduction

Fossil fuels are an unsustainable long-term energy source due to depleting
reserves and CO emissions contributing to global climate change. Worldwide reliance
on fossil fuels has been a strong driving force for the development of renewable energy
sources (e.g., solar, wind, hydroelectric) and high efficiency energy storage
technologies (e.g., low/zero emission fuels, batteries). Intensive research efforts have
focused on designing electrochemical devices which are suitable for large-scale
renewable energy generation (e.g., dye-sensitized solar cells), storage (e.g., lithium-
ion/lithium batteries) and conversion (e.g., proton exchange membrane fuel cells).*

Electrochemical devices are composed of one or more electrochemical cells,
which, in their simplest form, are made up of two electronic conductors known as
electrodes and an ionic conductor known as the electrolyte.>® Conventional electrolytes
are composed of one or more ionic compounds (salts) dissolved in a molecular solvent,
which may be protic (e.g., water) or aprotic (e.g., acetonitrile), depending on the nature
of the electrochemical device. Unfortunately, the use of volatile molecular solvents in
electrolytes can cause safety (solvent flammability) and stability (solvent volatility)
issues, limiting the conditions (i.e., temperature range) under which these
electrochemical devices can be operated.

Since the conception of air/water stable non-haloaluminate ionic liquids (ILs) over
two decades ago’, there has been growing interest in using these neoteric solvents as
replacements for volatile molecular solvents in a range of applications. Although the only
property common to all ILs is intrinsic ionic conductivity?, many possess other favourable
properties  which make  them suitable  electrolytes, including high
thermal/chemical/electrochemical stability and the ability to dissolve a wide range of

electroactive species.®* Unfortunately, due to the relatively strong cohesive (electrostatic)

1



Chapter 1: Introduction

forces operating within an IL, they are typically 10 to 1000 times more viscous than
conventional molecular solvents, resulting in sluggish physical mass-transport.}?> Despite
this limitation, ILs have been successfully employed as electrolytes in dye-sensitized solar
cells® %4 lithium batteries'®, fuel cells'® and supercapacitors'’.

As the use of ILs in electrochemical devices and in a growing range of processing
technologies continues to expand, the limits to our knowledge of some of the fundamental
underlying processes become more apparent. In the past, long-established theory developed
in conventional solute/solvent electrolyte systems governing fundamental processes such as
mass-transport, reaction kinetics, reaction thermodynamics and reaction mechanisms was
often assumed to be analogous in ILs. As research in the field matures, it has become
apparent that there are nuances which must be accounted for when investigated such
fundamental phenomena, owing to the unique ionic environment of ILs. Indeed, some
studies have revealed anomalous behaviour which is only seen in this type of medium.

In this work, the fundamentals of heterogeneous electron transfer reactions (i.e.,
thermodynamics, kinetics and mechanisms) and mass-transport in ionic liquid media have
been investigated. In order to accomplish this, two ‘model’ redox systems have been studied
in detail; the I/I> couple, which finds application in current dye-sensitized solar cell
technology; and the H*/H, couple, which finds application in a myriad of green energy
technologies (i.e., fuel cells, water splitting). Comparisons have been made with
conventional molecular solvent-based electrolytes where possible. Electroanalytical
methodology which is suitable for quantifying the parameters (diffusivity, stoichiometric
number of electrons and/or bulk concentration) associated with a redox system under highly

viscous conditions has also been developed.




Chapter 1: Introduction

1.1  lonic Liquids

ILs are known by many names in the literature, including room temperature ionic
liquids, room temperature molten salts, low temperature molten salts, ambient-temperature
molten salts or liquid organic salts. Their physicochemical properties are identical to those
of ‘molten salts’, however practical aspects regarding their use, maintenance and handling
are different enough to warrant a distinction.” 2 ILs are arbitrarily defined as any ionic
compound (salt) with a melting point or glass transition below the boiling point of water
(100°C).*8 Below is an overview of the history, structure, physicochemical properties and

applications of ILs.
1.1.1 History

The first known observation of an IL occurred during the mid-19™ century; a ‘red
oil” formed during a Friedel-Crafts reaction between chloromethane and benzene using
AICl; (or a similar Lewis acidic compound) as a catalyst to form toluene.” 8 It wasn’t until
the widespread use of NMR spectroscopy by chemists that the ‘red oil’ was identified as an
ionic compound, composed of a stable aromatic carbocation and an anion originating from
the Lewis acidic catalyst. Ethylammonium nitrate, [CH3CH2NH3][NOz], was first observed
in 19142, a compound that certainly qualifies as an IL by today’s definition (Tm = 12°C).
Other low-melting alkylammonium nitrates were also discovered during the early-20"
century and were investigated for use as liquid propellants in naval guns and artillery.’

Hurley and Wier described the first haloaluminate ILs in 1951 (used for aluminium
electrodeposition), which were mixtures of 1-ethylpyridinium halides (mainly bromide) and
AICl3.2® These mixtures are often dubbed as the “first generation’ of ILs!! and from this work
the modern era of ILs was born. The pyridinium-based cation was later replaced by 1,3-
dialkylimidazolium, which was less easily reduced and thus produced electrolytes with

greatly improved electrochemical windows.” The Lewis acidity/basicity of these ILs can be

3



Chapter 1: Introduction

adjusted by controlling the ratio of 1,3-dialkylimidazolium chloride (Lewis base) to
aluminium chloride (Lewis acid).® During the 1980’s, systematic studies on the 1,3-
dialkylimidazolium chloroaluminate ILs spawned interest in these novel solvents as
alternative electrolytes in a range of applications, including batteries®® and metal
electroplating baths.?

Although the 1,3-dialkylimidazolium chloroaluminate ILs possess a number of
desirable physicochemical properties, widespread use of these novel solvents was hindered
by their sensitivity to moisture (AlXs reacts to liberate corrosive HX in the presence of
water).” 18 20 Consequently, air and water stable “Lewis neutral” ILs were investigated
during the 1990’s using the 1,3-dialkylimidazolium cation and water stable anions.” The
‘second generation’ of ILs were based on the anions tetrafluoroborate, [BF4]-, and
hexafluorophosphate, [PFe]”, which are resistant to hydrolysis at room temperature.
Nonetheless, the susceptibility of these anions to hydrolysis at elevated temperatures shifted
attention  to larger, more  hydrolytically ~ stable  anions, such as
bis(trifluoromethanesulfonyl)imide, [NTf.]~, trifluoromethanesulfonate (triflate), [OTf]",
and dicyanamide, [N(CN)2]~, which make up the ‘modern generation’ of ILs.!! These anions
are the primary focus of modern IL research, along with an expanded range of cations
including di/tri-alkylimidazolium, dialkyl-pyrrolidinium, tetraalkylammonium,
tetraalkylphosphonium and triethylsulfonium, with each combination of anion/cation

producing an IL with a unique set of physicochemical properties.” **: 18
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1.1.2 Structure

Aprotic lonic Liquids. Aprotic ionic liquids (AILs) are those which contain no
dissociable protons in their structures. The cation of AlLs tend to be organic, bulky and
asymmetric, with extensively shielded or delocalized charge (i.e., they are weak Lewis
acids). They can be three-dimensional (tetraalkylammonium), planar (imidazolium) or
intermediate between the two (pyrrolidinium). Asymmetry is achieved by having at least one
relatively large alkyl chain substituent, which lowers the lattice energy of the salt by
disrupting the crystal lattice structure. Altering the chain length of the alkyl substituents on
the cation influences the physicochemical properties of the resulting IL (melting point,
hydrophobicity and viscosity), allowing for fine-tuning to a particular application.*? 8

The anions of AlLs tend to be inorganic with highly diffuse or delocalized charge.
They are typically weak Lewis bases and poor hydrogen bond acceptors. IL anions also tend
to be fluorinated, which, by virtue of the strong electron-withdrawing nature of fluorine,
further reduces the tendency to form hydrogen bonds and increases the
thermal/electrochemical stability of the anion. The hydrophilicity/hydrophobicity and, as a
result, the water-miscibility of an IL is largely determined by the choice of anion.*8 2!

The diffuse, shielded or delocalized charge on the constituent anion and/or cation of
an IL results in intermolecular forces which are relatively weak compared to ‘traditional’
ionic compounds (i.e., NaCl, Tm = 801°C). This translates to a relatively low lattice energy
(further lowered by inefficient packing due to cation asymmetry), which is why these
compounds are liquid at or below 100°C. It is important to note however, that the cohesive
forces operating within an IL are strong relative to those operating in most conventional
molecular solvents. For this reason, ILs often possess negligible vapor pressures and,

unfortunately, relatively high viscosities, usually in the range of 20 to 1000 cP.'? ¥ The
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names, abbreviations and structures of a range of commonly encountered AlL cations and

anions are shown in Figure 1.

Cations

N+7\N

\—/

1-alkyl-3-methylimidazolium, [Cxmim]*

R— _CH,

H,C

N+)\N/CH3
\—/

1-alkyl-2,3-methylimidazolium, [Cxdmim]*

R—

CHj

NI+/R

1-alkyl-1-methylpyrrolidinium, [Cxmpyr]*

/ \
R1 Ry

tetraalkylammonium, [Ny xxx]*

Trialkylsulfonium, [Sxxx]*

Anions
O O
F:CL /" \_CF,4
Va 2
O N o)
bis(trifluoromethanesulfonyl)imide, [NTf.]

O

trifluoromethanesulfonate, [OTf]~
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Figure 1. Names, abbreviations and structures of a range of commonly encountered AIL

cations and anions. R = alkyl chain.
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Protic lonic Liquids. Protic ionic liquids (PILs) are formed through the transfer of a

proton from a Brgnsted acid to a Brgnsted base:
HA+ B = A" + [BH]* (1.2)

They contain dissociable (acidic) protons and possess intrinsic (anhydrous) proton
conductivity. The proton activity in PILs varies depending on the identity of the constituent
Brgnsted acid/base, analogous to pH in aqueous systems, allowing some control over proton-
mediated chemical/electrochemical processes. When complete transfer of the proton from
HA to B occurs, the properties of PILs are generally not discernible from those of AlLs
(discussed below). This is often the case when the HA is a strong acid and B is a strong base
in aqueous media, for example if triflic acid was combined with a tertiary amine.?%2®

When proton transfer from HA to B does not go to completion, the melt may contain
a significant amount of neutral species (i.e., HA/B). This is often the case when HA is a
weak aqueous acid and/or B is a weak aqueous base, for example if a carboxylic acid was
combined with imidazole or pyridine. Proton-donor (i.e., HA or BH") and -acceptor (i.e., B
or A") sites establish a hydrogen-bonded cation/anion network, often resulting in water-like
properties. In addition, when the proton transfer is reversible (i.e., does not go to
completion), it is possible that the boiling temperature of [BH][A] (achieved through the
backwards reaction shown in Eqg. 1.1) is below its decomposition temperature, thereby
allowing the PIL to be readily distilled.?> 2 There is some controversy as to whether or not
PILs containing a large proportion of neutral species (i.e., due to incomplete proton-transfer
equilibria) should be thought of as ‘true’ ILs or a mixture (solution) of ionic and molecular
species. Macfarlane and Seddon® recommend that for a PIL to be considered a ‘pure IL’, less
than 1% of the neutral species should be present at equilibrium. The names, abbreviations

and structures of commonly encountered PIL cations and anions are shown in Figure 2.
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Figure 2. Names, abbreviations and structures of a range of commonly encountered PIL

cations and anions. R = H or alkyl chain.
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1.1.3 Physicochemical Properties

One of the biggest selling points of ILs is their great versatility; it has been estimated
that 108 different ILs could be prepared by varying the combination of anion and cation.
Indeed, they are commonly referred to as ‘designer solvents’ because their physicochemical
properties can be ‘tuned’ to an extent by changing their constituent cation and/or anion. ILs
display complex phase behaviour, being prone to supercooling and forming metastable
amorphous glass or plastic crystal phases. ILs may display hydrophilic or hydrophobic
character and thus range from being completely miscible to completely immiscible with
water. Regardless of their degree of hydrophobicity, ILs are generally hygroscopic, readily
absorbing water upon exposure to the atmosphere.® 10 12 18,30, 31

The only truly ubiquitous property shared by all ILs is intrinsic ionic conductivity.®
Nonetheless, in the broad chemical literature® 38 113 |Ls are often claimed to possess a
number of generic properties, including:

¢ Negligible vapour pressures and non-flammability;

e High solvating ability and non-coordinating;

e High thermal, chemical and electrochemical stability;
e High ionic conductivity;

e Large liquidus range;

¢ Non-toxic and environmentally friendly (biodegradable);

In reality, the unique physicochemical properties of an IL are decided by the identity of its
constituent cation and anion.'! Although ILs do often possess some of the above attributes,
there are many exceptions, for example, the so-called distillable ILs*? do possess a
significant vapour pressure. Furthermore, despite the fact that ILs are often claimed to be
‘non-toxic’ and ‘biodegradable’, there is usually very little data available to back up such

claims.®
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1.1.4 Applications

Interest in ILs in both academia and industry for use in a range of applications has
increased dramatically over the last two decades. This is illustrated in Figure 3; the number
of publications on the topic was over 500-fold higher in 2014 compared to 1994. ILs are
versatile solvents, and have been employed as replacements for volatile organic compounds
(VOCs) in ‘green’ synthesis®®, separations®, ‘clean catalysis’®®, and as electrolytes.'? ILs
have also found application in the bio-sciences, being employed as media for enzymatic
reactions® 37 and solubilisation of biomolecules (i.e., cellulose, DNA and proteins).® The
application of ILs as a solvent/electrolyte in electrochemical energy conversion and storage

technologies is the main focus herein.
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Figure 3. Rapid growth in the number of publications on the topic “ionic liquid*” over the
period 1994 to 2014. Data was obtained from a literature search using the ISI Web of
Knowledge database.
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1.2 lonic Liquids as Electrolytes

1.2.1 Electrolyte Properties

A conventional electrolyte formulation consists of one or more salts dissolved in a
molecular solvent. In an IL electrolyte formulation on the other hand, there is no such
distinction between ‘salt’ and ‘solvent’: the system is composed purely of ions.'? 3 AlLs
often possess wide electrochemical windows (ca. 4.0 to 6.0 V) due to the resilience of their
constituent cations toward reduction and anions toward oxidation. However, the
electrochemical window is highly conditional on the exact combination of cation/anion, the
presence/absence of impurities (such as water and halides) and the identity of the electrode
material.'** * In general, PILs tend to have narrower electrochemical windows than AlLS
due to the ease of proton reduction, although this can be averted somewhat through careful
choice of electrode material .

As previously alluded to, ILs are typically 10 to 1000 times more viscous than
conventional electrolyte solutions.*™ 12 The strong cohesive forces operating within an 1L
impede physical mass-transport, resulting in low diffusivities, often in the 107° to 10~ cm?
s7* range.'? 2 Despite the high-ionic strength of ILs, low ionic mobility means they often
possess modest conductivities, typically in the range of 0.1 — 18 mS cm™ at room
temperature, compared to 500 — 700 mS cm! for aqueous electrolytes and 10 — 60 mS cm
for non-aqueous electrolytes. Mass-transport is an important factor for the application of ILs
in electrochemical energy storage and conversion technologies, since it directly influences
the ultimate speed and/or efficiency at which an electrochemical device can operate. Despite
the obvious mass-transport limitations imposed by their use, ILs have shown promise as
replacement electrolytes in batteries®®, supercapacitors'’, fuel cells*® 4% 4! and dye-sensitized

solar cells.*** Some applications are discussed in detail below.
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1.2.2 Application in Electrochemical Devices

Dye-Sensitized Solar Cells. Since first reported by O’Regan and Gritzel* over
twenty years ago, intensive research efforts have focused on improving and optimizing the
performance of the dye-sensitized solar cell (DSSC). Owing to the low manufacturing cost
and design versatility (i.e., size, shape and flexibility) of DSSCs, they are considered to be
promising candidates to replace traditional (p-/n-) silicon photovoltaics in a range of
applications. In essence, a prototypical DSSC has three fundamental components: (1) a TiO>
semiconductor photoanode with an adsorbed photoactive dye; (2) a platinized counter
electrode (cathode) and; (3) an electrolyte solution containing the oxidized and reduced
forms of a suitable redox couple so as to establish a redox shuttle system that regenerates
the reduced form of the dye.'

The 17713~ redox couple dissolved in a VOC (such as acetonitrile) is the most
commonly employed redox mediator or ‘shuttle’ system in DSSCs.** % During operation,
dye molecules at the photoanode are excited by incident photons and inject electrons into

the conduction band of a semi-conductor (TiOz), leaving them in an oxidised state:

S(dye) + hv - S* - S* + e (TiO, — cb) (1.2)
The dye is regenerated (reduced) at the photoanode by I in the electrolyte, forming I3~ in the
process:

28t + 317 - 2S5+ I3 (1.3)

Is~ subsequently diffuses a short distance through the electrolyte to the platinized
counter electrode, where it is reduced back to I by electrons previously ‘injected’ by the dye
molecules at the photoanode after flowing through an external circuit.!* 4 A schematic
diagram showing the basic operation of a DSSC is shown in Figure 4. I” is always present in

excess relative to I3~ and thus the photocurrent achievable in a particular DSSC is largely

12
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dependent upon how facile 15~ transport is in the electrolyte.*® It is therefore desirable to
minimize the distance between the photoanode and the counter electrode and to employ
electrolytes in which I3~ has a relatively large diffusion coefficient. The operating voltage
generated by a DSSC under illumination is, as with any electrochemical device, determined
by the difference in electrochemical potential of an electron at the anode and cathode. This
corresponds to the difference in the Fermi potential of the semiconductor anode (TiO2) and
the redox potential of the active shuttle.* Evidently, the operational voltage of a DSSC can
be theoretically increased by choosing a mediator system with a more positive redox
potential than the I/13-couple. 47

There is no net chemical change during the operation of a DSSC, in theory allowing
these devices to generate electrical power without permanent chemical transformation
indefinitely. In reality, as with any electrochemical device, degradation processes limit the
cycle life of DSSCs, although with the use of stable electrolytes/dyes, life-times of greater
than 15 years have been predicted.’* Unfortunately, unless the DSSC is properly sealed,
VOC-based electrolytes impose restrictions on device performance due to the poor long term
stability (solvent volatility) and safety (solvent flammability) under light soaking
conditions, 3 14.48

In this regard, ILs are promising alternatives, because, as previously discussed, they
often possess negligible vapour pressures and are electrochemically/chemically/thermally
stable. Unfortunately, due to the relatively high viscosity of ILs, I3~ transport is expected to
be sluggish, limiting the photocurrent achievable during DSSC operation.'* *° Fortunately,
non-Stokesian diffusion achieved through a Grotthuss-type bond-exchange mechanism
between I~ and I3~ (discussed in Section 1.3.3) can partially compensate for the intrinsically
low physical mass-transport in ILs.'* Key studies on the electrode reaction and mass-

transport mechanisms associated with the 17/1s™ couple in ILs are discussed in Section 1.5.1.
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Figure 4. Schematic diagram showing the basic structure and operation of a dye-sensitized
solar cell. Figure 4 was adapted from Hagfeldt et al. (2009)°.

Proton Exchange Membrane Fuel Cells. The first application of the proton-
exchange membrane fuel cell (PEMFC) was as an auxiliary power source in the Gemini
space flights during the 1960°s.5* This type of fuel cell possesses many favourable
properties, including high power density, rapid start up, high efficiency and zero greenhouse
gas emissions (H20 is the only by-product).? In recent years, intensive research efforts have
focused on: optimizing PEMFC fabrication, design and layout; developing new electrode
materials with reduced cost and optimized performance and; developing novel proton

conducting materials with improved performance and resilience.>!
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In essence, a PEMFC consists of two electrodes, one where H; oxidation to H* occurs
(negative electrode) and one where O reduction to H.O occurs (positive electrode), with
proton conduction occurring through a proton exchange membrane (PEM) separating the

two electrodes®®:

H, -» 2H* + 2e” (1.4)
1
502+ 2H* + 2e~ - H,0 (1.5)

The PEM is necessarily an ionic (proton) conductor and an electronic insulator (electrons
flow through an external circuit). The basic operation and structure of a PEMFC is shown
schematically in Figure 5.

At the heart of any PEMFC is the membrane electrode assembly, which is composed
of the gas diffusion layers, catalyst layers and the PEM. The catalyst is composed of platinum
or platinum alloys and the gas diffusion layer (not shown in Figure 5) is an electronic
conductor, often porous carbon paper or carbon cloth. The structure and properties of the
PEM is discussed below. There are three fundamental transport processes that occur during
the operation of a PEMFC:

e Transport of protons through the PEM from the negative electrode to the positive
electrode;

e Transport of electrons to/from the current collectors through the gas diffusion layer
from/to the catalyst layers;

e Transport of the reactants (H> + O2) and product (H20) from the catalyst layers

through the gas diffusion layer.

The three processes described above are all equally important and must be correctly balanced

to optimize the performance of a PEMFC.5!
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The PEM is composed of a hydrated polyelectrolyte, most commonly a
perfluorosulfonic acid (PFSA) such as Nafion. Hydrated PFSA-based membranes possess
relatively high proton conductivity at intermediate temperatures (70 - 90°C). Unfortunately,
the proton conducting properties and mechanical stability of PFSA-based membranes is
humidity dependent, limiting operation to temperatures below 100°C (typically < 80°C). In
addition, when operating a PEMFC with a PFSA-based membrane, there is a need to
constantly replace water lost through evaporation.®? > Increasing the operating temperature
of PEMFCs to above 100°C offers a number of advantages, including:

e Accelerated heterogeneous kinetics at both electrodes (significant for the kinetically

sluggish oxygen-reduction reaction, see Eq. 1.5);

e Increased tolerance of the Pt catalysts to carbon monoxide (CO) poisoning, allowing
the use of less-pure Hy feed stocks;

e Simplified water management (H20 is only present in the gaseous state above
100°C);

e Improved gas diffusion.

Due to the perceived advantages listed above, there has been a drive to develop novel
humidity-independent proton-conducting materials which are stable at temperatures above
100°C.52’54

PILs have been identified as promising candidates for this application, as they are
generally non-volatile and thermally/chemically stable, facilitating anhydrous proton
conduction at temperatures well above 100°C.?> 2% % Both stoichiometric and non-
stoichiometric combinations of Brgnsted acid/base have been investigated for this purpose.??
PIL formulations which exhibit fast proton transport and facile hydrogen oxidation/oxygen
reduction kinetics have been reported.> As is the case in aqueous media, proton conduction

has been proposed to occur by a combination of vehicular (physical) transport and the
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Grotthuss mechanism in PILs.*% 4! Proton conduction via the Grotthuss mechanism may
serve to offset limited physical transport as a result of the high viscosity of PIL-based
electrolytes.?> 4% Key studies on the electrode reaction and mass-transport mechanisms

associated with the H*/Hz couple in ILs are discussed in Section 1.5.2.

Current load
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Figure 5. Schematic diagram showing the basic structure and operation of a proton-

exchange membrane fuel cell. Figure 5 was taken from Rana et al. (2012).%°

Lithium Batteries. Both lithium-ion (Li-ion) and lithium metal battery technology
has developed over the past two decades from research and development interests to high-
sales consumer products that have become the standard power source in a diverse range of
markets. They have replaced conventional battery technologies (such as nickel-cadmium and
nickel metal-hydride) in a range of applications, owing to their comparatively high
volumetric/gravimetric energy density and desirable performance characteristics (i.e., high

charge/discharge rate capability, high operating voltage and lack of memory effect).? ®
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In a prototypical secondary (rechargeable) Li-ion battery, the positive electrode is a
transition metal oxide (e.g., LiCoO,) and the negative electrode is graphite.®® %’ Both of the
electrodes are intercalation compounds which operate by reversibly incorporating Li* from

the electrolyte:

CeLiy = Cg + xLi* + xe™ (1.6)

Lil—XMOZ + XLi+ + xe = LIMOZ (17)
to give the overall reaction:
CeLiy + Li;_4yMO, = LiMO, + Cq4 (1.8)

where LiMO:z is the positive electrode transition metal oxide and Ce is the graphitic negative
electrode.> %8 The forward direction of the reactions shown above occur during discharge
and the reverse occur during charge. The electrochemical processes occurring during the
discharge of a Li-ion battery are shown schematically in Figure 6.

Lithium metal batteries contain positive electrode materials identical to those in Li-
ion batteries, but contain a Li-metal negative electrode. In a commercial setting, Li-metal
batteries are only employed as primary (non-rechargeable) batteries due to the difficulty

associated with reversibly cycling lithium at the negative electrode:
Li(s) = Lit + e~ (1.9)

When cycled in conventional molecular solvent based electrolytes (see below), dendritic
lithium grows on the surface of the negative electrode, causing internal short circuits to form
between the electrodes, resulting in poor cycle life. This also poses a safety issue, as internal
short circuiting can cause heating and thermal runaway, leading to an explosion.® 4 1559
The conventional electrolyte found in most commercially available lithium batteries
is composed of a solution of lithium salt in a mixture of organic solvents, typically

carbonates, ethers or esters. There has been growing interest in replacing these volatile and
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flammable organic-solvent based electrolytes due to issues with safety, electrochemical
instability and toxicity.® % ILs have been shown to be promising replacement electrolytes in
this application, as they offer obvious practical advantages, often being non-flammable, non-
volatile and electrochemically/chemically stable. Additionally, certain ILs have been shown
to interact uniquely with lithium metal, suppressing lithium dendrite growth and thus
allowing long-term cycling with Li-metal negative electrodes. Based on this fact, it has been
proposed that implementation of ILs as electrolytes would allow the widespread

commercialization of secondary Li-metal batteries. 4651 52
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Figure 6. Schematic diagram of the electrochemical processes occurring during the
discharge of a Li-ion battery. Figure 6 was taken from Dunn et al. (2011).%*
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The main disadvantage of ILs in this application relates to mass-transport limitations
imparted by their high intrinisic viscosity. This limitation is snowballed by the fact that
addition of a lithium salt to an IL electrolyte further increases viscosity.?* During the
operation of lithium batteries, Li* ions are transported between the electrodes by a
combination of physical diffusion and electromigration. In conventional electrolytes, low-
polarity, low-viscosity solvents (i.e., dimethylcarbonate) are often mixed with high-polarity
solvents (i.e., ethylene carbonate) to form electrolytes with a good balance of Li* transport
and Li* solvation properties.> This approach is obviously not feasible when using IL
electrolytes and for this reason there has been a push to develop novel low-viscosity ILs for
this application.?* Nonetheless, despite the mass-transport limitations, ILs have successfully

been employed as electrolytes with both graphitic®® 3 and Li-metal negative electrodes.®® >/

1.3 Fundamentals of Electrochemistry

Electrochemistry is the branch of chemistry concerned with the interrelation of
electrical and chemical phenomena. Electrochemical processes are those which involve the
transfer of charge across an interface between two or more chemical phases. The most
frequently studied interface is that formed between an electronic conductor, known as the
electrode, and an ionic conductor, known as the electrolyte. The net rate of an electrode

reaction, r, is proportional to the current (I) flowing across the interface:

I (1.10)

TS nFA

where n is the stoichiometric number of electrons involved in the charge transfer, F is
Faraday’s constant (96485 C mol™) and A is the area of the electrode.® Many factors
influence the rate of charge transfer (i.e., current flowing) across this electrode/electrolyte

interface, including:
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e Mass-transport to/from the interface;
e Electron transfer across the interface;
e Reactions preceding/proceeding the electron transfer;

e Surface reactions, including adsorption, desorption, or crystallization.

As previously outlined, in this work the aim is to elucidate the electrode reaction and mass-
transport mechanisms associated with a number of ‘model’ redox species in IL media using
electrochemical methods. To this end, the fundamentals of heterogeneous electron transfer

Kinetics, electrode reaction mechanisms and mass-transport are outlined in brief below.
1.3.1 Kinetics of Electrode Reactions

The following discussion refers to the classical Butler-Volmer formalism® of
electrode kinetics, which has been employed in all numerical simulations herein. Take the

following general redox reaction:

ke (1.11)
O+ ne =R
ky,

Where O is the oxidised form, R is the reduced form and k is a heterogeneous rate constant
(cm s1), where the subscripts f and b signify the forward (reduction) and backward
(oxidation) reaction pathways respectively. The ks and ky reaction components shown in Eq.
1.11 proceed at rates (see Eqg. 1.10) proportional to the surface concentration of O and R

respectively, and thus the net reaction rate is given by:

Inet (1 . 12)

Thet =1TF— T = kaO(O; t) — kbCR(O, t) = nFA

where Cj(x,t) is the concentration of species j at distance x from the electrode surface at time

t. From Eq. 1.10, the overall current, Inet, is:

Inet = Ired — lox = nFA[kaO(O; t) - kbCR(O' t)] (1-13)
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where the subscripts red and ox signify the reduction (forward) and oxidation (backward)
processes respectively.

If the simplest possible (one electron) electrode process is considered:

ke (1.14)

and it is assumed that ks and ks, have an Arrhenius form, it can be shown that®:

ke = ksexp[—af (E — E*)] (1.15)

k, = ksexp[(1 — a)f (E — E*")] (1.16)

where ks is the standard heterogeneous rate constant, a is the charge-transfer coefficient, E”
is the formal potential and f = F/RT (R is the constant and T is temperature). Evidently, unlike
homogeneous rate constants, the heterogeneous rate constants, ks and ky, are exponentially
related to the applied potential (or more specifically, E — E”). One consequence of this
relationship is that at the rate of the forward (reduction) reaction component shown in Eq.
1.14 can be made insignificant relative to the backward (oxidation) reaction component (or
vice versa) through careful control of the applied potential. Substituting Egs. 1.15 and 1.16

into Eq. 1.13 yields the complete current-potential characteristic:

G ~a(E-E 1.17
Inet = FAkS[CO(O, t)e af(E EO) — CR(O, t)e(l a)f(E £’ )] ( )

This relationship is the cornerstone of the Butler-VVolmer treatment of electrode kinetics.
For a heterogeneous electron-transfer reaction of the type shown in Eq. 1.11 or 1.14,
in the absence of net current flow (i.e., the system is at equilibrium), the potential adopted

by the electrode is governed by the Nernst equation:

,  RT Cp(oo,t) (1.18)
_ o Y 7
E=E +nF1n<CR(oo,t)>
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The Nernst equation is a thermodynamic expression, linking the electrode potential to the
bulk concentrations of redox species, irrespective of electrode kinetics. On the other hand,
ks is a kinetic parameter, numerically equal to ks and k, when E = E”". It is a measure of the
kinetic facility of a redox process. If ks is large, the process is termed ‘electrochemically
reversible’, as it is able to achieve equilibrium on the timescale of the experiment. If the
reaction shown in Eq. 1.14 is assumed to be electrochemically reversible (i.e., ks is large),

the Butler-Volmer expression (Eq. 1.17) reduces to:

o RT(Co(0,0) (1.19)
E—EO +?11’1<CR(0,I:)>

In other words, the surface concentrations of O and R and electrode potential are linked by
an equation of the Nernst form, regardless of the current flow.

In reality, redox processes are considerably more complex than shown in Eq. 1.14,
featuring several elementary reactions which may or may not be heterogeneous electron
transfer steps (see Section 1.3.2). The overall rate of reaction is controlled by the most
sluggish step of the mechanism, termed the rate-determining step (RDS). In theory, if the
RDS is a heterogeneous electron transfer reaction, a Butler-Volmer type current-potential
relationship (see Eq. 1.17) can be employed. In practice however, this is often not true,
requiring intricate knowledge of the reactions preceding the RDS in order to establish the
complete theory that applies. For this reason, computational simulation is widely employed

in the literature to solve complex electrochemical problems.
1.3.2 Electrode Reaction Mechanisms

The previous section dealt with relatively simple electrode reactions (see Egs. 1.11
and 1.14), where the oxidized electroactive species, O, is converted to the reduced
electroactive species, R, in a heterogeneous electron transfer step. In reality, heterogeneous

electron transfer reactions are often coupled to one or more homogeneous processes that
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involve species O or R. A number of general reaction pathways which may be followed after

the reduction or oxidation of species ‘RX’ are shown schematically in Figure 7.

(a) General reduction pathways. Reduction pathways leading to:
(1) a stable reduced species (E)
(2) uptake of a second electron (EE)
(3) rearrangement (EC)

(1) stable Ox (4) dimerization (EC)
\/ﬁﬁ Red X (5) reaction with an electrophile, E£*,
@ Rx*<—~{(RX F—= X"+ R- > R~ = RH () to produce a radical followed by an
/m+ R additional electron transfer and further
(RXY Rxe¢- R, (® reaction (ECEC)
(RX)3 +e

.
® RXE £~ RXEZ, (5)

(6) loss of X~ followed by dimerization
(ECC»)

() loss of X followed by a second
electron transfer and protonation
(ECEC)

reaction with an oxidized species,
0x, in solution (EC")

(b) General oxidation pathways. Oxidation pathways leading to:
(1) a stable oxidized species (E)
(2) loss of a second electron (EE)
(3) rearrangement (EC)

(@ stable_ (4) dimerization (EC)
@ reaction with an electrophile, Nu-,
@ Rx to produce a radical followed by an
additional electron transfer and further
(RXY reaction (ECEC)

(6) loss of X* followed by dimerization
(ECC»)

() loss of X* followed by a second
electron transfer and reaction with OH~
(ECEC)

reaction with a reduced species,
Red, in solution (EC")

Figure 7. Schematic representation of examples of reaction pathways following (a)
reduction or (b) oxidation of the electroactive species “RX”. “E” represents an electron
transfer at the electrode surface, and “C” represents a homogeneous chemical reaction. The
general species, RX, is an organic compound, where R is a hydrocarbon moiety (e.g., alkyl,
aryl) and X is a substituent (e.g., H, OH, CI, Br, NH2, NO2, CN, CO2"). Figure 7 was adapted
from Bard and Falkner (2001).°
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Cyclic voltammetry (often in tandem with numerical simulation) is a powerful method for
mechanistic studies, since each of the reaction pathways shown in Figure 7 ideally will give

rise to an /-E data set with unique characteristics.® This is explored in further detail below.
1.3.3 Mass-transport

Stokesian Diffusion. In the discussion about the kinetics of electrode reactions (see
Section 1.3.1) it was assumed that mass-transport is not limiting. In practice, due to the
exponential nature of the relationship between the rate of an electrode reaction and the
applied potential (see Egs. 1.15 and 1.16), mass-transport often becomes limiting on the
experimental timescale. Mass-transport to an electrode surface is described generally by the

Nernst-Planck equation:

zF (1.20)

where J; is the flux density of species j, Dj is the diffusion coefficient of species j, zj is the
valence of species j, ¢ is electrostatic potential and vi_ is the linear velocity of solution flow.
V is a Laplacian operator, the form of which depends on the electrode geometry.®

When mass-transport to the electrode surface occurs in one dimension (i.e., to a

planar electrode), Eq. 1.20 becomes:

aC;(x,t) zF dp(x,t) (1.22)
) ] )
where ac"(j't) and 6¢a(;c,t) are concentration and potential gradients respectively. In the above

equations, the contributions of diffusion, migration and convection makeup the first, second
and third terms respectively. A rigorous solution to Eq. 1.21 is difficult when all three modes
of mass-transport are in effect and hence electrochemical experiments are often designed to
make the contribution of one or more of the processes to the total flux negligible.® % For

example, electrochemical experiments are often carried out in the presence of large
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concentrations of supporting electrolyte, making the migrational component of mass-
transport negligible. In addition, convection can be easily avoided by preventing stirring or
vibrations in the electrochemical cell.

Unless otherwise stated, the results discussed herein have been carried out under
conditions where mass-transport is governed solely by diffusion. Diffusion is the movement
of a species under the influence of a concentration (chemical potential) gradient. The
chemical conversion of electroactive species brought about by charge transfer processes at
the electrode/electrolyte interface necessarily give rise to concentration gradients. The
diffusion coefficient or diffusivity, D, is the proportionality constant between molar flux due
to diffusion and the concentration gradient of a species (see Eqg. 1.21). The diffusivity of a

solute in solution is inversely proportional to the frictional force acting upon it:

kgT (1.22)

This is a form of the Einstein-relation, where kg is the Boltzmann constant and fc is a friction
coefficient.%% By likening the dissolved solute to a rigid solid sphere with a radius, ru,
diffusing in a continuum of solvent with a viscosity, 7, fc can be calculated using Stokes-

Law®5: 67
fo = Annry + 2mpry = 6TINTY (1.23)

The first term represents a force due to pressure built up in front of a diffusing solute and
the second term is a frictional force parallel to its surface.5¢ %8 8 Combining Egs. 1.22 and

1.23 gives the Stokes-Einstein equation®:

_ kgT (1.24)
6y
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The Stokes-Einstein equation, as written in Eq. 1.24, is strictly only valid when the
size of the solute is large compared to the size of the solvent (i.e., when rsolute/'solvent > 5). TO

accommodate this fact, the Stokes-Einstein equation is often written in the form:

o kT (1.25)
ey

where ¢ is a constant with a value of 4 (“perfect slip’) or 6 (‘perfect stick’).%® The value of 4
arises because the second term of Eq. 1.23 (arising from frictional force parallel to the solute
surface) disappears when the solvent is able to ‘slip past’ the surface of a small solute particle
(typically when rsoiute < 0.5 nm).%8 70 In practice, an empirical constant with a value between

4 and 6 is often used for small solutes in conventional solvents® 869 and ILs.”% 2

Non-Stokesian Diffusion. Diffusion processes arising from homogeneous bond-
exchange reactions (i.e., electron hopping) cannot be categorized into any of the physical
mass-transport processes discussed so far in Section 1.3.3. These processes are not governed
by any form of the Stokes-Einstein equation (see Eq. 1.22) and are therefore broadly termed
non-Stokesian diffusion. The most commonly-cited example of non-Stokesian diffusion is
the Grotthuss mechanism’, which explains why the diffusion coefficient of H* in water is
five times larger than what would be expected based on the dimensions of the hydronium
ion (Hs0").™» "

Non-Stokesian diffusion is thought to be facilitated by a bimolecular exchange

reaction between chemically identical species, written generally below for the species A:

AX+ A" & A+ A*X (1.26)
where X is an atom, radical, ion, molecule or electron that can be exchanged between A/A”
and the asterisks serve only to distinguish between the two identical molecules.” In the
above reaction scheme, displacement of AX (e.g., Hs0") and A" (e.g., H20) effectively

occurs without physical mass-transport and because the exchange process is favored in the
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direction of any existing chemical potential gradients, this additional transport mechanism
is additive with physical mass-transport processes, enhancing the flux density of the species
involved.™

Enhanced mass-transport via electron/bond-exchange mechanisms is predicted to
occur in electrolytes containing mixtures of both the oxidized and reduced species (e.g.,
Fe*/Fe* or I/137) of a redox couple, as reported by Dahms’’ and Ruff et al.”® 78 The
relationship between the apparent diffusion coefficient (Dapp), physical diffusion coefficient
(Dphys) and the exchange-reaction diffusion coefficient (Dex) is described by the Dahms-Ruff

equation:

1 1.27
Dapp = Dphys + Dex = Dphys + gkexdizntc ( )

where Kex is the bimolecular exchange reaction rate constant and §;,,; is the centre-to-centre
intersite distance at the time of the exchange reaction.*> /- 7°-80 The 1/6 term arises from the

fact that physical diffusion takes place in three-dimensions (i.e., X, y and z planes).&°

Diffusion Patterns. The geometry of an electrode governs the shape of the diffusion
field that develops adjacent to its surface during an electrochemical perturbation. In a planar
(or linear) diffusion field, mass-transport takes place in one dimension at all points normal
(perpendicular) to the electrodes surface. In a spherical (or two dimensional) diffusion field,
mass-transport takes place radially with respect to the electrodes axis of symmetry at the
edges of its surface. These processes are shown schematically in Figure 8. At macrodisk
electrodes, spherical (radial) diffusion is negligible and planar (linear) diffusion dominates
(shown in Figure 8a). At microdisk electrodes, under steady-state conditions, planar
diffusion is negligible and radial diffusion dominates (shown in Figure 8b). The enhanced
mass-transport at the edges of microdisk electrodes resulting from the spherical diffusion

field gives rise to enhanced current densities relative to macrodisk electrodes.
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Figure 8. Schematic diagram showing the diffusion pattern at an inlaid (a) macrodisk
electrode and (b) microdisk electrode during an electrochemical perturbation. Figure 8 was
adapted from Forster (2006).8

At an inlaid disk electrode, conditions under which mass-transport is governed solely
by planar diffusion are known as transient conditions. The term transient implies a time
dependence, referring to the fact that the Nernst diffusion layer thickness (6) is a time

dependent parameter:

5(0) « ﬁ (1.28)

As the diffusion layer extends further in the bulk solution, electroactive species must diffuse
from greater distances to reach the electrode surface (i.e., concentration gradients become
shallower, see Eq. 1.21), resulting in a decrease in molar flux with time. Since current is
proportional to molar flux, under transient mass-transport controlled conditions, | decays
with t*2 (discussed in further detail below).

At an inlaid disk electrode, conditions under which mass-transport is governed
predominantly by radial diffusion are known as steady-state conditions. Under steady-state
conditions, the thickness of the Nernst diffusion layer is time independent and comparable
to the radius of the disk electrode (ro). Logically, when ¢ is constant, molar flux to the

electrode surface (and the concentration gradient across the diffusion layer) is constant, and
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current is therefore independent of time. From Eq. 1.28, it is obvious that the time-lapse
before the ‘steady-state’ is achieved (i.e., o = ro) must be dependent upon both the electrode
geometry and the diffusion coefficient of the electroactive species. Steady-state conditions
are readily achieved at microdisk electrodes (jsec to sec), whereas at macrodisk electrodes,
convective effects dominate mass-transport over the timescale required to achieve the

steady-state (min to hour).® 118283

1.4 Electrochemical Methods

1.4.1 Chronoamperometry

During chronoamperometry, the working electrode potential is stepped from the
initial potential (E;) to the step potential (Es) and the resulting current is measured as a
function of time. At an inlaid disk electrode, under conditions where planar diffusion

dominates (i.e., transient regime), the current response can be described by the Cottrell

equation:
_ nFAYDC (oo, 1) (1.29)
I(t) = Ne=s

In the above equation, it is assumed that (i) no faradaic current can flow at E; and (ii) Es
corresponds to a potential at which the concentration of electroactive species at the electrode
surface is equal to zero (i.e., diffusion controlled conditions).5 1% 8

At a microdisk electrode, the mode of diffusion depends on the timescale of the
measurement (see Eq. 1.28). During the short-time regime (also known as the early transient
regime), when ro >> ¢, planar diffusion dominates, hence the I-t response can be modelled
using the Cottrell equation (see Eq. 1.29). During the intermediate-time regime, when

ro > o, contribution by radial diffusion becomes comparable to that by planar diffusion.
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During the long-time regime (also known as the steady-state regime), when ro = ¢, radial

diffusion dominates and I(t) approaches its steady-state value:

Liim = 4nFDC (oo, t)r, (1.30)
The I response at a microdisk electrode can be modelled using the equations proposed by
Shoup and Szabo®, which sufficiently describe the current response over the entire time

domain, with a maximum error of less than 0.6%:

[(t) = 4nFDC (oo, t)1yf(t) (1.31)
f(t) = 0.7854 + 0.88627°% + 0.2146 exp (—0.78231_%) (1.32)

wWhere the dimensionless time parameter, t, is given by:
_ 4Dt (1.33)

T =
2
To

As T — oo, f(t) — 1 and therefore Eq. 1.31 approaches Eq. 1.30, the steady-state limiting

current.
1.4.2 Potential Sweep Voltammetry

During potential sweep voltammetry, the potential applied at the working electrode
is varied (usually linearly) with time and the current is measured as a function of the applied
potential. The experimental timescale can be readily controlled by varying the voltammetric
sweep rate, also known as the scan rate, v.82 The applied potential waveform may: (i)
terminate at a given potential on the forward sweep, which is known as linear sweep
voltammetry or; (ii) switch direction at a given potential, which is known as cyclic
voltammetry.

Under transient conditions, where mass-transport is governed solely by planar
diffusion (i.e., at a macrodisk electrode), a ‘peak-shaped’ voltammogram is generated. In a

fully electrochemically reversible redox system (described in Section 1.3.1), in an electrolyte
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devoid of uncompensated resistance (Ru), peak potentials (Ep) are independent of scan rate
and peak currents (Ip) are proportional to the square-root of scan rate as per the Randles-

Sevcik equation® *:

FDv (1.34)

RT

I, = 0.4663nFAC (o, 1)

In reality, very few electrochemical systems fulfil the above criteria, so Eq. 1.34 is of limited
quantitative use. For this reason, more complex theory is usually needed, so transient cyclic
voltammetric data is often treated qualitatively or semi-quantitatively, where mechanistic,
thermodynamic and kinetic information is inferred from the characteristic shape of the I-E
curve. An example of an experimental cyclic voltammogram is shown in Figure 9.
Numerical simulation of the theory is often performed in tandem with experimental cyclic
voltammetry in mechanistic studies.

Under true steady-state conditions, where mass-transport occurs solely by radial
diffusion (i.e., at a microdisk electrode at low scan rates), a sigmoidal cyclic voltammogram
is generated. The steady-state limiting current, which is approached under mass-transport
controlled conditions (see Eq. 1.30), is insensitive to ks and Ry and is therefore more suitable
than 1, (see Eq. 1.34) for quantitative purposes. In order to approach a true-steady state

during potential sweep voltammetry, the following inequality must be satisfied:

RTD (1.35)

VKL
nFry

This relationship has important practical implications when working in highly viscous

media, such as ILs, as is explored in greater detail below.
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Figure 9. (a) £~ and (b) /-E curves showing the proton reduction process obtained from
41.6 mM p-toluenesulfonic acid in [Comim][NTf2] at a 1.6 mm dia. Pt macrodisk electrode
with a scan rate of 50 mV s™t. The peak splitting seen in (b) is indicative of an ECE

mechanism. Figure 9 was adapted from Bentley et al. (2015).8°

1.4.3 Convolution Voltammetry

Post-measurement data processing techniques which can be applied to voltammetric
I-t or I-E data can greatly enhance the ability to extract information from the raw data. One
such data transformation approach makes use of the general convolution procedure initially
described by Savéant and co-workers®-* where semiintegral voltammetry®® is a subset of a
range of techniques collectively known as convolution voltammetry. As described by
Oldham and co-workers®-1%, semiintegration is specific to conditions under which mass-
transport to the electrode surface occurs solely by planar diffusion and gives rise to a

function, M(t), which is the 1/2 order fractional integral of current, I(t), where:

d=121(t) (1.36)

M(t) = dt—l/Z

1
:[(t)*ﬁ
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and the asterisk represents the convolution operation. In Eq. 1.36, the current, I(t) is said to
have been semiintegrated with respect to time or convolved with the function 1/+/t. The
function, M(t), known as the semiintegral of the current, is related to the concentration of

electroactive species at the electrode surface:

M(t) (1.37)
nAF\D

C(0,t) = C(oo,t) —

It follows that under purely diffusion controlled conditions [i.e. C(0,t) = 0], M(t) reaches its

maximum or limiting value, M

M, = nAFC (e, t)VD (1.38)
Semiintegrating a peak-shaped transient voltammogram (I-E) gives rise to a sigmoidal M-E
curve which superficially resembles a steady-state voltammogram, which in some
circumstances is more amenable to data analysis.® Indeed, just like the 1. plateau of a steady-
state voltammogram, the magnitude of the M. plateau is insensitive to ks or Ry.

The fully planar diffusion restrictions associated with semiintegral voltammetry can
be relaxed by replacing the function, 1/+/mt, in Eq. 1.36 with the generalized function, g(t),
whose form is dependent upon the details of the mechanism (e.g., electron transfer with

coupled chemical reactions) and the geometry of the electrode!%:

M) =1(t) * g(t) (1.39)
Herein M(t) will be referred to as the semiintegrated current when calculated based on Eq.
1.36 under planar diffusion conditions and as the convolved current for other electrode
geometries when calculated more generally based on Eg. 1.39 taking into account the
contribution of spherical diffusion to the mass-transport. For all intents and purposes,
semiintegration and convolution can effectively be thought of as “black box” data analysis

methods, as the required transformations can be readily performed offline on voltammetric
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I-t or I-E data using programmable digital algorithms available in the literature.X%-*1! An

example of an experimental convolved current voltammogram is shown in Figure 10.
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Figure 10. (a) Mixed transient/steady-state cyclic voltammogram obtained from the
oxidation of 4.3 mM I” in [Comim][NTf2] using a 25 pum dia. Pt microdisk electrode with a
scan rate of 50 mV s*. (b) The convolved current of the voltammogram (forward sweep)

shown in (a). Figure 10 was adapted from Bentley et al. (2014).112

1.4.4 Practical Considerations in lonic Liquids

The high viscosity of ILs compared to conventional molecular solvents poses a
number of practical challenges when applying classical voltammetric methods. The low
diffusivity of electroactive species in viscous IL media (as per the Stokes-Einstein equation,
see Eq. 1.24) results in an extremely contracted diffusion layer (see Eq. 1.28), favouring a
planar diffusion field (see Figure 8). Furthermore, Eq. 1.35 predicts that when D is
approximately 10" cm? s, steady-state conditions can only be achieved with slow sweep
rates (< 5 mV s1) at extremely small microdisk electrodes (ro < 5 pum).!! In practice,
voltammograms displaying both transient (‘peak-shaped’) and steady-state (‘sigmoidal’)
characteristics are observed under conditions where a steady-state response would be

expected in molecular-solvent based media. This outcome is demonstrated in Figure 11.
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Figure 11. Cyclic voltammograms obtained from the oxidation of ferrocene in (a)
acetonitrile + 0.1 M tetrabutylammonium hexafluorophosphate (near steady-state) and (b)
[Comim][NTf2] (mixed transient/steady-state) using a 25 um dia. Pt microdisk electrode with

a scan rate of 50 mV s 1.

Unfortunately, in practice it is often found that an impractically small electrode
(difficulty in both electrode fabrication and current measurement**®) or slow scan rate would
be required to achieve a good approximation to true steady-state measurements, ruling out
the use of steady-state microelectrode voltammetry for quantitative analysis in IL media.'4
It has also been shown that it is similarly difficult to achieve a true steady-state at a rotating
disk electrode in ILs, arising from the difficulty in rotating the electrode at sufficiently high
rates under highly-viscous conditions.!t 3% 14 Quantitative analysis using the Randles-
Sevcik equation (see Eg. 1.34) and the peak currents from a transient cyclic voltammogram
is often not feasible in practice, due to the sensitivity of I, to ks and Ru.® Finally, in some
instances a best-fit approach with numerical simulation is a viable option, although even this
method has its limitations, as mechanistic complexities or other uncertainties can make the

modelling process difficult.1*
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In light of the difficulties outlined above, a considerable amount of time was invested
into finding a suitable electroanalytical technique to calculate D, n and/or C under highly
viscous conditions. Semiintegral/convolution forms of voltammetry were found to be
suitable methods for this purpose, as they share a number of advantages with steady-state
techniques (i.e., M is insensitive to ks and Ry) without the need to achieve conditions under
which spherical diffusion dominates.2% 8 Application of these methods for quantitation of

D, nand/or C in IL media is the focus of Chapter 3.

1.5 Model Redox Systems

As previously highlighted, in this work the electrode reaction and mass-transport
mechanisms associated with a number of ‘model’ redox systems will be investigated in IL
media. The ideal ‘model’ redox system should possess the following characteristics:

o Have well-defined and well-understood electrochemistry in conventional (molecular
solvent) media, so comparisons can be readily made with the results collected in IL
media;

e Be relevant to current energy conversion and storage technologies;

e Have workable physicochemical properties, for example the relevant redox species

should be reasonably soluble in IL media.

The first model redox system, and the focus of Chapter 4, is the /1> couple, which is
technologically relevant due to the role of the I/13~ couple in DSSCs. The second model
redox system, and the focus of Chapter 5, is the H*/H2 couple, which plays a crucial role in
a wide range of technologically important reactions, for example water electrolysis or
PEMFC operation. The electrochemical and mass-transport phenomena associated with the
I/12 (Section 1.5.1) and the H*/H2 (Section 1.5.2) redox couples are discussed in detail

below.
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1.5.1 171, Couple

Electrochemistry in Conventional Solvents. The I/12 redox process has been studied
extensively in a range of conventional solvents, most notably water*>-117 and acetonitrile!®-
123 The heterogeneous electron transfer kinetics of the 17/I, redox process are strongly
dependent upon the identity and state (i.e., cleanliness, microstructure and surface
chemistry) of the electrode material. Irrespective of the solvent, platinum is by far the most
widely studied electrode material, on which is it well known that halides chemisorb.24127
On platinum, iodide is oxidized to molecular iodine in an overall one-electron per iodide ion

process:

217 21, + 2e” (1.40)
lodide and iodine combine homogeneously to form the polyhalogen complex anion,
triiodide:

T+, =13 (1.41)
The equilibrium (stability) constant of this reaction is highly solvent dependent, ranging
from ca. 10% in water'?® to ca. 107 in acetonitrile’?® 30 and has a strong bearing on the
observed iodide oxidation mechanism.*?® The overall oxidation process shown in Eq. 1.40
may occur in one step, giving rise to a single voltammetric process (as observed in aqueous
media?® B13%) or in two steps (via an I3~ intermediate), giving rise to two voltammetric

processes (as observed in acetonitrile?? 129 131y
3- =215 + 2e” (1.42)

I3 =2l +e (1.43)

The potential gap separating the two voltammetric processes is proportional to the magnitude

of Keq for the reaction shown in Eq. 1.41.129 131
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As previously noted, platinum is the most commonly employed counter-electrode
(cathode) material in current DSSC technology, where it acts as an electrocatalyst for the
redox shuttle reaction given in Eq 1.42. Obviously the high-cost of noble metals is a
significant driving force for the development of cheaper counter electrodes, notably carbon-
based materials.* 34135 |n comparison to platinum, the electrochemical behaviour of the I-
/I couple has not been extensively explored on carbon electrodes, with a few studies
available with pyrolytic carbon electrodes in water'3% 132 and acetonitrile*?. lodide oxidation
on pyrolytic carbon is qualitatively similar to that seen on platinum: a single process is
observed in aqueous media, corresponding to Eq. 1.40 and two processes are observed in
acetonitrile, corresponding to Eqgs. 1.42 and 1.43.1%

Unlike platinum and carbon, which act as a simple electron source or sink (i.e., an
inert electrode) during I reduction and I~ oxidation respectively, mercury is known to

participate directly in the charge transfer process:
2Hg + 61~ = 2[Hgl;]™ + 4e” (1.44)

Hg + 2[Hgl;]~ = 3Hgl, + 2e~ (1.45)
Analogous behaviour is also observed with CI~ and Br—. In non-aqueous media, when
investigated using DC polarography, I~ gives rise to two well-defined oxidation processes
on a mercury electrode, the first being assigned to the reversible oxidation of mercury to
soluble triiodomercurate (Eq. 1.44) and the second to the reversible oxidation of mercury to
soluble mercuric iodide (Eq. 1.45).1% The limited number of studies available!3"13 (all
undertaken in ‘conventional’ media) also suggest that the I/1, process on gold is appreciably
more complicated than that observed on platinum or carbon. A myriad of reaction pathways
are thought to be possible due to significant overlap between the standard potentials for I

and Au oxidation.'® 13 Gold-halide complexes of the type [AuXz]~ and [AuXa]~ (where X~
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= ClI~, Br and I") reportedly form during oxidative polarization of gold electrodes in aqueous

halide media.*®’

Mechanistic Studies in lonic Liquids. Zhang and Zheng'*° investigated the electro-
oxidation of iodide at a platinum electrode in [Csmim][NTf,]. The authors report I"/I>
electrochemistry analogous to that observed in aprotic molecular solvents such as
acetonitrile, with iodide oxidation occurring in two steps via a triiodide intermediate, as
shown in Egs. 1.42 and 1.43 respectively. The heterogeneous kinetics of the 1"/l3~ process
(see Eq. 1.42) were found to be sluggish (electrochemically irreversible) relative to the I137/1>
process (electrochemically reversible, see Eq. 1.43).

Compton and co-workers!*! investigated the electro-oxidation of multiple iodide
salts ([C4smim]l, Lil, Nal, K1, Rbl and Csl) at a platinum electrode in [Csmim][NTf2].}** As
expected, the iodide oxidation process was found to occur in two steps via a triiodide
intermediate (see Eqgs. 1.42 and 1.43), regardless of the identity of the iodide-salt counter-
cation. At elevated iodide concentrations (>100 mM), the peak for the I37/l> oxidation
process (see Eq. 1.43) became distorted, with a marked ‘crossover’ being evident at extreme
concentrations (>7,000 mM), characteristic of a nucleation-growth process. The authors
attributed this to the deposition of sparingly soluble I on the platinum electrode surface. The

electro-oxidation of iodide (low concentrations) was simulated using the following

mechanism:
IT—e 1" EY k,a (1.46)
21" > 1, Kgim» Kdim (2.47)
I+, 215 Kgap ks (1.48)

By treating Eq. 1.47 as a homogeneous process, and setting the parameters Kgim, Kaim and ks
to be fictitiously large, the forward (oxidative) sweep was simulated. From the simulations,

the stability constant of s~ was estimated to be ~8700.
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The same research group have investigated the electro-reduction of molecular iodine
in [Camim][NTf2].14? As expected, the iodine reduction process was found to be the reverse
of the iodide oxidation process, occurring via a triiodide intermediate (see Egs. 1.43 and
1.42). The authors also report that I> is sparingly soluble in [Csmim][NTf,], with a
thermodynamic solubility of ca. 1.7 mM at room temperature, in agreement with their

previous report.1*! The I/15~ process was modelled using the following EC mechanism:

I, +e” =1(ads) + 1~ (1.49)
['(ads) +e” =1~ (1.50)
4L =15 (1.51)

where I*(ads) is an adsorbed iodine atom. From the simulated data, the authors concluded
that Eq. 1.49 is the rate-limiting step and that the equilibrium shown in Eq. 1.50 lies to the
left at potentials corresponding to the I7/1, process, so that the surface coverage of I*(ads) is
saturated.

Walsh and co-workers'*® studied the 1/15~ processes in [Cxmim][NTf] (x = 2, 4 or
8). Mirroring the results discussed above, two processes were observed in all of the
investigated ILs, which was attributed to the reactions shown in Egs. 1.42 and 1.43. The I~
/13~ process (see Eq. 1.42) was found to possess relatively sluggish heterogeneous kinetics,
with the voltammetric peak-to-peak separation (AEp) increasing with scan rate and
decreasing at elevated temperatures. By comparison, the I3/l process was found to be more

kinetically facile, with AE, being independent of both scan rate and temperature.

Homogeneous Bond-Exchange. As outlined in Section 1.2.2, the I7/13™ couple is the
most commonly employed redox mediator in conventional DSSC electrolytes. ILs have
shown promise as replacement electrolytes for this application, however physical mass-
transport limitations as a result of their high viscosity remains a challenge. Nevertheless,

several research groups*?#4 7 144147 have reported significantly greater mass-transport of
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the I'/1z” redox couple in IL electrolytes than expected, which is often attributed to a rapid
exchange process establishing a Grotthuss-like extension of diffusion:

G+Ir= "L 1T =21 +13 (1.52)
where |2 is exchanged between I and |37, displacing them without physical mass-transfer, as
shown schematically in Figure 12. According to the proposed mechanism, when in close
proximity, I~ forms a partial bond with I3~ which is subsequently strengthened by the
exchange-reaction, liberating I~ from the other end of the 13~ chain. This effectively displaces
I" and I~ by the distances ;- and &,; respectively.*® In effect, with each successful
collision, 15~ is displaced by the length of approximately one I-I bond (~2.9 A) without

having to physically cross that distance.*® 149

8-

Q
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Figure 12. The Grotthuss-type homogeneous bond-exchange mechanism proposed to occur
between /13~ in IL media. Figure 12 was adapted from Thorsmolle et al. (2011).24

In order for I> to be ‘exchanged’ as shown in Figure 12, I” and Iz~ must be within
close proximity of one another. In molecular solvents of moderate 17/13~ concentrations (i.e.,
low to moderate ionic strength), this reaction would be kinetically constrained, since both of
the reacting species are negatively charged and would thus give rise to an energetically

disadvantageous transition state. The collision of ions of like charge (i.e., I'/I3”) is more
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favourable under conditions of high ionic strength due to a phenomenon known as the
‘kinetic salt effect’®®, making the process shown in Eq. 1.52 more feasible in ILs due to
charge screening.*® 4 7 144 Sunporting this hypothesis is the fact that 17/ls~ exchange
diffusion only makes a significant contribution to mass-transport in aqueous solutions of
extremely high ionic strengths (approx. 5 M).**® The high-ionic strength of ILs therefore
offers an alternative route to achieving facile I3~ transport via the Grotthuss-type exchange
reaction shown in Eq. 1.52. Elucidation of this phenomenon is of the utmost importance if
practical application of ILs as DSSC electrolytes is ever to be realised; key studies are

discussed below.

Mass-transport Studies in lonic Liquids. Studies by Kawano and Watanabe*> ° on
the voltammetric behaviour of the I/15~ couple in [Comim][NTf.] revealed exceptionally fast
mass-transport. As shown in Figure 13, the apparent diffusion coefficient increased with the
total concentration of I"and Iz, to values that were much higher than could be explained by
physical diffusion alone. Shown in Figure 13a, in a single component system (e.g., 1:1 or
10:0), the steady-state limiting current (l;im) increases linearly as a function of concentration,
in accordance with Eq. 1.30. In a dual component system however, when [I"] and [Is7] are

comparable, lim displays a non-linear (second-order) concentration dependence:

1 1.53
Lim = 4nFr0(DphysC + gkex(sizntcz) ( )

where C is taken to be equal to 1/3[1"] + [I57]. EqQ. 1.47 was derived by combining Eq. 1.30
with the Dahms-Ruff equation (Eq. 1.27).

Shown in Figure 13b is a plot of Dapp (calculated using Eq. 1.30) versus concentration
(1/3[17] + [157]). At low concentrations, Dapp Was found to be comparable in [Comim][NTf]
(7neat = 27 cP at 30°C) and the molecular solvent, polyethylene glycol dimethylether
(PEGDE, 7neat = 19 cP at 30°C). Doping the respective solvents with [Comim]l + I increases

viscosity (i.e., n o« C), which, based on the Stokes-Einstein equation, is expected to lead to
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a decrease in diffusivity (D « 1/, see Eq. 1.24). This trend is observed in the PEGDE
electrolyte; Dapp decreases as a function of C at both of the investigated [I7]:[l2] ratios. The
opposite trend is observed in the [Comim][NTf2] electrolyte; Dapp increases as a function of
C. The authors concluded that this non-Stokesian ‘enhancement’ in mass-transport must
arise from a Grotthuss-like exchange process between I~ and I3, facilitated by the high-ionic

strength of [Comim][NTf2].
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Figure 13. Plots showing the (a) steady-state limiting current (lim) and (b) apparent diffusion
coefficient (Dapp) Of the I”/13” redox couple as a function of the concentration of redox species
(1/3[1"] + [1z7]). The molar ratio of [I7]:[I2] is indicated on the plots. The experiments shown
above were carried out in [Comim][NTf2] or polyethylene glycol dimethylether at a 12 pum
dia. Pt microdisk electrode with [Comim]l as the iodide source. Figure 13(a) and (b) were
taken from Kawano and Watanabe (2003)"° and (2005)*, respectively.

The enhanced effective mass-transport afforded by the homogeneous bond-exchange
mechanism between I~ and I3~ obviously translates to enhanced performance in a DSSC,
despite the high viscosity of IL electrolytes.’® 4> 44 7 Indeed, the Watanabe group*® have
also reported DSSCs employing IL electrolytes with short-circuit currents greater than 80%
of that achievable in cells employing conventional organic electrolytes, despite the viscosity
of the former electrolytes being greater than 10-fold higher than the latter. The most

promising results were achieved with a low-viscosity electrolyte based on [Comim][N(CN)z]
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(n = 21 cP at 21°C), which highlights the need to balance the Stokesian and non-Stokesian
mass-transport processes.*?

More recently, Gores and co-workers* 44 74144 have investigated the mass-transport
of I/l3” in a variety of imidazolium-based ionic liquids. The concentration of I3~ was
typically fixed ~0.05 M and the concentration of I~ was varied over a large range, achieved
by adding a variable mole fraction of highly viscous [Camim]l (3 = 880 cP at 25°C). The
authors provide strong evidence for an exchange-reaction mediated enhancement in mass-
transport, with the increase in viscosity as a result of increasing the mole fraction of

[Csmim]I being several times larger than the observed decrease in Dy, contrary to what is

predicted based on the Stokes-Einstein equation. The authors also report that the overall
contribution of non-Stokesian transport to total mass-transport decreases with increasing
temperature, which was attributed to the breakdown in IL ordering at elevated
temperatures.*4 144

A recent study by Gréatzel and co-workers!#® also demonstrated that the conductivity
of [Camim]l increases significantly upon adding molecular iodine to values beyond which
can be explained by a simple decrease in medium viscosity. The order-of-magnitude increase
in ionic conductivity was attributed to the enhancement of the mobility of 17/13™ as a result
of a Grotthuss-like bond-exchange process. In addition, the authors found that the
conductivity of the [Camim]I/l> mixture increased abruptly when [I2] was raised above ~4.2
M, which was attributed to the formation of higher polyiodides (i.e., Is", I7 etc.). The authors
postulate that long-chain polyiodides enable higher packing densities, which reduces the
distance between adjacent iodide/polyiodide species (i.e., ‘exchange sites’), and thereby
accelerates the homogeneous exchange reaction, leading to enhanced mobility (and
increased ionic conductivity).!

Lin and co-workers'®? studied the relative contributions of physical diffusion and

exchange diffusion to the mass-transport of I3~ in [Comim][N(CN)z]:[Csmim]I electrolytes
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(at a fixed [I2]) by varying the ratio of the two constituents. Increasing the volume fraction
of the low viscosity, electro-inactive component [Comim][N(CN)2] up to 40% (v/v) in the
binary electrolyte system increased Dapp, Which was attributed to accelerated physical
(Stokesian) diffusion. Interestingly, further increasing the volume fraction of
[Comim][N(CN)2] above 40% (v/v) decreased Dapp, Which was attributed to hindered non-
Stokesian (exchange) diffusion. The 40% (v/v) [Comim][N(CN)2] electrolyte therefore
offered the best compromise between exchange diffusion and physical diffusion, resulting
in the highest apparent diffusion coefficient of 1s~. These observations translated directly to
DSSC performance; the 40% (v/v) [Comim][N(CN)2] electrolyte gave rise to the highest

short-circuit current and photo-conversion efficiency of any of the investigated mixtures.
1.5.2 H*/H; Couple

Electrochemistry. Proton (H") transfer is an important step in a plethora of
(electro)chemical reactions, one example being the reduction of benzoquinone to

1,4-hydroquinone in aqueous media®:

o=®zo +2H* +2e” = HOQOH (1.54)

The proton reduction reaction (or hydrogen evolution reaction, HER), is of wide
technological importance and has therefore been studied extensively at many electrode

surfaces in a range of media'>***°, predominantly aqueous®¢%8:

2H* + 2e™ = H, (1.55)
The H*/H> couple also forms the basis of the fundamental reference potential scale in
aqueous electrochemistry, the Normal (NHE) or Standard (SHE) Hydrogen Electrode.®
Although Eq. 1.55 is conceptually simple, involving the transfer of one electron per proton,
it is subject to significant kinetic barriers, and therefore requires a suitable electrode

(electrocatalyst) to proceed at an economically viable rate. Indeed, it has been well
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established that different metals display vastly different catalytic activities towards proton
reduction/hydrogen oxidation, with exchange current densities ranging from approximately
10® mA cm? on Pb, a ‘poor’ electrocatalyst; to 100 mA cm™ on Pt a ‘good’
electrocatalyst.*>®

In acidic aqueous media, proton reduction is thought to proceed via a combination

of the following three elementary reactions®* 1°6. 159

H* + e~ - Hyqs (1.56)
2Hags = H (1-57)
Hags + HF + e~ > H, (1.58)

where Hags is @ chemisorbed hydrogen atom and Egs. 1.56, 1.57 and 1.58 are known as the
Volmer (or discharge), Tafel (or combination) and Heyrovsky (or ion + atom) reactions
respectively. Thus, the formation of Hags on the electrode surface (Eq. 1.56) by electron
transfer (reduction) is followed either by surface migration and dimerization of Hags (EQ.
1.57) to form H; or the direct formation of Hz from Haes and H* (solution) by electron-
transfer (Eq. 1.58). The preferred reaction pathway depends on the identity of the metallic
electrode and is thought to be governed by whether Eq. 1.56 is sluggish or facile relative to

Hads migration across the electrode surface.*>*

Mechanistic Studies in lonic Liquids. Compton and co-workers'® have investigated
the hydrogen oxidation reaction (HOR) in [Comim][NTf2], [Camim][NTf2], [Ne22,2][NTT2],
[P12666][NTf2], [Campyr][NTf:], [Camim][OTf], [Csmim][BFs4], [Csmim][PFs] and
[Csmim]CI. No oxidation process was observable on gold in any of the ILs, indicating that
this metal is electrocatalytically inactive for the HOR. On platinum, a broad (i.e., large AEy),
chemically reversible process was observed in the [NTf2] and [OTf]" ILs, which the authors

attributed to the following process:
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H, — 2e” + 2S = 2HS* (1.59)
where S signifies the IL anion. The HOR is inhibited at oxidative potentials above ~1.0 V
vs. Ag pseudo-reference electrode (PRE), which the authors attributed to blocking of the
catalytically active sites on the platinum electrode surface by a platinum-oxide layer, formed
from the oxidation of residual water in the IL. Interestingly, if the electrode is ‘preanodized’
at strongly oxidizing potentials (i.e., 2.0 V vs. Ag PRE), the kinetics of the HOR are greatly
improved in the potential range where the surface oxide is not present (0.1 — 1.0 V vs. Ag
PRE), presumably due to the formation of a catalytically active ‘pristine’ platinum surface
after oxide layer formation/dissolution. This hypothesis is supported by the results from an
XPS study performed by Walsh and co-workers.'®! In [Camim][BF4], [Camim][PF¢] and
[Cemim]Cl, the HOR is only partially chemically reversible, which the authors attributed to
instability of the protonated anion (see Eq. 1.59). In the case of [PFe]™ and [BF4], it is
thought that the anion undergoes acid-catalyzed dissociation (decomposition) on the

voltammetric timescale:

H[BF,] —» HF + BF; (1.60)

In the case of CI, it is thought that HCI (formed from hydrogen oxidation, see Eq. 1.59)
reacts to form stable H[CI2]™ as highlighted in a first principles simulation study by Del
Popolo and co-workers.162

In a follow-up publication, the Compton group!®® investigated the HOR at an
activated platinum electrode in an expanded range of ILs: [Comim][NTf.], [Camim][NTf.],
[No222][NTf2],  [Pussel[NTf2], [Camim][OTf], [Cimim][BFs], [Camim][PFg],
[Csmim][NO3], [Cemim]Cl and [Csmim][FAP]. As was the case in the previous study,
chemically reversible and electrochemically quasi-reversible voltammetry was observed in
[Comim][NTf;], [Camim][NTf2], [Ne222][NTfs], [Pises][NTf], [Camim][OTf] and

[Cemim][FAP]. Again, the HOR only possesses partial chemical reversibility in
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[Camim][BF4], [Camim][PF¢], [Camim][NOs] and [Cemim]Cl, attributable to protonated
anion instability. It is thought that H[NOs].™ is formed following hydrogen oxidation in
[Camim][NOs3], analogous to the chloride case. In addition hydrogen gas was found to be
sparingly soluble (ca. 3 to 10 mM) in all of the investigated ILs. Finally, the formal potential
of the H*/H2 process (calibrated against a cobaltocenium/cobaltocene internal reference) was
found to depend strongly on the identity of the IL anion, increasing in the order [OTf]” <
[NTf] < [PFe] .

The Compton group® have also investigated the proton reduction process from
H[NTf,] and HCI in [Camim][NTf2]. A chemically reversible proton reduction process is
observed on platinum, which is thought to proceed via the combination of reactions outlined
in Egs. 1.56 to 1.58. On gold, proton reduction occurs irreversibly at potentials negative of
those on platinum and on glassy carbon (GC), an irreversible, broad reduction process is
observed just prior to solvent breakdown. These results are in accordance with the relative
hydrogen overpotentials of the electrode materials: GC >> Au > Pt. On platinum, proton
reduction from HCI is chemically reversible, occurring at potentials negative of the
H[NTf2]/H2 process, in accordance with the relative acidities of HCI and H[NTf.] (vide
infra). Additional peaks are also observed at positive potentials, which correspond to the
oxidation of CI~ to Cl37/Cl.. The authors also postulate that H[CI2]~ forms as an intermediate
during proton reduction, at potentials where the concentrations of both HCI and CI~ are
significant.

In later studies, the Compton group'®* ¢ investigated electrochemical proton
reduction (from H[NTTf,] as the proton source) on a range of metallic electrodes (Au, Mo,
Ni, Ti and Pt) in [Comim][NTf]. Irreversible proton reduction was observed on all of the
metal surfaces except platinum, with no Hx process being observed on the reverse cyclic
voltammetric sweep. The apparent charge-transfer coefficient (aapp) was found to be < 0.5

on all metal surfaces, indicating that the VVolmer reaction (Eq. 1.56) is the rate determining
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step in all cases. Finally, the heterogeneous kinetics of the HER (estimated by numerical
simulation) was found to be strongly dependent on the identity of the metallic electrode, with
the electrocatalytic trend being different (Pt > Mo > Au > Ni > Ti) to that observed in
aqueous media (Pt > Ni > Au > Mo > Ti).

In a follow-up study®®®, the same authors investigated electrochemical proton
reduction on platinum in  [Comim][NTf], [Camim][NTf.], [Campyr][NTf2],
[C4dmim][NTT2], [Csamim][OTf] and [Camim][BF]. oapp was found to be < 0.55 in all of the
investigated ILs, indicating once again that the Volmer reaction (Eq. 1.56) is the rate
determining step in all instances. The heterogeneous rate constant (estimated by numerical
simulation) was found to be an order of magnitude lower in the [BF4]" IL compared to the
[NTf.]” and [OTf]" ILs. In addition, E*(H*/H>) was found to be essentially independent of
the identity of the IL cation and strongly dependent upon the identity of the IL anion (vide
infra), increasing in the order [BF4]~ < [OTf]- < [NTf2]". Finally, by measuring proton
diffusivity in each of the ILs, it was found that proton transport is Stokesian (D o 1/5, see
Eq. 1.24) in AIL media.

Compton and co-workers'®-18 have also investigated the proton reduction process
from benzoic acid (BZA) on a platinum electrode in [Comim][NTf.], [Camim][NTf,],
[Campyr][NTf], [Camim][OTf], [Camim][BF4], [Camim][NOz3] and [Csmim][PFs]. Proton
reduction from BZA occurred at potentials negative of the H¥sovatea/H2 process, and is

thought to proceed via a generic CE mechanism:
C¢HsCOOH = C4HsCO00™ + H* (1.61)

1 1.62
M+H++e‘:M—H:§H2+M (1.62)

where the electron transfer step (E) is preceded by a fast chemical (dissociation) step (C). A

reductive pre-peak was observed prior to the main reduction peak in all of the investigated

ILs, which was assigned to the formation of adsorbed He on the platinum electrode surface.
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The potential region in which proton reduction from BZA occurs was also found to be
dependent on the identity of the IL anion, consistent with their previous studies.

Doherty and co-workers®® investigated proton reduction from a range of protonated
amines (pyridine; 3-picoline; 2,6-lutidine; 2,4,6-collidine and triethylamine) at a platinum
electrode in [Csmim][NTf2]. In all cases, proton reduction from the protonated amines (BH")

was reported to be a quasi-reversible process:

1
BHt +e” = EHZ +B (1.63)

where B is a general base (amine). In addition, the authors applied the Nernst Equation (see
Eq. 1.18) to show that the potential at which the BH*/H> process occurs relative to the
Hsolvatea/H2 process is proportional to the pKa of BH™. The relative strength of the bases
(estimated using cyclic voltammetry, vide infra) was found to be the same as that previously
reported in molecular solvents: pyridine =~ 3-picoline < 2,6-lutidine < 2,4,6-collidine ~

triethylamine.

Equilibrium Acidity (pKa). The acid dissociation constant (Ka.) of a Brgnsted acid,

HA, formally defined as follows, is a quantitative measure of acid strength in solution:

[H*][A7] (1.64)

HA = HY 4+ A™ K, =
* 2~ T [HA]

Although the acid is taken to be a neutral species (HA) in Eq. 1.64, the expression for Kj is

equally valid for a cationic acid species, BH" (i.e., a protonated neutral base, B):

[H*][B] (1.65)
[BH*]

BH* = H* +B K, =
Bransted acidity/basicity is a well-established concept in aqueous medial’®, where water, an

amphoteric species, can act as a Brgnsted base and accept a proton:

HA (or BH*) + H,0(base) = A~ (or B) + H;0* (1.66)

or as a Brgnsted acid and donate a proton:
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A~ (or B) + H,0(acid) = HA (or BH*) + OH™ (1.67)
From Eq. 1.66, it is clear that the hydronium ion (also known as a hydrated/solvated proton),
H3O*, which has a pKa of —1.74 (where pKa = —logi10Ka), is the strongest acid that can exist
in aqueous media. In other words, the process shown in Eq. 1.66 effectively ‘levels’ the
acidity of all strong acids (pKa < —1.74) in aqueous media and is the origin of the aqueous
pKa scale. 169 171

Many organic compounds contain acidic and/or basic functional groups that dictate
their physical, chemical and biological properties. Indeed, bond transformations in solution
frequently involve the cleavage or formation of ‘R—H’ bonds. As described above, pKa
describes the free energy change of ‘R—H’ bond heterolysis, making it a critically important
thermodynamic parameter in synthetic chemistry and related fields.!”>'* Equilibrium
acidities (pK,) are media-dependent, being dictated by the ability of the solvent to solvate
each of the species outlined in Egs. 1.64 (i.e., HA, A" and H") or 1.65 (i.e., BH", B and H").
It follows that solvent acidity/basicity, dielectric properties and ability to donate/accept
hydrogen bonds can all influence the pK, of an acid in solution.!”* !> Although pK, data is
most readily available in water!’® "7, pK, scales have been established in a range of non-

aqueous solvents, including acetonitrile!’®, dimethylsulfoxide!”* 17 189 and 1,2-

178 181

dichloroethane'’®. A variety of methods'®' are employed to quantify pKa. in conventional

174,183 175,179, 180

media, including potentiometry!®?, spectrophotometry and voltammetry
The protons released from the dissociation of a Brgnsted acid in IL media must
associate with (or be ‘solvated’ by) the most basic component of the IL, most commonly the

anion (A1):

HA+ Ay =A™+ HAp, (1.68)
where HA L is the strongest acid that may exist in a given IL. HA L effectively levels the

acidity of strong acids in IL media, comparable to HzO" in aqueous media. In other words,
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HA\L is the origin of the pKa scale in IL media and for this reason pKa data are not directly
comparable between ILs with different constituent anions, 6% 172173
At this point in time, absolute pKa data for weak acids in IL media is scarce, with

only a few key studies available.’®® 172173 Cheng et al.}"? 1"® have previously established the

172 173

equilibrium acidity of 18 carbon acids*“ and 15 substituted benzoic acids*’” in
[Camim][OTf], [Camim][NTf2], [Campyr][NTf] and [Csdmim][NTf,] using a
spectrophotometric (overlapping indicator) method. After carefully calibrating for
intermolecular hydrogen bonding interactions between the oxy-acids and oxyanions (i.e.,
anionic homoassociation), the authors found that the pKa (IL) data correlated linearly with
corresponding pKa (DMSO) and pKa (GP) data (where GP signifies ‘gas phase’, determined
using mass spectrometry®). In addition, the identity of both the IL anion and, to a lesser
extent, cation was found to influence the pKa of a given acid, with the effect being more
prominent for the benzoic acids than for the carbon acids.

pKa can be conveniently calculated using electrochemical methods such as cyclic

voltammetry from the following relationship>% 149 154:

pK, = F[EY (H*/H, ) — E (HA/H,)]/(2.303RT) (1.69)
where H* is taken to be a ‘solvated’ proton, equivalent to HA,_ in the present context and

E%(HA/H,) is the formal potential for the following process:

2HA + 2e” =2 H, + 2A- (1.70)
Indeed, this method was used by Doherty and co-workers'®® to estimate to pKa of protonated
pyridine  ([PyrH]") in  [Camim][NTf2], [Csmpyr][NTf.], [Csmim][BFs] and
[Comim][CoFsBFs]. The strength of [PyrH]™ (estimated directly from the cyclic
voltammogram) was found to depend strongly on the constituent anion of the IL, although,
as previously discussed, direct comparison between ILs with different constituent anions is

not thermodynamically rigorous.
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Protic lonic Liquids. As addressed in Section 1.1.2, PILs are formed through the
transfer of a proton from a Brgnsted acid to a Brgnsted base (see Eg. 1.1). The extent of
proton transfer (i.e., how strongly a proton will be transferred from the acid to a given base)
is governed by the relative pKa of the acid and base (i.e., ApKa), and has a strong bearing on
the physicochemical properties of the resulting PIL. Since pKa data is scarcely available in
IL media, the pKa values measured in dilute aqueous media are often used to predict the
extent of proton transfer.?® 32

Angell and co-workers?® 2 have investigated the physicochemical properties of a
range of PILs, and correlated the observed trends with ApKa (ag). The authors report that
boiling point excess (i.e., the excess over the value expected from simple additivity of the
boiling points of acid and base components) and ionicity (a measure of ion dissociation) of
a PIL is positively correlated to ApKa (aq). PILs with ApKa (aq) values greater than ~10
typically possess AlL-like properties, with high ionicities and low vapour pressures. In
addition, the authors note that when ApKa (aq) > 10, PIL decomposition typically precedes
boiling (i.e., the PIL is non-distillable).

The Angell group? also have investigated the HER and HOR in the following Ho-
saturated PILS:  [NH122][NTf2], [NH122][AICL], [NH122][OTf], [Nh222][OTH],
[NH,1,1,2][OTf], [NHHH,2][NOs], [PyrH][CH3COO], [NH2,22][CH3SO3], [NH,1,22][CH3SO3]
and [a-MePyrH][OTf]. Starting from the equilibrium potential, proton reduction (from BH")

occurs when sweeping to negative potentials:

2BH* + 2e~ - H, + 2B (1.71)
and hydrogen oxidation (supported by protonation of A”) occurs when sweeping to positive

potentials:

H, + 2A~ > 2HA + 2e~ (1.72)
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The potential gap between these two processes is proportional to the differences in the proton
free energy between the Brgnsted couples HA/A~ and BH'/B and correlates well with

Ap Ka (aC{)

Proton Conduction. Proton transport (conduction) is fundamental step in many

biologically and technologically important processes® %, including photosynthesis®?,

186 187 188

electrochemical CO: fixation**°, methanol oxidation**" and water (photo)electrolysis°.
Proton conduction in aqueous solution occurs by a combination of a vehicle mechanism (i.e.,
physical diffusion of HsO") and the Grotthuss mechanism (i.e., proton exchange between
H3O* and H20).5 7> 18 These two processes are illustrated in Figure 14. As previously
discussed, vehicular transport via the physical movement of the HsO" ion only contributes
~20% to the total mobility of H* in aqueous media. In other words, proton diffusivity in
aqueous media (8.0 x 10~° cm? s1)1%° s five times larger than what would be expected based
on the dimensions of the hydronium ion (HsO").” %! Facile proton conduction is a key
consideration when choosing the electrolyte for a fuel cell (i.e., a PEMFC), as it influences
the ultimate speed/efficiency at which the device can operate. Key studies on proton
conduction in ILs are summarized below.

Watanabe and co-workers*! have studied the properties of a range of neutral salts
formed between organic amines and H[NTf,] for potential application as anhydrous proton
conductors at elevated temperatures in fuel cells. Of the compounds studied, only a select
few were found to be PILs, of which, the [ImH][NTf;] neutral salt (1:1 ratio,
Tm = 73.0°C) was characterized using cyclic voltammetry at a temperature of 130°C.

[ImH][NTf2] was found to support molecular hydrogen oxidation/proton reduction at

platinum under a H, atmosphere:

2[ImH]* + 2e~ & H, + 2Im (1.73)
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The electrolyte was also found to support oxygen reduction (albeit at a large overpotential)

upon switching to an O2 atmosphere:

0, + 4[ImH]* + 4e~ - 2H,0 + 4Im (1.74)

Preliminary results employing this electrolyte in a crude H2/O- fuel cell also were promising.

Grotthuss mechanism (Proton hopping)

MM AMAIARE

Vehicle mechanism

JESRSINIY,

Figure 14. lllustration of proton transport in acidic aqueous solution. Top: Grotthuss
mechanism, where protons ‘hop’ via a network of hydrogen bonds. Bottom: Vehicle

mechanism, where proton movement occurs with the aid of a moving ‘vehicle’ (i.e., H20).

Figure 14 was taken from Ueki and Watanabe (2008)*%.

In a later study*®, proton transport was investigated in non-stoichiometric mixtures
of Im and H[NTf.]. In stoichiometric (i.e., [HA] = [B]) or acid rich (i.e., [HA] > [B])
mixtures, the diffusivity of the mobile proton (calculated using NMR) is equal to that of the
base (Im), suggesting that proton conduction occurs exclusively via a vehicular-type
mechanism as [ImH]*. On the other hand, in base-rich (i.e., [HA] < [B]) mixtures, the mobile
proton possesses a greater diffusivity than that of the base, suggesting that proton transport
is enhanced by a Grotthuss-type mechanism. The authors suggested that rapid proton

exchange occurs between [ImH]* and the free basic site on excess (i.e., unprotonated) Im.
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The base-rich mixtures were also found to support H" reduction/H, oxidation and O-
reduction on a platinum electrode at elevated temperatures, which once again demonstrates
the promise of this system for application as an electrolyte in fuel cells under non-

193 when

humidifying conditions. A similar set of observations were made by the same group
investigating mixtures of H[NTf.] and benzimidazole (Phim) at various molar ratios.
Compared to the Im + H[NTf] mixtures, the Phim + H[NTf,] mixtures possessed superior
thermal stabilities and performed better under fuel cell polarization conditions.

Since then, a comprehensive study characterizing the thermal properties, ionic
conductivity and oxygen reduction overpotential of more than seventy stoichiometric PILs
has been carried out by the Watanabe group.>® The acids were oxyacids or imides and the
bases were imidazole/piperidine/tertiary amine based. Of all of the PILs investigated,
[NH,1,22][OTf] had the most promising properties for application as a fuel cell electrolyte,
with a low melting point (-13.1°C), high thermal stability (360°C) and reasonably high ionic
conductivity at 120°C (43.3 mS cm™?). Self-diffusion studies by NMR revealed that the
dissociated active proton from H[OTf] is predominantly conducted via a vehicular
mechanism as [Nw,12.2]" (i.e., there was no Grotthuss-like mechanism). [Nn,1,2.2][OTf] was
also found to support H* reduction/H> oxidation and O reduction on a platinum electrode
(at relatively low overpotentials) under non-humidifying conditions. When tested in a crude
fuel cell at 150°C under polarizing conditions, [Nn1,22][OTf] was found to give rise to a
high OCP (> 1 V for at least 300 hours) and was able to sustain the highest currents of any
of the tested systems.

Angell and co-workers?® 227. 194 have prepared and characterized the
physicochemical properties of a diverse range of PILs. They have reported PILs with ionic
conductivities comparable to aqueous media?’, which is usually attributed to high ionic
dissociation (i.e., high ionicity) and mobility (i.e., low viscosity) rather than a Grotthuss-

type mechanism, although in certain cases it is thought that a proton hopping may make a
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non-negligible contribution to proton transport. For example, in a recent study*®, the Angell
group characterized the PILs formed from the neutralization reaction between
decahydroisoquinoline (DHiQ) and a range of Brgnsted acids. While most DHiQ-acid
combinations produced either ‘poor’ (i.e., low ionicity) or ‘good’ (i.e., high ionicity) PILs,
the [HSO4] " salt displayed ‘superionic’ character, which was attributed to a Grotthuss-like
proton exchange mechanism facilitated by the extended hydrogen bond network that is set-
up by the anion.

Ohno and co-workers!®® have prepared and characterized the electrochemical and
thermal properties of a range of proton conducting ILs with an alkylimidazolium cation
([Comim]*, [C1imH]* or [C2imH]*) and a multivalent anion that itself can dissociate to
release a proton ([HSO4]~, [HPOz]", [HPO4]~ or [H3P207]"). The [HSO4]™ ILs displayed
superior thermal stability and ionic conductivity compared to any of the phosphate
derivatives. Within the group of [HSO4]" ILs, conductivity increased in the order [C2imH]*
<< [Comim]" < [C1imH]*. The temperature dependence of the ionic conductivities of the
[Comim]* salts strongly suggests that proton conduction occurs via a vehicular mechanism
(associated with the anion) and not by a Grotthuss-type mechanism when the cation contains
no dissociable protons (i.e., is aprotic).

More recently, Lemordant and co-workers'® investigated the ionic conductivity,
viscosity and proton conduction properties of two PILs: [PyrH][CF:COO] and
[PyrH][HSO4]. In both PILs, the self-diffusion coefficient of the mobile proton was found
to be much greater than that of either the cation or the anion, suggesting that proton
conduction occurs via a Grotthuss-type mechanism. The diffusivity of the mobile proton
relative to the cation was found to be approximately five-fold higher in [PyrH][HSOu4]
compared to only two-fold higher in [PyrH][CF3COQ]. This explains why [PyrH][HSO4]
and [PyrH][CFsCOQ] possess similar ionic conductivities, despite the viscosity of the

former (187.6 cP at 25°C) being approximately seven-fold higher (25.7 cP at 25°C) than the
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latter. The comparatively greater ‘enhancement’ in proton conductivity in [PyrH][HSO4] is
thought to be due to the dual Brgnsted acidic/basic nature of [HSO4] . In addition, the uptake
of water into the PILs further enhanced proton mobility, consistent with a Grotthuss-type
transport mechanism.

In a recent publication, Sanchez and co-workers®® investigated the physicochemical
properties of more than twenty proton conducting ILs derived from monoamines or half-
neutralized diamines in combination with H[OTf]. The viscosities of the PILs derived from
the half-neutralized diamines were higher than those derived from the monoamines, although
the ionic conductivities were comparable. In the PILs derived from monoamines, the proton
self-diffusion coefficient is equal to that of the monoamine, indicating that proton transport
occurs exclusively by a vehicular mechanism. By contrast, in the PILs derived from the half-
neutralized diamines, the proton self-diffusion coefficient is higher than that of the parent
diamine, indicating that an additional mechanism (i.e. a Grotthuss-type mechanism)
contributes to proton transport (consistent with the trend in ionic conductivity). Interestingly,
at elevated temperatures, when water is introduced into the monoamine salt, [Nh2.2,2][OTf],
proton diffusivity drastically increases, being intermediate between that of water and the
parent amine, suggesting that proton transport is able to occur via a mixed Grotthuss-

vehicular mechanism.
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1.6

Research Objectives

To develop electroanalytical methodology which is suitable for quantifying the
parameters associated with an electrochemical system (i.e., diffusivity,
stoichiometric number of electrons and/or bulk concentration) under highly viscous
conditions.

To study the fundamentals of mass-transport in ionic liquids by quantifying the
diffusivity of a number of ‘model’ redox active species.

To investigate the impact that the ionic environment of ionic liquids has on the
electrode reaction mechanisms of the investigated redox systems by drawing
comparisons with conventional electrolyte media.

To gain an insight into how the physicochemical properties and intermolecular
ordering of the ionic liquid influences fundamental processes such as heterogeneous

charge transfer and mass-transport.
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2.  Experimental
2.1  Materials and Preparation

2.1.1 Glovebox and Schlenk Line

The preparation and handling of hygroscopic materials such as ionic liquids, non-
aqueous solvents and supporting electrolytes was carried out in an argon filled glovebox
(KI'YON, Korea). Materials were admitted into the glovebox through an antechamber, which
was subsequently evacuated and refilled three times with high-purity argon. The glovebox
atmosphere was maintained by passing it through a series of columns containing molecular
sieves (4 A) and copper/copper oxide, responsible for scrubbing water and oxygen
respectively. In addition, the glovebox was fitted with oxygen and moisture sensors to
monitor the quality of the atmosphere.

A Schlenk line was also employed to carry out reactions and procedures (i.e.,
moisture removal) in the absence of air. One manifold was connected to a nitrogen gas

source, while the other was connected to a high-vacuum pump (Edwards, UK).
2.1.2 lonic Liquids

1-methyl-3-octylimidazolium  hexafluorophosphate  ([Cemim][PFs],  Solvent

Innovation), 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
([Comim][NTf2],  lo-li-tec), triethylsulfonium  bis(trifluoromethanesulfonyl)imide
([S2,2,2][NTT2], Solvent Innovation), 1-methyl-1-butylpyrrolidinium
bis(trifluoromethanesulfonyl)imide ([Campyr][NTf], Merck), 1-butyl-2,3-

dimethylimidazolium  bis(trifluoromethanesulfonyl)imide  ([C4admim][NTf.], Solvent
Innovation), dimethylethylpropylammonium bis(trifluoromethanesulfonyl)imide

([N1,123][NTf2], Merck), 1-ethyl-3-methylimidazolium trifluoromethanesulfonate
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([C2mim][OTf], Merck) and 1-ethyl-3-methylimidazolium dicyanamide ([C2mim][N(CN)-],
Solvent Innovation) were commercial samples.

Tributylmethylammonium bis(trifluoromethanesulfonyl)imide, [N1.4.44][NTf2], was
prepared by a metathesis reaction between lithium bis(trifluoromethanesulfonyl)imide,
(Li[NTf,], 3M) and tributylmethylammonium methylsulfate ([N1.4.4,4][CH30SOs], Sigma-
Aldrich) in de-ionized water. Following preparation, [N1444][NTf] was taken up in
dichloromethane and rinsed repeatedly with water to extract residual Li[CH3OSO3].
Triethylammonium bis(trifluoromethanesulfonyl)imide, [Nn.2,22][NTf2], was prepared by a
metathesis reaction between Li[NTf2] and triethylammonium chloride ([NH,222]CI, Sigma-
Aldrich, recrystallized from ethanol) in de-ionized water. Following preparation,
[NH,2,2,2][NTT2] was taken up in dichloromethane and rinsed repeatedly with water to extract
residual LiCl until the aqueous phase passed the silver nitrate test. 1-ethyl-3-
methylimidazolium p-toluenesulfonate, [Comim][OTs], was prepared by alkylation of N-
methylimidazole (Sigma-Aldrich, vacuum distilled over lithium)  with ethyl p-
toluenesulfonate (Sigma-Aldrich, recrystallized from n-pentane) in toluene, as reported in
the literature.

Before use, each of the ILs was dried under high vacuum (< 10! mbar) on a Schlenk
line at 45°C for 48 hours. The residual water content was less than 100 ppm by Karl Fischer

titration (Metrohm 831 KF Coulometer).
2.1.3 Solvents and Supporting Electrolytes

Ethyl acetate, isopropanol, acetone, n-pentane, toluene, dichloromethane, ethanol,
diethyl ether and methanol were used in preparation/purification procedures and were all
EMSURE grade from Merck. The dichloromethane used in electrochemical experiments
was from Sigma-Aldrich (anhydrous, 99.8%). The acetonitrile used in electrochemical

experiments was from Sigma-Aldich (anhydrous, 99.8%) or Alfa-Aesar (anhydrous, 99.7%).
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Propylene carbonate was from Sigma-Aldrich (anhydrous, 99.8%). 1,2-propanediol
(propylene glycol, Acros, 99%) was distilled under high vacuum over lithium. De-ionized
water was collected from a Milli-Q water purification system (Millipore, Milli-Q Plus 185).

Tetraethylammonium tetrafluoroborate ([NEts][BF4], Stella Chemifa, 99.9%) was
recrystallised twice from methanol and dried at 50°C for 72 hours under vacuum. Tetra-n-
butylammonium hexafluorophosphate  ([NBus][PFs], Sigma-Aldrich) and lithium

tetrafluoroborate (Li[BF4], Stella Chemifa) were used as supplied by the manufacturer.
2.1.4 Electroactive Species

Metallocenes and metal salts. Ferrocene (Fc or Fe(Cp)2, Fluka, >98%) was
recrystallized from n-pentane. Cobaltocenium hexafluorophosphate ([Co(Cp)2][PFs] or
CcPFs, Sigma-Aldrich) and silver nitrate (AgNO3, BDH, 99.9%) were used as supplied

by the manufacturer.

lodide and lodine. 1-ethyl-3-methylimidazolium iodide ([Comim]I, lo-li-tec, >98%)
was recrystallized twice from a 2:1 mixture of ethyl acetate and isopropanol and then dried
under high vacuum for 48 hours. Care was taken during handling and storage of [Comim]I
to avoid exposure to light. lodine (Sigma-Aldrich, 99.8%) was used as supplied by the
manufacturer. Tetra-n-butylammonium diiodoaurate ([NBu4][Aul2]) was prepared by
suspending gold foil (0.53 g, Sigma Aldrich, >99.9%), iodine (0.39 g, Sigma-Aldrich,
99.8%) and tetra-n-butylammonium iodide (1.08 g, [NBus]l, Sigma-Aldrich, >99%) in
absolute ethanol (8 cm?®, Merck, EMSURE) and refluxing for 72 hours.? The following

reaction took place:

2Au+ 1~ + 13 - 2[Aul,]~ (2.1)
The crude product, [NBus][Aul2] (confirmed by electrospray ionization mass spectrometry)

was recrystallised twice from dry ethyl acetate®, washed with diethyl ether and dried under
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vacuum, for a final yield of 77%. This procedure was carried out under an atmosphere of

dry N2 using standard Schlenk techniques.

Dinitrodurene. 1,4-dinitro-2,3,5,6-tetramethylbenzene (dinitrodurene) was prepared
by forming a homogeneous slurry of powdered 1,2,4,5-tetramethylbenzene (1.2 g, Sigma-
Aldrich, 98%) in 98% H,SO4 (7.5 mL, Univar) and adding dropwise a mixture of 70% HNO3
(Scharlau) and 98% H>SO4 (5 mL total, 1:3 v/v) over a period of 2 hours, ensuring the
temperature of the reaction mixture remained between 5 and 10°C.* The reaction mixture
was subsequently quenched in ice water and the crude product was filtered, rinsed and
recrystallised from absolute ethanol. The recrystallised dinitrodurene was finally dried at

65°C for 2 hours (Tm = 207-208°C), for a final yield of 49%.

Alkylnylruthenium complex. The alkynylruthenium complex (see Structure 1),
1,3,5-CeH3z{4-C=CCsH4C=C-trans-[RuCl(dppe)z]}s, had previously been prepared at the

Research School of Chemistry at The Australian National University® and was used as

received.
Ru]CI
[Ru] = trans-Ru(dppe),
dppe = 1,2-bis(diphenylphosphino)ethane
Molecular formula: C4g,Hy59Cl3P15RU5
Molecular weight:3247.57 g/mol
[Ru]CI

Structure 1. The alkynylruthenium complex investigated in this work.
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Acids and Bases. Bis(trifluoromethanesulfonyl)imide (H[NTf.], Sigma-Aldrich,
95%) was purified by sublimation under high vacuum. N-methylimidazole (Sigma-Aldrich)
was purified by vacuum distillation over lithium. Aniline (Sigma-Aldrich) was purified by
vacuum distillation over potassium hydroxide (Merck). The protonated amine salts were
prepared in methanol by adding a stoichiometric amount of H[NTf2] and stirring for several
hours. Methanol was subsequently removed on a rotary evaporator and the remaining salt
was dried under high vacuum at 45°C for at least 12 hours before use. p-toluenesulfonic acid
monohydrate (Acros, 99%) was recrystallized from ethyl acetate. Trifluoromethanesulfonic
(triflic) acid (H[OTf], Sigma-Aldrich, 98%), N-methylpyrrolidine (Sigma-Aldrich, 99%),
pyridine (BDH, 99.8%), saccharin (Fluka, >99%), di(benzenesulfonyl)amide (TCI, 97%), 2-
chloropyridine (Sigma-Aldrich, 99%), 2,4-dichloropyridine (Combi-Blocks, 98%), o-
phenylenediamine (Sigma-Aldrich, 99.5%), naphthalene-2-sulfonic acid monohydrate (TCI,
98%), methanesulfonic acid (Sigma-Aldrich, > 99.5%), dichloroacetic acid (Fluka, 99.5%),
trichloroacetic acid (Univar, 99%), o-hydroxybenzoic acid (Univar, 99.9%), glycolic acid
(Sigma-Aldrich, 99%), malonic acid (Sigma-Aldrich, 99%), pentachlorophenol (Sigma-
Aldrich, 99%) and 2,3,4-trichlorophenol (Sigma-Aldrich, 99%) were used as supplied by the

manufacturer.

2.2  Electrochemical Systems and Procedures

2.2.1 Potentiostats

Voltammetric experiments at high scan rates (= 10 V s) were carried out with a CH
Instruments 760D Potentiostat (CH Instruments, USA). Unless otherwise stated, all other
voltammetric experiments were undertaken with a Gamry Reference 600

Potentiostat/Galvanostat/ZRA (Gamry Instruments, USA).
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2.2.2 Electrodes

Working Electrodes. The platinum macrodisk (nominal diameter = 1.6 mm), gold
macrodisk (nominal diameter = 1.6 mm), glassy carbon macrodisk (hominal diameter = 3.0
mm), platinum microdisk (nominal diameter = 10 um) and glassy carbon microdisk (nominal
diameter = 11 um) were purchased from BASi (Bioanalytical Systems, USA). The platinum
rotating disk electrode (nominal diameter = 3.0 mm), platinum macrodisk electrode (nominal
diameter = 2.0 mm), gold macrodisk electrode (nominal diameter = 3.0 mm), platinum
microdisk electrodes (nominal diameters = 20 and 100 um) and gold microdisk electrode
(nominal diameter = 25 pm) were purchased from Metrohm (Switzerland). The boron-doped
diamond macrodisk (nominal diameter = 3.0 mm) was purchased from Windsor Scientific
(UK). The 25 pum dia. platinum microdisk electrode was fabricated by sealing a wire of the
appropriate dimensions in glass. The 2 um dia. platinum microdisk electrode was fabricated

by sealing a Wollaston wire of the appropriate dimensions in a glass capillary.®

Auxiliary Electrodes. The auxiliary electrode used in all electrochemical

experiments was either platinum wire, foil or mesh.

Reference Electrodes. The reference electrode employed in IL media was either a
platinum/silver wire pseudo-reference electrode or an I'/I3™ reference electrode (Pt | 400 mM
[Comim]l + 100 mM 12 in [Comim][NTf2]). The reference electrode employed in aprotic
media was either a silver wire pseudo-reference electrode or an Ag/Ag* quasi-reference
electrode (10 mM AgNOsz + 0.1 M [NBu4][PFe] in acetonitrile). The pseudo-reference
electrode was constructed by immersing the platinum/silver wire in the electrolyte under
investigation and sealing it in a fritted (Vycor) glass tube. The pseudo-reference electrode

potential was calibrated against the formal potential of the recommended Fc/Fc* or Cc*/Cc
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process” 8 in the electrolyte of interest. A Metrohm double junction Ag/AgCl (3 M KCI)

reference electrode was employed during experiments carried out in agueous media.

Electrode Preparation. Macrodisk electrodes were activated by polishing with
successively smaller (1 and 0.3 pum) aqueous alumina slurries (Kemet, UK) on a clean
polishing cloth (Buehler, USA). Adherent alumina was removed by sonication in de-ionized
water. Microdisk electrodes were activated by polishing with an aqueous slurry of 0.3 um
alumina and rinsing thoroughly with de-ionized water. The active electrode area of each of
the electrodes was calibrated regularly with convolution voltammetry®*!, using the oxidation
of a Fc solution of known concentration (2.0 mM in acetonitrile containing 0.10 M
[NBus][PFs]) and adopting a diffusion coefficient of 2.4 x 107° cm? s™%, as published under
these conditions.*?> During studies on the I/l system, the working electrode was
preconditioned in 0.1 M aqueous sulfuric acid by scanning between the oxygen and
hydrogen evolution reactions®® with subsequent rinsing in deionized water and acetone.
During studies on the H*/H; system, the working electrode was preconditioned by oxidative

polarization at 1.5 t0 2.2 V vs. Fc/Fc* for < 10 msec as has been previously reported.*

2.2.3 Setup

All electrochemical experiments were carried out under benchtop conditions at
ambient temperature (24 = 1°C) in a Faraday cage. All solvents were degassed with N2 prior
to experimentation, and a blanket of N> was maintained during the course of the
electrochemical experiments. Positive feedback IRy compensation (R, = uncompensated
resistance) was employed in macroelectrode experiments (R, was estimated by
electrochemical impedance). Unless otherwise stated, all electrochemical experiments were
carried out using a standard 3-electrode arrangement with a working, auxiliary and reference
electrode as described above. All electrochemical experiments were carried out in glass cells,

ranging in size from 1 — 2 mL (IL media) to 50 mL (aqueous media).
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2.2.4 Semiintegration and Convolution

Semiintegration of the I-t data was performed using an algorithm from de Levie®®,
which was adapted from Oldham and Myland.*® A Microsoft Excel macro that includes this
algorithm is available free online.t” Convolved currents for the inlaid disk geometry were
calculated using an efficient convolution algorithm applicable to data with regularly spaced

time intervals!®:

) -1 2.2)
M(t) = [I(t) * g()]e=ja = A LGy + z L_(Gj—1 — 2Gj + Gjzq)

=1
where A is a small increment of the total time, G(t) = fot fot g(t) dtdt and the abbreviations

lj and G;j refer to 1(jA) and G(jA). The double integral of g(t) at short times for use in the

convolution algorithm is obtained from:

5
ooy = N g 23)
(t) = D3z /L%

j=1

and for the long time series:

3 3 8 (2.4)
i (3-1)/2 (7-2j)/2
G(t) =m Zb,@ +Zb]'0
j=1 j=4
with transition occurring when = 1.368. The coefficients b; and bsare integration constants
obtained from Aoki et al.® The double integral of the long-time expression contains eight

terms due to the addition of the integration constant for each integration step. The values

for the aj and bj coefficients are available elsewhere.°
2.2.5 Numerical Simulation

Cyclic voltammetric simulations were carried out using the commercially available

DigiElch software package?®?* (v. 7F, Elchsoft, Germany) on a dual core Dell Laptop
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running Windows 7. Inlaid disk electrode geometry was assumed in all simulations and two-
dimensional (radial) diffusion was considered. In all simulations, uncompensated resistance

and double layer capacitance were assumed to be negligible.
2.2.6 Miscellaneous Techniques

Optical Microscopy. The working electrode surface was imaged in situ using a Nikon
Epiphot bright/dark field inverted optical microscope (Nikon Instruments, Japan). A
specially designed glass electrochemical cell (~5 mL) with an optically transparent, circular

microscope coverslip (19 mm dia.) for a base was used in these experiments.

UV/Visible Spectrophotometry. UV/Visible spectroscopy was performed in situ with
a Varian Cary 50 Bio UV/Visible Spectrophotometer (Agilent, USA) in a quartz optically
transparent thin layer electrochemical (OTTLE) cell with a platinum mesh working

electrode.

Electrochemical Quartz Crystal Microbalance. The electrochemical quartz crystal
microbalance (EQCM) experiments were carried out using an impedance method (passive
EQCM) on an Aglient E5061A ENA Series Network Analyser (USA) coupled to an Autolab
PGSTAT302N potentiostat (Metrohm, Switzerland) with a commercially available EQCM
cell (CH instruments, USA). The EQCM working electrode was a 13 mm diameter AT-cut
a-quartz crystal (Bright Star Crystals, Australia), which had gold disks (5.0 mm diameter)
vapour deposited on each side; the electrode resonated in air at 10 = 0.05 MHz. The change
in resonant frequency (Afo) in the quartz crystal electrode is related to the change in mass

(Am) by the Sauerbrey equation®: 26:

fo(m)

Axqpq

(2.5)

Afy :fo(m+4m)—f0(m)=—< )Am: —SAm

where Xq is the thickness of the quartz crystal, pq is the density of the quartz crystal (2.645 g

cm at 20°C), A is the active electrode surface area and S is the Sauerbrey constant. Before
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each experiment, the EQCM working electrode was cleaned using concentrated nitric acid

and rinsed successively with distilled water and acetone.

Viscosity and Density. Density was measured with an Anton Paar DMA 4500M
Density Meter. Viscosity was measured using the falling ball method with an Anton Paar

Automated Microviscometer (AMVn).

Nuclear Magnetic Resonance (NMR) Spectroscopy. Standard NMR experiments
were carried out on a Bruker Av400 NMR spectrometer equipped with a triple resonance
broadband observe (TBO) probe operating at 400.13 Hz for 'H, 376.50 MHz for '°F and
100.62 Hz for 3C. NMR self-diffusion coefficients were determined using the pulsed field
gradients spin echo (PGSE) method utilising a Bruker Av500 NMR spectrometer equipped
with a 5 mm Bruker CryoProbe Prodigy H/F-C/N-D probe operating at 500.13 MHz for H
and 470.55 MHz for *°F with a 6.6 G/mm z-gradient. Samples were maintained at 25°C and
at least 30 mins was allowed for each sample to thermally equilibrate before any
measurements were made. The diffusion coefficients were measured with a stimulated echo
sequence with one spoil gradient. The diffusion time (A) and the gradient pulse length (9)
were optimised for each sample; A was either 50 or 100 ms while 6 was between 1 and 10
ms. Gradient pulses were smoothed square chirp shape. Experiments were performed as
Pseudo-2D with a linear variation of the gradient from 2 to 95% of maximum intensity in 32
steps. The PGSE-NMR data were processed and the peak areas (integrals) were used to fit

the following equation to determine the diffusion coefficient:

A-68
I = Iyexp(—D(2myG§)? (T)) (2.6)

where [ is the signal intensity, o is the initial intensity, y is the gyromagnetic ratio (4258 s™!

G! for '"H and 4005 s™! G! for '°F) and G is the gradient strength.
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3.  Electroanalytical Applications of Semiintegral and

Convolution Voltammetry in lonic Liquid Media

This chapter is concerned with the development of electroanalytical methodology
which is suitable for quantifying the parameters associated with an electrochemical system
(i.e., D, nand/or C) under highly viscous conditions. Semiintegral voltammetry is a powerful
and robust electroanalytical method, which has not been widely adopted in the literature. My
studies revealed that this method is applicable under highly viscous conditions, where the
direct use of conventional steady-state and transient voltammetry is severely limited. Further

detail can be found in the following publication:

Bentley, C. L.; Bond, A. M.; Hollenkamp, A. F.; Mahon, P. J.; Zhang, J., Anal. Chem. 2012,

85, 2239-2245.

Semiintegral voltammetry is a subset of a range of techniques collectively known as
convolution voltammetry. Following on from the previous study, electroanalytical
applications of the more general convolution procedure were explored in a range of
electrolyte media, including ionic liquids. Further detail can be found in the following

publication:

Bentley, C. L.; Bond, A. M.; Hollenkamp, A. F.; Mahon, P. J.; Zhang, J., Anal. Chem. 2014,

86, 2073—-2081.

After publication, the findings from these research articles were summarized in a review-
style article, titled “Electroanalytical Applications of Semiintegral and Convolution
Voltammetry in Room Temperature lonic Liquids*, which has been accepted for publication

as a book chapter in the Springer book “Electrochemistry in Ionic Liquids”.
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ABSTRACT: While it is common to determine diffusion
coeflicients from steady-state voltammetric limiting current values,
derived from microelectrode/rotating disk electrode measurements
or transient peak currents at macroelectrodes, application of these
methods is problematic in highly viscous ionic liquids. This study
shows that the semi-integral electroanalysis technique is highly
advantageous under these circumstances, and it has allowed the
diffusion coefficient of cobaltocenium, [Co(Cp),]" (simple redox

Semi-integration

_
a-121(6)
M) = dt-172

M, = nFAC*VD|
M(t) vs. E

I(t)vs. E

process), and iodide, I~ (complex redox mechanism), to be

determined in the highly viscous ionic liquid 1-methyl-3-octylimidazolium hexafluorophosphate (viscosity = 866 cP at 20 °C)
from transient voltammograms obtained using a 1.6 mm diameter Pt electrode. In such a viscous medium, a near-steady-state
current is not attainable with a 10 gm diameter microdisk electrode or a 3 mm diameter Pt rotating disk electrode, while peak
currents at a macrodisk are subject to ohmic drop problems and the analysis is hampered by difficulties in modeling the processes
involved in the oxidation of iodide. The diffusion coefficients of [Co(Cp),]* and I” were determined to be 9.4 (+0.3) X 10~
em® s7' and 7.3 (£0.3) X 107° cm® s7', respectively. These results highlight the utility of the semi-integral electroanalysis

technique for quantifying the diffusivity of electroactive species in high viscosity media, where the use of steady-state techniques

and transient peak currents is often limited.

In recent years, there has been growing interest in replacing
volatile molecular solvents with room temperature ionic
liquids (RTILs) in a range of applications. Although the only
truly ubiquitous property of RTILs is intrinsic ionic
conductivity,' nonhaloaluminate ionic liquids often possess a
number of attractive qualities, including negligible vapor
pressure and high chemical, electrochemical, and thermal
stability.” The physicochemical properties of a particular RTIL
are determined by its constituent anion/cation and can
therefore be tailored to suit specific applications.> One research
area where RTILs have found application is in electrochemistry,
where they have been successfully employed as alternative
electrolytes in a range of electrochemical devices, including dye-
sensitized solar cells, lithium batteries, and supercapacitors.”**

The investigation and quantification of mass-transport (in
the present case diffusivity) is of interest in any solvent,
especially those employed in electrochemical devices, as it
influences the ultimate rate/speed at which the device can
operate. Potential sweep® or potential step’ techniques are
often employed to quantify the diffusivity of electroactive
species in RTILs. In low viscosity molecular solvents, steady-
state techniques, such as ultramicroelectrode (UME) voltam-
metry or rotating disk electrode (RDE) voltammetry, are

- ACS Publications  © 2012 American Chemical Society

2239

generally advantageous over transient techniques as the
measured steady-state mass transport limited currents are
unaffected by sluggish electrode kinetics and/or high levels of
uncompensated resistance. This allows the diffusion coeflicient
of the electroactive species to be determined using well-
established theories.®

The viscosities of RTILs are typically 10—10000 times
higher than conventional molecular solvent (electrolyte) media.
As a result, mass transport is significantly slower in RTILs, with
diffusion coefficients often being in the range of 1077 to 107°
em? 57! compared to 107 to 107 cm?® s™' in molecular
solvents. Consequently, in RTIL electrolytes, especially those
with high viscosity, it is much more difficult to achieve a true
steady state (at a disk UME), preventing the diffusion
coeflicient from being determined from the mass transport
limited current.>'® It has also been shown that the RDE
method suffers from similar problems,'®'" arising from the
difficulty in rotating the electrode at the sufficiently high rates
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that are needed to achieve steady state under the highly viscous
conditions.

In principle, diffusion coefficients can be calculated from the
peak current of a dc linear sweep or cyclic voltammogram by
employing the relationships described by the Randles—Sevcik
equation for a reversible electron transfer process of the kind
Ox + ne” = Red when the effect of uncompensated resistance
is negligible.® In reality, very few of the electrochemical systems
of interest in a viscous RTIL fulfill these criteria, limiting the
direct application of dc voltammetry in the determination of
diffusivity. Semi-integral electroanalysis is a technique pio-
neered by Oldham,"*™'® with semi-integration being specific for
semi-infinite planar diffusion. It is related to the more general
convolution procedure initially described by Savéant and co-
workers'” and later extended to other electrode geometries.'®
The technique involves semi-integrating the measured current
with respect to time, giving rise to the function, M(t), which is
related to the concentration of the electroactive species at the
electrode surface.

dY21(t)

M(t) = a2

¢y
Semi-integrating a peak-shaped transient voltammogram (I—E)
gives rise to a sigmoidal M—E curve resembling a steady-state
voltammogram.® As described in the theory of semi-integral
electroanalysis, under purely diffusion controlled conditions
(i, the concentration of analyte at the electrode surface is
equal to zero), M(t) reaches its limiting or maximum value, M; :

M, = nAFC*JD )

The diffusion coefficient, D, can therefore be determined from
the M; plateau by transposing eq 2 if the stoichiometric
number of electrons, n, active electrode area, A, and bulk
concentration of electroactive species, C¥*, are known along
with the use of Faraday’s constant, F.*'> The semi-integral
electroanalysis technique shares a number of advantages with
the previously discussed steady-state techniques without the
need to record experimental data under steady-state conditions.

To demonstrate the advantage of using the semi-integral
electroanalysis technique, this study aims to quantify diffusivity
in a highly viscous RTIL, I-methyl-3-octylimidazolium
hexafluorophosphate, [Cgmim][PFs] (7 = 866 cP at 20
°C"?), where the use of UME or RDE methods is impractical
due to the difficulty in achieving a true steady state and IR,
drop compromises peak current measurements with transient
techniques at macrodisk electrodes. Two redox active species
were the subject of investigations: cobaltocenium, [Co(Cp),]*
(Cp™ = C4Hg™), which is known to undergo a mechanistically
simple and electrochemically reversible one-electron reduction
in RTILs® and iodide, I", which is known to undergo two
oxidation processes with various degrees of reversibility in
RTILs. "™

B EXPERIMENTAL SECTION

Reagents. 1-Methyl-3-octylimidazolium hexafluorophos-
phate ([Cgmim][PF,], Solvent Innovation) was dried under
high vacuum (<107> mbar) at 45 °C for 48 h and stored under
lithium. The residual water was less than 25 ppm by Karl
Fischer titration (Metrohm 831 KF Coulometer). 1-Ethyl-3-
methylimidazolium iodide ([C,mim]I, Io-li-tec GmbH, >98%)
was recrystallized from a 2:1 mixture of ethyl acetate (Merck)
and isopropanol (Merck) and then dried under high vacuum

2240

for 48 h. Care was taken during handling and storage of
[C,mim]I to avoid exposure to light. Cobaltocenium
hexafluorophosphate ([Co(Cp),][PF¢], Sigma-Aldrich) was
used as supplied by the manufacturer. Acetonitrile was dried
over activated alumina (ALO,). Tetrabutylammonium hexa-
fluorophosphate (TBAPF,, Sigma) was dried under vacuum at
80 °C for 24 h. Ferrocene ([Fe(Cp),], Fluka, >98%) and
acetone (Merck) were used as supplied by the respective
manufacturers. All of the above chemicals were stored and
handled under a dry argon atmosphere in a glovebox.

Electrochemical Systems and Procedures. All voltam-
metric experiments were undertaken with a Gamry Reference
600 Potentiostat/Galvanostat/ZRA (Gamry Instruments, War-
minster, PA). All experiments were carried out at ambient
temperature (24 + 1 °C). The solutions were degassed for at
least 30 min with N, prior to experimentation and a blanket of
N, was maintained over the electrolytes during the respective
experiments. Microelectrode experiments were carried out
inside a faraday cage using a 2-electrode arrangement with an
Ag-wire quasi-reference electrode. Stationary macroelectrode
and RDE experiments were carried out using a standard 3-
electrode arrangement with a platinum flag auxiliary electrode
and an Ag-wire or a Pt-wire quasi-reference electrode. All
voltammetric measurements were carried out in at least
triplicate. After performing the required voltammetric scans,
the potential of the quasi-reference electrode was calibrated
against the recommended [Fe(Cp)z]O/+ or [CO(CP)Z]”()
prcvcess.m’24

The platinum macroelectrode (nominal diameter = 1.6 mm)
and platinum UME (nominal diameter 10 um) were
purchased from BASi (Bioanalytical systems, West Lafayette,
IN) with the platinum rotating disk electrode (nominal
diameter = 3.0 mm) purchased from Metrohm (Herisau,
Switzerland). Prior to each new series of experiments, the
pertinent electrodes were polished with aqueous 0.05 um
alumina slurry (Kemet Ltd.,, Kent, UK) on a clean polishing
cloth (Buehler, Lake Bluff, IL). To remove adherent alumina,
the electrodes were rinsed thoroughly with deionized water,
rinsed with acetone, and allowed to dry at ambient temperature.
Consistency of the electrode surfaces was checked using an
optical microscope. The effective electrochemical area of the
platinum macroelectrode was determined to be 0.0215 cm? by
measuring the peak current obtained as a function of scan rate
under linear sweep voltammetric conditions for the oxidation of
[Fe(Cp),] (2.0 mM in acetonitrile [0.1 M TBAPF,]) and the
use of the Randles—Sevcik equation [see eq 7]. The diffusion
coefficient of [Fe(Cp),] was taken to be 2.24 X 10> cm? s~
under these conditions as published.”

Voltammetric simulations were undertaken using the
DigiElch software (v. 4.0, Elchsoft, Germany). The algorithm
used for semi-integration of the I—t data was from de Levie,®
which was adapted from Oldham and Myland.*® A Microsoft
Excel macro including this algorithm is available free online.””
Experimental uncertainties were estimated by proyagation of
the standard deviations in the variables of interest.*®

B RESULTS AND DISCUSSION

[Co(Cp),]*"° Process. The [Co(Cp),]*/° process has been
characterized in a range of molecular solvents and RTILs and
has been demonstrated to be a broadly useful reference scale by
Bond and co-workers.”? In some molecular solvents and RTILs,
the [Co(Cp),]" cation has been shown to undergo two
reversible one-electron reduction processes:
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[Co(Cp),]" + e = [Co(Cp),]°

[Co(Cp), ] )

The second reduction process, [Co(Cp),]”", is reportedly
solvent dependent,”® and for this reason, only the first process
was the subject of investigations in this study.

Ultramicroelectrode Studies. In principle, the diffusion
coefficient (D) of an electroactive species can be calculated
from the steady-state limiting current (I) measured at a disk
UME using the expression:®

I, = 4nFC*aD

(©)

—
—

[CO(CP)Z]O +e

()

where a is the radius of the electrode. A cyclic voltammogram
obtained from 9.96 mM [Co(Cp),][PF¢] in [Cgmim][PF¢] at a
10 pm diameter Pt UME is shown in Figure 1. The waveshape

5

1(pA)

-30 4

-35 T T T T T
-1.5 -1.4 1.3 -1.2

E (V) vs. [Fe(Cp),I**
Figure 1. Cyclic voltammogram obtained from 9.96 mM [Co(Cp),]-

[PF4] in [Cgmim][PF¢] at a S pum radius Pt UME with a scan rate of §
mV s7h

in this RTIL is intermediate between a sigmoidal and a peak-
shaped voltammogram, implying that radial diffusion contrib-
utes significantly to mass transport. Despite the small electrode
size (a = § ym) and slow voltammetric scan rate (5 mV s™*),
even near steady-state conditions have not been attained and
for this reason calculating the diffusion coefficient using eq S is
not possible. Attempting to extract a “limiting current” from a
voltammogram obtained under these mixed transient/steady-
state conditions leads to an overestimate of the true steady-state
limiting current.’® The true steady-state current could be
predicted using a procedure known as convolutive forecasting;
however, in order to apply the convolving function, it is
necessary to know the values of D and a4, whereas semi-
integration only requires the current.’’ Alternatively, the
diffusion coeflicient could be estimated from this mixed
transient/steady-state voltammogram using a “best-fit” ap-
proach via numerical simulation with DigiElch.

2241

In principle, in order to approach a true steady state, either a
much smaller electrode or a slower scan rate can be employed.
However, these approaches are generally impractical due to the
high viscosity of RTILs which can result in a diffusion
coefficient of the order of 107 cm? s™!. Under these conditions,
an impractically small electrode (difficulty in both electrode
fabrication and current measurement) or slow scan rate would
have to be used for true steady-state measurements (see
detailed discussion in the Supporting Information section).

Rotating Disk Electrode Studies. In theory, the diffusion
coefficient of an electroactive species can also be calculated
from the steady-state limiting current measured at the RDE
using the Levich equation:*®

1/6
d
L= O.620nFA(—) DY30"/*C*

n 6)

where d is the density of the electrolyte, # is the dynamic
viscosity of the electrolyte, and w is the angular rotation rate of
the electrode. Cyclic voltammograms obtained from 10.1 mM
[Co(Cp),][PF¢] in [Cgmim][PF4] at a 3.0 mm diameter Pt
RDE are shown in Figure 2. The waveshape in this RTIL at 500

4

1(nA)

E (V) vs. [Fe(Cp)I*

Figure 2. Cyclic voltammograms obtained from 10.1 mM [Co(Cp),]-
[PF¢] in [Cgmim][PFg] at a 1.5 mm radius Pt RDE with a scan rate of
50 mV s~ and rotation speeds of 0 rpm (dashed trace) and S00 rpm
(solid trace).

rpm is almost identical to when the electrode is stationary (0
rpm) implying that mass transport is governed predominantly
by planar diffusion at this rotation speed, accentuating the fact
that forced convection is relatively ineffective in high viscosity
fluids. Once again, because steady-state conditions have not
been attained, the diffusion coefficient cannot be calculated
using eq 6 and would have to be estimated using a “best-fit”
approach with numerical simulation.

In principle, in order to approach a true steady state, much
higher rotation speeds could be employed. In practice, however,
this approach is not feasible, as it was found that air bubbles
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become trapped at the electrode—electrolyte interface at high
rotation speeds (>S00 rpm), giving rise to noisy and
irreproducible current data (see Figure S2, Supporting
Information). Similar problems were encountered by Zhao et
al'' when performing RDE experiments in a range of high
viscosity room temperature protic ionic liquids (RTPILs).
Simulations revealed that rotation speeds in excess of 5000 rpm
would be required to approach a true steady state in RTPILs
with viscosities that are lower than that of [Cgmim][PFq].
Macrodisc Electrode Studies. In light of the practical
difficulties in approaching true steady-state conditions in
[Cgmim][PF], transient voltammetric techniques were applied
in order to quantlff the diffusivity of [Co(Cp),]* in this RTIL.
Since [Co(Cp),]*"° is a well-known reversible process, D can
be calculated from the transient peak current (I,) usmg the
Randles—Sevcik equation when the IR, effect is neghglble

1/2
FD.
I,= 0.4463nFA(" ”) c*
RT

where R is universal gas constant, v is the voltammetric scan
rate, and T is the temperature.

Cyclic voltammograms obtained from 9.96 mM [Co(Cp),]-
[PFs] in [Cgmim][PF¢] at multiple scan rates at a Pt
macroelectrode are shown in Figure 3a. As expected, a
chemically reversible reduction process corresponding to eq 3
was observed at all of the investigated scan rates. Peak
separations (AE,) were larger than the expected 56.8 mV for a
reversible process at 24 °C and increased significantly with
increasing scan rate with values of 67, 83, and 100 mV at 10, 25,
and SO0 mV s7', respectively. Given that it has been
demonstrated that the [Co(Cp),]*/° process displays ideal
electrochemlcal reversibility in a range of molecular solvents>®
and RTILs,%** the large AE, values are likely due to the effect
of uncompensated re51stance (IR,). On the basis of the
geometry of the electrode (a = 0.8 cm) and the ionic
conductivity (k) of [Cgmim][PF¢], 0.26 mS cm™ at 25 °C,*
uncompensated resistance is estimated (R, ~ 1 /4kr)** to be
~12 kQ, which accounts for the significant distortion seen in
the voltammograms shown in Figure 3a.

The peak current is predicted to be proportional to the
square root of scan rate, which was not the case for the data
shown in Figure 3a, evidenced by the nonzero intercept of the
linear plot shown in Figure 3b. Nevertheless, the diffusion
coefficient of [Co(Cp),]* was determined to be 7.6 (+0.2) X
107 cm® s™" from the slope of the I, vs V' curve, obtained by
linear regression of the experimental data, by substituting the
appropriate values of known parameters into eq 7. As expected,
the calculated diffusion coefficient of [Co(Cp),]* in [Cgmim]-
[PF4] is orders of magnltude lower than that reported in
acetonitrile, 1.64 X 10~ cm? s™' at 23 °C*? and [C,mim]-
[NT£], 327 X 1077 cm? s™" at 23 °C° in accordance with the
relative viscosities of the respective solvents. However, it should
be noted that, due to the presence of significant IR, effect, the
diffusion coefficient obtained on the basis of peak current and
application of eq 7 is expected to be smaller than the true value
with the presence of uncompensated resistance resulting in a
nonzero intercept in Figure 3b. Forcing the linear line of best fit
through the origin lowers the coefficient of determination (R* =
0.9968) and changes the slope of the I, vs VM2 curve,
demonstrating that this approach is unsuitable under the
circumstances. In order to obtain a more accurate D value,
numerical simulations that accommodate the contribution from

™)
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Figure 3. (a) Cyclic voltammograms obtained from 9.96 mM
[Co(Cp),][PF¢] in [Cymim][PF4] at a 0.8 mm radius Pt macro-
electrode with scan rates (from top to bottom) of 50, 25, and 10 mV
s, (b) Linear plot of mean peak current (from triplicate experiments)
vs the square root of the scan rate (R* = 0.9998).

R, were undertaken and a D value of 9.0 (+0.2) X 10~ cm?®s™"
was obtained from simulation/experiment comparison (see
Figure S3, Supporting Information). This is significantly greater
than the value obtained from the direct use of the peak currents
and demonstrates the effect of uncompensated resistance when
using peak currents to estimate the diffusion coefficient.
Semi-integral Analysis Studies. The semi-integral electro-
analysis technique is unaffected by sluggish electrode kinetics or
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IR, and does not require comparison with a simulation, making
it preferable to the Randles—Sevcik method. M—E curves
before and after background subtraction for the [Co(Cp),]*/°
process are shown in Figure 4. As can be seen in this figure,

05
0 4
0.5 4
b
g ]
=
1.5 4
2 4
25 T T T T
-1.8 -16 -1.4 -1.2 -1 038

E (V) vs. [Fe(Cp),]™*

Figure 4. M—E curves obtained from 9.96 mM [Co(Cp),][PF] in
[Cgmim][PF,] at a 0.8 mm radius Pt macroelectrode with a scan rate
of S0 mV s before (dashed curve) and after (solid curve)
background subtraction.

there is a significant slope in the M; plateau prior to
background subtraction, which can be attributed to charging
of the electrical double layer at the stationary electrode. At the
analyte concentration used, the contribution from double layer
charging current to the total current can be significant. If the
double layer capacitance is potential independent, the M-—E
(M = semi-integration of capacitance current) curve will not
be potential independent as the semi-integration of a constant
introduces a "> dependence. This becomes more complicated
when the capacitance is potential dependent.'* Therefore, the
background current was measured in the absence of [Co-
(Cp),]* and subtracted from the total current. The diffusion
coefficient of [Co(Cp),]" was then determined to be 9.4
(£0.3) x 107 cm® s™" using the M value taken at —1.55 V vs
[Fe(Cp),]”* and by substituting the appropriate values into eq
2. This D value is in good agreement with that of 9.0 (+0.2) X
107 cm? 57! obtained using transient cyclic voltammetry with
numerical simulation.

17/1;7/1, Processes. Semi-integral Analysis Studies. Anal-
ogous to its behavior in aprotic solvents such as acetoni-
trile,**® jodide has been shown to undergo two oxidation
processes in a range of RTILs to produce molecular iodine as
per eqs 8 and 9:%™+**

3T =L+ 2e” (8)

_ 3 _
L =-1L +
R ©)

2243

The reaction mechanism is complicated by the following
homogeneous equilibrium process:

'+, =14 (10)
Opverall, it is a one-electron per iodine atom process with much
greater mechanistic complexity than the previously investigated
[Co(Cp),]*"° process.

Cyclic voltammograms obtained from 14.3 mM [C,mim]I in
[Cgmim][PF] at multiple scan rates at a Pt macroelectrode are
shown in Figure 5. At all of the investigated scan rates, there are
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Figure S. Cyclic voltammograms obtained from 14.3 mM [C,mim]I in
[Cgmim][PF,] at a 0.8 mm radius Pt macroelectrode with scan rates
(from top to bottom) of 50, 25, and 10 mV s~

two peaks on the forward sweep, corresponding to the I"/I;~
and I,7/I, processes shown in eqs 8 and 9, respectively. On the
reverse sweep, the reduction peak for the I,/I;™ process, eq 9, is
not well-defined, and the reduction peak associated with the
I;7/I” process, eq 8, is asymmetric with respect to the oxidation
peak, with large AE, values of 383, 460, and 536 mV at 10, 2,
and S0 mV s, respectively. Indeed, the first oxidation process
has been reported to be kinetically sluggish and electrochemi-
cally irreversible in a range of imidazolium RTILs.**"?

The mechanistic complexity and sluggish heterogeneous
kinetics of the iodide oxidation process precludes the direct
application of the relationship described by the Randles—Sevcik
equation and the use of numerical simulation to quantify
diffusivity. Consequently, the semi-integral electroanalysis
technique was applied; M—E curves before and after back-
ground subtraction obtained from 14.3 mM [C,mim]I in
[Csmim][PF4] are shown in Figure 6. There are two plateaus
on the M—E curve corresponding to the I"/I;” and I;7/I,
processes shown in eqs 8 and 9, respectively. The size of the
plateaus relative to each other are expected to be proportional
to the number of electrons involved in each redox process
(2:1); however, it is difficult to accurately measure the
magnitude of the first plateau due to overlap caused by the
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Figure 6. M—E curves obtained from 14.3 mM [C,mim]I in
[Cgmim][PF,] at a 0.8 mm radius Pt macroelectrode with a scan
rate of 50 mV s! before (dashed curve) and after (solid curve)
background subtraction.

closeness of half-wave potentials, resulting in the observation of
a ~3:2 ratio. Attempting to extract a M; value from such a
poorly defined “plateau” would inevitably lead to an inaccurate
determination of D. Once again, there is quite a significant
slope in the M| plateau prior to background subtraction, which
was corrected for in the same way as previously described. The
diffusion coefficient of I~ was determined to be 7.3 (+0.3) X
10~ cm?® s™! using the M; value taken at 2.0 V vs [Co(Cp),]*"°
and by substituting the appropriate values into eq 2.
Unsurprisingly, the calculated diffusion coefficient of 17 in
[Csmim][PF] is orders of magnitude lower than that reported
in acetonitrile, 1.68 X 107 em? s~' at 25 °C,* and
[C,mim][NTH%,], 2.68 X 107 cm? s~" at 25 °C* in accordance
with the relative viscosities of the respective electrolytes.

Microelectrode measurements in this system again do not
approach the near-steady-state condition, and RDE methods
cannot be used for the reasons noted above. The determination
of the diffusion coefficients of both [Co(Cp),]" and I” using
transient techniques without resorting to numerical simulation
is therefore highly advantageous.

Bl CONCLUSIONS

The relative merits of several voltammetric methods have been
evaluated for the purposes of determining the diffusion
coeflicient of cobaltocenium and iodide in the high viscosity
room temperature ionic liquid 1-methyl-3-octylimidazolium
hexafluorophosphate. It was found that the viscosity of the
electrolyte was too high to practicably approach true steady-
state conditions over a reasonable experimental time scale,
ruling out the use of steady-state UME theory to quantify
diffusivity. Similarly, the steady-state RDE theory was unable to
be applied due to the difficulties associated with rotating the
electrode at sufficient rates in the high viscosity electrolyte. The

2244

diffusion coefficient of cobaltocenium measured using transient
voltammetry and the Randles—Sevcik method was significantly
underestimated due to the effect of uncompensated resistance.
Therefore, a reliable D value under these circumstances
requires comparison of the experimental cyclic voltammogram
with a simulated one. In contrast, the semi-integral electro-
analysis method does not suffer from the effect of
uncompensated resistance, allowing the D value to be
determined efficiently with high accuracy, with the use of a
simple equation. The advantages of using the semi-integral
electroanalysis method are even more important when used for
the successful determination of the D value of I” in a I"/I;7/1,
model system, where the application of the Randles—Sevcik
method is invalid and numerical simulations are problematic
due to the mechanistic complexity and kinetic sluggishness of
the iodide oxidation process.

B ASSOCIATED CONTENT

© Supporting Information

Further discussion on the applicability of steady-state
techniques in RTILs (Figure S1), demonstration of the
practical difficulties in rotating the RDE at high rates in
viscous media (Figure S2), and numerical simulations of the
[Co(Cp),]*"° process (Figure S3). This material is available
free of charge via the Internet at http://pubs.acs.org
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Application of steady-state voltammetric techniques in highly viscous electrolytes:
In order to approach a true steady state at an ultramicroelectrode (UME) during potential

sweep voltammetry, the following inequality must be satisfied:

RTD

S1
nFa? (S1)

UKL

where F is Faraday’s constant, a is the electrode radius, v is the voltammetric scan rate, R is the
universal gas constant, 7 is the temperature, 7 is the number of electrons transferred and D is the
diffusion coefficient of the electroactive species under investigation. Under conditions where the
above inequality is satisfied, convergent diffusion dominates and sigmoidal voltammograms will
be observed.

Evident from Eq. (S1), a true steady-state can often be approached in relatively fluid RTIL
electrolytes (D > 107 em® s™) by using electrodes of very small radius (a < 5 pm) and slow
voltammetric scan rates (v < 10 mV s™)." Linear sweep voltammograms generated from DigiElch
voltammetric simulation software which demonstrate the effect of varying these parameters are
shown in Figure S1. The simulations reveal how practicably unfeasible it is to approach a true-
steady state at an UME when diffusivity is in the low 10 cm” s range.

At a scan rate of 10 mV s, peak-shaped voltammograms are observed at electrodes with radii
as small as 0.5 um, with true steady state voltammograms only being observed when a < 100
nm. It should be noted that the current data shown in Figure Sla are normalized with respect to
electrode radius in order to contrast the shape of the respective scans. Disk UMEs with @ > 5 pm
are commercially available from manufacturers such as BASi (Bioanalytical systems, West
Lafayette, IN) and CHi (CH Instruments, Austin, TX). UMEs with 5 ym < @ < 0.5 pm can be
fabricated by sealing wires of the appropriate dimensions in glass capillaries.z’ 3 Fabrication of

electrodes with sub-micron (nanometer) diameters is generally more problematic however,

S2
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requiring significant user skill and capital investment.* In addition, substituting values of 1, 1 X
107 mol ¢cm™ (10 mM), 1 x 107 ¢cm (0.1 pm) and 1 x 10® ¢cm? s! for the values of n, C, a and D
respectively into Eq. (S2) gives a steady-state limiting current of 3.9 x 107 A:

I, = 4nFC*aD (S2)

Measuring sub-picoampere currents (0.39 pA) accurately is, in itself a major experimental
challenge, as it is well below the capabilities of many commercial potentiostats.

At an electrode with a radius of 5 um, peak-shaped voltammograms are observed at
voltammetric scan rates as low as 100 pV s, with scan rates < 10 pv 5! being required to
observe true-steady state behavior (see Figure S1b). As well as being extremely time consuming
(a typical scan spanning 800 mV would take more than 20 hours at 10 uV s™), these low
voltammetric scan rates are practicably unfeasible, as environmental factors (temperature,
vibrations etc.), natural convection and adsorption processes at the electrode surface would
become significant factors at such prolonged experimental time scales.

It should also be noted that although the viscosity, #, of [Csmim][PF¢] is relatively high
compared to classical molecular solvents, such as acetonitrile (7 = 0.34 cP containing 0.1 M
TBACIOy at 22°C) or more ‘fluid” RTILs, such as [C,mim][NTf,] (# = 34 cP at 20°C), RTILs
with viscosities in excess of 1000 cP have been reported, such as [Comim]Cl (7 = 7453 cP at
20°C).” Diffusion coefficients in these RTILs would be expected to be roughly another order of
magnitude lower than in [Cgmim][PF¢] (i.e. in the 107 cm? s range), which would make

achieving close to true steady-state conditions practically impossible.
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(@) (b)

1(A)

lat(Acm?)

Increasing
scanrate

Increasing electrode
radius

EV) EV)
Figure S1. Simulated linear sweep voltammograms generated with: (a) variable electrode radii
(5 pm, 2.5 pm, 1 pm, 0.5 pm and 0.1 um) with a constant scan rate (10 mV s'l) and (b) variable
voltammetric scan rates (10 mV s, 1 mV s, 0.1 mV s and 0.01 mV s') with a constant
electrode radius (5 um). In all cases, the following simulation parameters were used: Doy = Dreg =

1x10%em?s™, k= 10,000 cm s, @ = 0.5, C4=0 F and R, = 0 Q.
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RDE voltammetry at high rotation rates (w > 500 rpm):

I (1A)

'6 T T T T T T
-1.7 -1.6 -15 -1.4 -1.3 -1.2 -1.1 -1

E (V) vs. [Fe(Cp),]™

Figure S2. Rotating disk electrode voltammogram obtained from 10.1 mM [Co(Cp),][PFs] in
[Csmim][PF¢] at a 1.5 mm radius Pt RDE with a scan rate of 50 mV s™ and a rotation speed of

1000 rpm.
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Numerical simulation of the [Co(Cp)z]Jr/0 process:

1
05
O 4
<
2
-0.5 4
-1 A1
15 ; ; , , . .
14 13 12 11 -1 0.9 08 0.7

E (V) vs.Ag

Figure S3. Comparison of an experimental voltammogram (solid curve) obtained from 9.96 mM
[Co(Cp)2][PFs] in [Csmim][PF¢] at a at a Pt macroelectrode (4 = 0.0215 cm?) with a scan rate of
50 mV s and simulated voltammograms for a reversible process with no uncompensated
resistance (dotted curve) and 13,000 Q uncompensated resistance (dashed curve). Other
simulation parameters used were: Do = 9.1 X 107 ¢cm? s'], Dieg=1.5 X% 10°® cm? s", ks=1cm s'l,

0=0.5,Cy=2x10"F,E°=-1.104 V and T=297 K.
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ABSTRACT: The robustness of convolution voltammetry for Convolution voltammetry
determining accurate values of the diffusivity (D), bulk
concentration (C), and stoichiometric number of electrons
(n) has been demonstrated by applying the technique to a

series of electrode reactions in molecular solvents and room -

temperature ionic liquids (RTILs). In acetonitrile, the M(f)'";",%'.":@ M. = nEACD!
relatively minor contribution of nonfaradaic current facilitates
analysis with macrodisk electrodes, thus moderate scan rates
can be used without the need to perform background
subtraction to quantify the diffusivity of iodide [D = 1.7§
(£0.02) X 10~° cm? s™'] in this solvent. In the RTIL 1-ethyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)imide, back-
ground subtraction is necessary at a macrodisk electrode but
can be avoided at a microdisk electrode, thereby simplifying the analytical procedure and allowing the diffusivity of iodide [D =
2.70 (£0.03) x 1077 cm?s™'] to be quantified. Use of a convolutive procedure which simultaneously allows D and nC® values to
be determined is also demonstrated. Three conditions under which a technique of this kind may be applied are explored and are
related to electroactive species which display slow dissolution kinetics, undergo a single multielectron transfer step, or contain
multiple noninteracting redox centers using ferrocene in an RTIL, 1,4-dinitro-2,3,5,6-tetramethylbenzene, and an
alkynylruthenium trimer, respectively, as examples. The results highlight the advantages of convolution voltammetry over
steady-state techniques such as rotating disk electrode voltammetry and microdisk electrode voltammetry, as it is not restricted
by the mode of diffusion (planar or radial), hence removing limitations on solvent viscosity, electrode geometry, and
voltammetric scan rate.

11A
MIAs'?

EIV EIV

where the

As with any form of analysis, the ideal electroanalytical IME = 4nFC°Dr (1)
technique should be selective, accurate, reproducible, and

applicable under a wide range of experimental cond%tlons. In IRPF = 0.620nFA(d /)6 D3 2C @)
many respects, voltammetric methods meet these requirements,

since they are applicable to a diverse range of electroactive where F is Faraday’s constant, r is the electrode radius for a
species (exhibiting a wide range of electrode mechanisms) and disk, A is the electrode area, d is the density of the solvent
can be applied in a wide range of electrolyte media. At (electrolyte), n is the dynamic viscosity of the solvent
stationary macroelectrodes, transient voltammetric responses (electrolyte), and @ is the angular rotation rate of the electrode.
are scan rate dependent and hence steady-state techniques, Even though the application of steady-state ME or RDE
such as microdisk electrode (ME) or rotating disk electrode voltammetry in conventional electrolytes (i.e., salt in molecular
(RDE) voltammetry that are independent of scan rate are often solvent) has been successful, there have been difficulties in
advantageous over transient voltammetric techniques for applying them in highly viscous media, as encountered in room
analytical purposes, as the limiting current (I), in contrast to temperature ionic liquids (RTILs).””> RTILs are nonvolatile,
the transient peak current (Ip), is insensitive to both sluggish nonflammable, intrinsic ionic conductors which often possess
heterogeneous electron transfer kinetics and high levels of viscosities 10—10 000 times higher than conventional molecular
uncompensated resistance (R,), that give rise to IR, drop solvent (217ectrolyte) media, resulting in much slower mass-
effects.' Fundamental parameters, such as the diffusion transport.”" Indeed, the viscosity of many RTILs is often too
coefficient (D), the stoichiometric number of electrons (n),

or the bulk concentration of electroactive species (C®) can Received: November S, 2013

therefore be calculated from the voltammetric I} plateau at a Accepted: January 20, 2014

ME or RDE using the appropriate equation:l'2 Published: January 20, 2014
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high to allow true steady-state conditions to be approached
over a reasonable experimental time scale, which rules out the
application of eqs 1 or 2. Under these circumstances, a best-fit
approach with numerical simulation may be a viable alternative;
however, even this method has its limitations, as mechanistic
complexities or other uncertainties can make the modeling
difficult.®

An alternative method, which involves convolving transient
I-E data,® has been successfully employed to determine the
diftusivity of the cobaltocenium cation and iodide in the highly
viscous RTIL 1-methyl-3-octylimidazolium hexafluorophos-
phate.® This convolution method, also known as semiintegral
voltammetry, when applied to uncomplicated electron transfer
reactions at planar electrocles,10 gives rise to a function, M(t),
which is related to the concentration of electroactive species at
the electrode surface:

d21(t)

M(t) = pr=YE

1

I(t)* N 3)
where the asterisk represents the convolution operation.
Transformation of the transient I-E data makes use of the
general convolution procedure initially described by Savéant
and co-workers,” where semiintegral voltammetry'" is a subset
of a range of techniques collectively known as convolution
voltammetry. Under purely diffusion-controlled conditions,
M(t) reaches its limiting value, M, :

My = nFC°AD'? 0
This method shares the benefits available with the previously
discussed ME and RDE techniques but without the need to
record experimental data under near steady-state conditions.
Unfortunately, the constraint that mass transport due to
nonplanar (radial) diffusion must be negligible limits the use of
this technique to relatively large planar electrodes and/or high
scan rates and because the char?ng current is present,
background subtraction is essential.>'"

It has been demonstrated'” that the fully planar diffusion
restrictions associated with semiintegral voltammetry can be
relaxed by replacing the function 1/(zt)"* in eq 3 with the
generalized function, g(t), whose form is dependent upon the
details of the mechanism and the geometry of the electrode:

M(t) = 1(t)«g(t) ()

Herein M(t) will be referred to as the semiintegral of the
current when calculated based on eq 3 under purely planar
diffusion conditions and as the convolved current for other
electrode geometries when calculated more generally based on
eq $ taking into account the contribution of radial diffusion to
the mass transport. In order to accommodate radial or edge
effects, the formalization applied to the inlaid disk geometry'® is
the bipartite expression which at short times is given by

D & e
60 = L2 3 ggo-on
j=1 ()
where 0 is the dimensionless time parameter equal to Dt/r*

with the coefficients a. listed in Table 1 (available in the
Supporting Informations. The long-time expression is

\/B -3/2 c (3-2j)/2
8(6) = == (0,077 + F 5o ")

j=4

™
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with the b; coefficients also listed in Table 1 in the Supporting
Information and the transition from the short to the long time
expression occurs when € = 1.304. The implementation of
these equations is based on the application of the convolution
algorithm that is described later.

This extension available via eqs 6 and 7 can be applied under
conditions where radial diffusion is significant while retaining all
of the advantages of the original semiintegration approach. As a
result, the enhanced signal-to-background ratio that is
attainable with microdisk electrodes at moderate scan rates
can be realized, while the need to perform background
subtraction is averted. This advantage has been demonstrated
with numerical simulations'* but has yet to be proven directly
with experimental data.

In this paper, we demonstrate the robustness of the
convolution approach at microdisk electrodes by applying it
to the oxidation of ferrocene and iodide, in the molecular
solvent acetonitrile and/or the RTIL 1-ethyl-3-methylimidazo-
lium bis(trifluoromethanesulfonyl)imide, in order to establish
the conditions under which background subtraction is
unnecessary. In addition, an alternative application of the
convolution technique, which allows the simultaneous deter-
mination of D and nC has been explored, using ferrocene, 1,4-
dinitro-2,3,5,6-tetramethylbenzene, and an alkynylruthenium
trimer as examples.

Bl EXPERIMENTAL SECTION

Reagents. The purification of 1-ethyl-3-methylimidazolium
bis-(trifluoromethanesulfonyl)imide ([C,mim][NTf,], Io-li-tec
GmbH, 99.5%), 1-ethyl-3-methylimidazolium iodide
([Cymim]], Io-li-tec GmbH, >98%), and tetraethylammonium
tetrafluoroborate ([NEt,][BF,], Stella Chemifa, 99.9%) and the
preparation of 1,4-dinitro-2,3,5,6-tetramethylbenzene (dinitro-
durene) is detailed in the Supporting Information. The
alkynylruthenium complex (see structure in Chart 1) had
previously been prepared at the Research School of Chemistry
at The Australian National University'> and was used as
received. Acetone (Merck, EMSURE), acetonitrile (Sigma-

Chart 1. Alkynylruthenium Complex Investigated in This
Work.

[Ru] = trans-Ru(dppe),
dppe = 1,2-bis(diphenylphosphino)ethane

Cl[Ru]

Molecular formula: C4goH459CI3P4oRu3

Molecular weight: 3247.57 g/mol
[RulCI

dx.doi.org/10.1021/ac4036422 | Anal. Chem. 2014, 86, 2073—2081
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Aldrich, anhydrous, 99.8%), dichloromethane (Sigma-Aldrich,
anhydrous, 99.8%), ferrocene ([Fe(Cp),], where Cp = n’-
CiH,, Fluka, >98%), lithium tetrafluoroborate (LiBF,, Stella
Chemifa), and tetra-n-butylammonium hexafluorophosphate
([NBu,][PF¢], Sigma) were used as supplied by the
manufacturer. Acetonitrile, dichloromethane, [C,mim][NTf,],
[C,mim]I, LiBF,, [NEt,][BF,], and [NBu,][PF,] were stored
and handled under a dry argon atmosphere in a glovebox.

Electrochemical Systems and Procedures. All voltam-
metric experiments were undertaken under benchtop con-
ditions at ambient temperature (23 + 1 °C) with a Gamry
Reference 600 Potentiostat/Galvanostat/ZRA (Gamry Instru-
ments, Warminster, PA). All solvents were degassed with N,
prior to experimentation, and a blanket of N, was maintained
during the course of the voltammetric experiments. A Faraday
cage was employed in microdisk electrode experiments.
Voltammetric experiments were carried out using a standard
three-electrode arrangement. Details on the auxiliary, reference,
and working electrodes can be found in the Supporting
Information. Experimental uncertainties were estimated by
propagation of the standard deviations in the variables of
interest."

Semiintegral and Convolution Voltammetric Experi-
ments. Semiintegration of the I—t data was performed using an
algorithm from de Levie,'” which was adapted from Oldham
and Myland> A Microsoft Excel macro that includes this
algorithm is available free online.'® The convolved current is
readily calculated using an efficient convolution alﬁorithm
applicable to data with regularly spaced time intervals: "

M(t) = [1(t)%g(t) Ji=a

1 5
= (G, + Z I,_(G_, = 2G, + G,,))

j=1 (®)
where A is a small increment of the total time, G() = [} [tg(t)
dt dt and the abbreviations I; and G; refer to I(jA) and G(jA).

The double integral of g(t) at short times for use in the
convolution algorithm is obtained from

3 S
_ T (j+2)/2
G = -7 > af
j=1 )
and for the long time series:
r3 3 8
— (3-j)/2 (7-2j)/2
G(1) = Dm(Z AR TS
=1 =4 (10)

with transition occurring when 6 = 1.368. The coeflicients b,
and b, are integration constants obtained from Aoki et al.”® The
double integral of the long-time expression contains eight terms
due to the addition of the integration constant for each
integration step. The values for the a; and b; coefficients are
listed in Table 1 in the Supporting Information.

Estimation of D or r and nC’. The complex time
dependence of the diffusion process to a disk electrode is
described by eqs 6 and 7, which are defined in terms of 6. It
follows that a unique ratio of \/ D/r will apply to a specific set
of experimental conditions and this ratio can be defined as a
single parameter, p. In order to obtain the convolved current,
M(t), it is necessary to input an initial estimate for p into the
convolution algorithm. If C" is known and M can be obtained
from the limiting convolved current plateau, then it is possible

2075

to iteratively refine p based on eq 4 for a known value of the
electrode radius because

__M
nFrr®CP (11)
or if the diffusion coeflicient is known:
nFD3/ 2 Cb
M, (12)

Successive refinements of p oscillate and converge on a final
value that can then be used to calculate either D or r depending
on which is known. In this way it is possible to calibrate the
radius of an electrode using a known diffusion coefficient or
estimate a diffusion coeflicient using a previously calibrated
electrode.

If voltammograms are obtained using two different scan rates
on the same electrode, then it is possible to calculate both D
and nC® as both voltammograms should result in identical
convolved current plateaus even though different time
dependencies are involved. If the radius has been calibrated,
then the optimized value of p provides D and then this can be
substituted into eq 4 to estimate the product of n and C".

B RESULTS AND DISCUSSION

Application of the Semiintegral versus Convolutive
Techniques in Voltammetry. Ferrocene in Acetonitrile.
Ferrocene is well-known to undergo an uncomplicated,
reversible one-electron oxidation process in a range of
molecular solvents:'

[Fe(Cp), " = [Fe(Cp),]" + e~ (13)

Assuming that R, is negligible, under conditions of purely
planar diffusion, the peak current (I,) for a simple, reversible
process can be described by the Randles—Sevcik equation:

1/2
) <
(14)

where R is the universal gas constant, v is the voltammetric scan
rate, and T is the temperature. n, A, D, or C" can therefore be
determined using this relationship, assuming all of the other
parameters are known. In reality, relatively few electrochemical
systems of interest fulfill the above criteria, as even in the case
of ferrocene in acetonitrile (see Figure la), contributions by
radial diffusion, and R, (210 + 20 ) are not negligible.
Consequently, the “unknown parameter” would have to be
estimated from the above voltammogram using a “best-fit”
approach with numerical simulation.

The My plateau of a semiintegrated voltammogram is not
sensitive to uncompensated resistance or sluggish heteroge-
neous kinetics, which makes it applicable to a wide range of
electrochemical systems.'®'?>™** The downside to this
technique is that the large electrode size and/or fast scan
required to ensure that mass-transport by nonplanar diffusion is
truly negligible in low viscosity solvents such as acetonitrile
makes background subtraction to account for nonfaradaic
current mandatory. This problem can be avoided by using the
convolution technique, whereby no restriction is applied to the
mode of diffusion to the electrode surface, which in turn allows
the use of smaller electrodes and moderate scan rates; this
principle is demonstrated in Figure 1b. The contribution from
radial diffusion at this moderate scan rate (100 mV s™') causes

F.
I = 0.4463nFA(" Dy
P RT
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Figure 1. (a) Cyclic voltammogram obtained at a scan rate of 100 mV
s™! from 1.7 mM [Fe(Cp),] in acetonitrile (0.1 M [NBu,][PF,]) at a
2.0 mm diameter Pt macrodisk electrode. (b) Semiintegral (— —),
convolved current (---) and background subtracted convolved current
(—) of the voltammogram (forward sweep) in part a.

the M| plateau of the semiintegral to be sloped, thereby ruling
out the simple use of this technique under these conditions.
The convolution approach on the other hand does not feature a
significant slope, and the parameters D, n, A, or C can be
calculated using eq 4 (assuming all other parameters are
known). As also shown in Figure 1b, the nonfaradaic
contribution to the total current at this moderate scan rate is
barely detectable, which essentially eliminates the need to
perform background subtraction.

Applications of Convolution Voltammetry: Electrode
Dimensions and Solvent Properties. lodide in Acetonitrile.
In aprotic solvents such as acetonitrile,”>?° it has been well
established that iodide undergoes a two step oxidation process
to produce molecular iodine:

3T =15 + 2e” (15)

_ 3 _
=21
I Sk +e (16)

2076

The following homogeneous equilibrium process complicates
the observed reaction mechanism:

'+, =1 (17)
Overall, this one-electron per iodide ion reaction is
mechanistically more complex than the previously discussed
[Fe(Cp),]%* process. Cyclic voltammograms obtained from
the electro-oxidation of 4 mM I~ in acetonitrile (0.2 M LiBF,)
at a Pt macrodisk electrode with scan rates ranging from 250 to
1000 mV s™' are shown in Figure 2a. The peak to peak

(a) 120
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Rate
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Evs. (Ag/Ag*) IV

0.5 0.75

Figure 2. (a) Cyclic voltammograms and (b) linear-sweep convolved
current voltammograms obtained from 4.32 mM [C,mim]I in
acetonitrile (0.2 M LiBF,) at a 2.0 mm diameter Pt macrodisk
electrode with scan rates of 250, 500, and 1000 mV s~

separation (AE,) for the I"/I;-process described by eq 1S is
large and increases significantly over the investigated scan rate
range. This indicates sluggish heterogeneous kinetics, which
prevents the application of the Randles-Sevcik equation.
Additionally, the mechanistic complexity of the iodide
electro-oxidation process complicates analysis by numerical

dx.doi.org/10.1021/ac4036422 | Anal. Chem. 2014, 86, 2073—2081
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simulation,””® making it by and large very difficult to calculate
the parameters D, n, A, or C" from the unprocessed transient
cyclic voltammetric data.

These parameters would be calculable from the limiting
current (I) plateau of a steady-state voltammogram obtained
using either a RDE or a ME. However, in the present case the
recording of an additional data set is unnecessary, as the
required information is accessible through convolution;
convolved currents of the forward sweep of the above I-E
data are shown in Figure 2b. While the sluggish heterogeneous
kinetics of the I7/I;~ process described by eq 15 clearly affect
the overall shape of the convolved-current voltammograms,
evident from the shift in this process to increasingly positive
potentials with scan rate, the magnitude of M is not affected
and accordingly the M—E curves feature two well-defined, scan
rate independent, diffusion controlled plateaus. As previously
noted with the [Fe(Cp)z]o/ * process in acetonitrile, nonfaradaic
current makes a negligible contribution to the total measured
current under these conditions and hence background
subtraction was not necessary. The diffusion coefficient of
iodide was determined to be 1.75 (+£0.02) X 10~ cm* s™! by
substituting the appropriate values of known parameters in eq
4, which is in excellent agreement with the literature value of
1.68 X 107 cm? s7'.%¢

lodide in 1-Ethyl-3-methylimidazolium Bis-
(trifluoromethanesulfonyl)imide. In order to investigate how
the physicochemical properties of the electrolyte influence the
applicability of the convolution technique, further studies on
the I"/I;7/I, processes were carried out in the RTIL,
[C,mim][NT£,]. A cyclic voltammogram obtained from 4.31
mM [Cymim]I in [C,mim][NTf,] at a platinum macrodisk
electrode is shown in Figure 3a. Iodide electro-oxidation in
RTIL media is analogous to that observed in acetonitrile (see
Figure 2a); two electron transfer processes are observed,
corresponding to the reactions shown in eqs 15 and 16, in
agreement with previous reports.”” > In this paper we make
no distinction between dissociated and nondissociated forms of
iodide.

Once again, because of the kinetic sluggishness of the I"/I;~
process and mechanistic complexity of the overall process, it is
difficult to extract analytical information (ie., D, n, A, or cb)
from the unprocessed transient cyclic voltammetric data; the
semiintegral of the forward sweep of the above I-E data is
shown in Figure 3b. Contrasting the previous example in
acetonitrile, nonfaradaic current makes a significant contribu-
tion to the total measured current, evident from the severely
sloped M plateau, making background subtraction a necessity
when working with a macrodisk electrode in this RTIL. This is
due to the fact that while the faradaic current is orders of
magnitude lower in highly viscous RTILs, compared with that
in molecular solvent electrolytes (compare Figures 2a and 3a),
the values of double layer capacitance (Cy) in the two media
are comparable.* The diffusion coefficient of iodide was
determined to be 2.74 (+0.03) X 1077 cm* s™' from the
background subtracted M—E curve by substituting the
appropriate values of known parameters in eq 4, which is in
excezlglent agreement with the literature value of 2.68 X 1077 cm?
s

Contributions from nonfaradaic current can be minimized by
taking advantage of the enhanced signal-to-background current
ratio at a microdisk electrode. A cyclic voltammogram obtained
from 431 mM [Cymim]I in [C,mim][NTf] at a platinum
microdisk electrode is shown in Figure 4a. The waveshape
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Figure 3. (a) Cyclic voltammogram obtained at a scan rate of SO mV
s~ from 4.31 mM [C,mim]T in [C,mim][NT%,] at a 2.0 mm diameter
Pt macrodisk electrode. (b) Semiintegral of the voltammogram
(forward sweep) in part a before (— —) and after (—) background
subtraction.

under these conditions is intermediate between a sigmoidal and
a peak-shaped voltammogram, which indicates that radial
diftusion contributes significantly to mass-transport. Under
these mixed diffusion conditions, steady-state microdisk
electrode theory (see eq 1) is not valid and semiintegration is
not useful (see eq 3). However, the convolution technique is
applicable, as demonstrated in Figure 4b. Evidently, under these
conditions nonfaradaic current is negligible and background
subtraction is not required. The diffusion coefficient of iodide
was determined to be 2.70 (+0.03) X 1077 cm® s' by
substituting the appropriate values of known parameters in eq
4, which is in excellent agreement with the previously
determined value from our laboratory”” and that reported in
the literature.”

Applications of Convolution Voltammetry: Simulta-
neous Determination of D and nC®. In the above
discussion, it has been shown how the value of D may be
determined from M, (see eq 4) after convolution of the

dx.doi.org/10.1021/ac4036422 | Anal. Chem. 2014, 86, 2073—2081
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Figure 4. (a) Cyclic voltammogram obtained at a scan rate of SO mV
s from 4.31 mM [C,mim]I in [C,mim][NT£] at a 25 um diameter
Pt microdisk electrode. (b) Convolved current of the voltammogram
(forward sweep) shown in part a before (— —) and after (—)
background subtraction.

experimental I—E data when A, n, and C" are known. An
alternative application of the convolution technique allows the
constants D and nC® to be determined simultaneously from two
sets of I-E data obtained under conditions with unequal
contributions from planar and radial diffusion. The relative
contribution of planar and radial diffusion to a disk electrode
under a given set of voltammetric conditions can be described
by the dimensionless sphericity factor (o):

RTD
o= 3
nFur (18)

In practice, ¢ is varied by changing either the electrode
dimensions (i.e., r) or the experimental time scale (i.e., V)3
This technique is most sensitive when the contributions from
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both planar and radial diffusion are significant (i.e., mixed
diffusion region, 0.012 < ¢ < 40) and therefore can be
conveniently carried out with disk electrodes of intermediate
size (i.e, 20—200 ym) at moderate scan rates (i.e., 25—1000
mV s,

Ferrocene in 1-Ethyl-3-methylimidazolium Bis-
(trifluoromethanesulfonyl)imide. As in acetonitrile (see eq
13), ferrocene undergoes an uncomplicated, electrochemically
reversible, one-electron oxidation in a range of RTILs. >**
Despite its moderately high thermodynamic solubility in RTILs
(~62.3 mM in [C,mim][NT£]),*® ferrocene dissolution
kinetics in the absence of molecular solvents is extremely
slow, making quantitative preparation of solutions problematic
and time-consuming.’ Difficulties with this issue can be
overcome by using an analytical method which allows D and
nC® to be determined simultaneously (since n is known, the
concentration of ferrocene can be determined from the product
nC), such as double step chronoamperometry,****” or in the
present case, convolution voltammetry.

To illustrate the convolution concept, a ferrocene solution of
unknown concentration was prepared by bubbling N, into
[C,mim][NTf,] in contact with solid ferrocene for 30 min; the
resulting voltammograms obtained at a 25 ym diameter Pt
microdisk electrode are shown in Figure 5a. The waveshape
under these conditions is intermediate between a sigmoidal and
peak-shaped voltammogram. The M—E curves obtained by
convolving the I—E data collected at the two investigated scan
rates are shown in Figure 5b. Because of the reversible nature of
the [Fe(Cp),]”* process and the negligible effects of Cg and
R, the M—E curves almost perfectly coincide, possessing
identical M; plateaus. The values of D and C° (n = 1) were
determined to be 449 X 1077 cm? s' and 10.5 mM,
respectively. The validity of these parameters was confirmed
by comparing simulated and experimental cyclic voltammo-
grams (shown in Figure S1 in the Supporting Information).

Dinitrodurene in Acetonitrile. It has been well established
that neutral molecules which contain two identical electroactive
groups often gain or lose electrons in two distinct one-electron
steps, each step possessing a unique set of electrochemical
parameters:

At+e =A" ELk,q

(19)

K*4e = A Eg, kg, o, (20)
where E° k, and a are the standard potential, standard
heterogeneous electron-transfer rate constant, and transfer
coefficient, respectively. On the basis of the principles of
electrostatics and focusing on reduction processes (shown
above), it is understandable that it is likely to be easier to insert
an electron into a neutral species than into a radical anion (i.e.,
EY — EJ > 0). This situation is called the “normal ordering of
potentials” and generally two well-separated waves are observed
voltammetrically. However, in some groups of molecules the
ordering of potentials is said to be “inverted” (i.e., E} — ES < 0),
owing to a significant structural change associated with the first
and/or second electron transfer reaction and a single overall
two-electron process is observed voltammetrically.*®
Dinitrodurene is well documented to exhibit potential
inversion®®** and this should be identifiable by simultaneously
determining D and # using the convolutive technique. Cyclic
voltammograms obtained from 1.22 mM dinitrodurene in
acetonitrile (0.1 M [NEt,][BF,]) at a 25 um diameter Au
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Figure 6. (a) Cyclic voltammograms and (b) linear sweep convolved
current voltammograms obtained from 1.22 mM dinitrodurene in
acetonitrile (0.1 M [NEt,][BF,]) at a 25 ym diameter Au microdisk
electrode with scan rates of 250 (—) and 500 mV s~ (= —).

microdisk electrode are shown in Figure 6a. A single, near
steady-state reduction wave is observed at reasonably negative
potentials (~—1.65 V vs [Fe(Cp),]”*) at both of the
investigated scan rates (250 and 500 mV s™'). The M—E
curves obtained by convolving the I—E data collected at the two
investigated scan rates are shown in Figure 6b; once again, the
M—E curves almost perfectly coincide. The values of D and n
(C® = 1.22 mM) were determined to be 1.86 X 10~° cm? s7!
and 2.01, respectively. The validity of these parameters was
confirmed by comparing simulated and experimental cyclic
voltammograms (shown in Figure S2 in the Supporting
Information). Additionally, D, E}, ES and EJ — E5 (determined
by simulation) are in excellent agreement with values previously
reported.®®

Alkynylruthenium Complex in Dichloromethane. The
redox state dependent nonlinear optical properties of an
alkynylruthenium dendrimer complex (see Chart 1) have been
reported.“_44 Each of the three identical Ru(II) centers

2079

reportedly undergoes reversible oxidation (Ru**/**) in dichloro-
methane, with an observed AE, value comparable to that of the
one electron [Fe(Cp),]”* process.* This suggests that the
three Ru(II) centers are noninteracting and therefore undergo
oxidation at very similar potentials. According to the theory
derived by Anson and co-workers,” such molecules exhibit
voltammetric responses almost indistinguishable from that
obtained from the corresponding molecule with a single center
(i.e., a reversible one electron transfer) except that there is an
enhanced current magnitude. Performing an analysis on the
basis of the observed characteristics of the transient
voltammetric response of a molecule with multiple non-
interacting centers (ie, n = 1) would lead to a gross
overestimation of the calculated parameter, whether it be D
or C** It is therefore advantageous to perform an analysis that
determines D and nC® simultaneously.

Cyclic voltammograms obtained from a 1.05 mM solution of
the alkynylruthenium complex in dichloromethane (0.2 M

dx.doi.org/10.1021/ac4036422 | Anal. Chem. 2014, 86, 2073—2081
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[C,mim][NTf,]) at a 20 um diameter Pt microdisk electrode
are shown in a Figure 7a; a single, near steady-state oxidation
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Figure 7. (a) Cyclic voltammograms and (b) linear sweep convolved
current voltammograms obtained from a 1.05 mM solution of the
alkynylruthenium complex (see Chart 1) in dichloromethane (0.2 M
[C,mim][NTf,]) at a 20 gm diameter Pt microdisk electrode with
scan rates of 50 (—) and 100 mV s™! (= —).

wave was observed at all of the investigated scan rates. The
transient voltammetric response obtained at a Pt macrodisk
electrode (see Figure S3 in the Supporting Information)
displays the expected characteristics. Thus, the value of AE,
~100 mV at a scan rate of 25 mV s~ in this highly resistive
solvent (k = 2.03 mS ecm™) is much larger than that expected
for a reversible three electron process (~19 mV) but is
comparable to that of the reversible one-electron [Co(Cp),]*"°
process under these conditions (not shown). The M—E curves
obtained by convolving the near steady-state I-E data collected
at scan rates of 50 and 100 mV s™' are shown in Figure 7b;
once again, the M—E curves almost perfectly coincide. The
values of D and n (C* = 1.05 mM) were determined to be 2.96
X 107 cm? 57" and 3.02, respectively. The diffusivity of this
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alkynylruthenium complex is much lower than [Fe(Cp),]° in
dichloromethane (D = 1.67 X 107 cm? s7*).! However, this is
to be expected because of the much larger size of this molecule
(D is predicted to be inversely proportional to its hydro-
dynamic radius, as per the Stokes—Einstein relationship).*’

Although it is possible to obtain the same information from
chronoamperometric experiments, the voltammetric convolu-
tion approach avoids instrumental problems arising from the
initially large currents that occur in chronoamperometry and
the uncertainty as to whether a diffusion limiting current has
been obtained due to nonfaradaic current. IR, effects that
greatly affect the initial part of a chronoamperogram are also
avoided.

Bl CONCLUSIONS

The robustness of convolution voltammetry has been
demonstrated by applying it to a series of electrode processes
in both molecular solvents and room temperature ionic liquids.
In acetonitrile, the nonfaradaic current is sufficiently small to
allow analysis to be carried out on millimolar concentrations of
electroactive species without the need for background
subtraction, as shown by quantifying the diffusivity of iodide
with a platinum macrodisk electrode at scan rates ranging from
250 to 1000 mV s In I-ethyl-3-methylimidazolium bis-
(trifluoromethanesulfonyl)imide, again using iodide as the
model system, background subtraction was mandatory when
using a macrodisk electrode but could be avoided by using a
microdisk electrode, greatly simplifying the analytical proce-
dure. A convolutive procedure used to simultaneously obtain D
and nC® values has also been demonstrated, and three
conditions where this capability is valuable have been
highlighted, viz. electroactive species that display slow
dissolution kinetics, undergo a single multielectron transfer
step or contain multiple noninteracting redox centers, as
illustrated by the oxidation of ferrocene in an RTIL, the
reduction of 1,4-dinitro-2,3,5,6-tetramethylbenzene, and the
oxidation of an alkynylruthenium trimer, respectively.
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EXPERIMENTAL SECTION

Preparation of reagents.1-cthyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
([Comim][NTf,], To-li-tec GmbH, 99.5%) was dried under high vacuum (< 10 mbar) at 45°C
for 48 hours and stored under lithium. The residual water was less than 50 ppm by Karl
Fischer titration (Metrohm 831 KF Coulometer). 1-ethyl-3-methylimidazolium iodide
([Comim]I, To-li-tec GmbH, >98%) was recrystallized twice from a 2:1 mixture of ethyl
acetate (Merck, EMSURE) and isopropanol (Merck, EMSURE) then dried under high
vacuum for 48 hours. Care was taken during handling and storage of [Comim]I to avoid
exposure to light. Tetraethylammonium tetrafluoroborate ([NEts][BF4], Stella Chemifa,
99.9%) was recrystallised twice from methanol (Merck, EMSURE) and dried at 50°C for 72
hours under vacuum. 1,4-dinitro-2,3,5,6-tetramethylbenzene (dinitrodurene) was prepared by
forming a homogeneous slurry of powdered 1,2.4,5-tetramethylbenzene (1.2 g, Sigma-
Aldrich, 98%) in 98% H,SO4 (7.5 mL, Univar) and adding dropwise a mixture of 70% HNOs
(Scharlau) and 98% H,SO4 (5 mL total, 1:3 v/v) over a period of 2 hours, ensuring the
temperature of the reaction mixture remained between 5 and 10°C." The reaction mixture was
subsequently quenched in ice water and the crude product was filtered, rinsed and
recrystallised from absolute ethanol (Merck, EMSURE). The recrystallised dinitrodurene was

finally dried at 65°C for 2 hours (MP = 207-208°C), for a final yield of 49%.

Auxiliary, reference and working electrodes. Platinum mesh was used as the auxiliary
electrode. The reference electrode system employed was either Ag/Ag” (10 mM AgNOs + 0.1
M [NBuy4][PF¢] in acetonitrile), I/13” (Pt | 400 mM [Comim]I + 100 mM I, in [Comim][NTf])
or an Ag wire (in acetonitrile or dichloromethane). When the Ag wire pseudoreference was
employed the potential was calibrated against the recommended [Fe(Cp),]”" or [Co(Cp)2] ™
process™ * after the required voltammetric experiments had been performed. The platinum

macrodisk working electrode (nominal diameter of 1.6 mm) was purchased from BASI
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(Bioanalytical systems, West Lafayette, IN); the platinum macrodisk (nominal diameter of
2.0 mm), platinum microdisk (nominal diameter of 20 um) and gold microdisk (nominal
diameter of 25 um) working electrodes were purchased from Metrohm (Herisau, SUI). The
25 pum dia. platinum microdisk working electrode was fabricated by sealing a wire of the
appropriate dimensions in glass. Macrodisk electrodes were activated by polishing with
successively smaller (1 and 0.3 pm) aqueous alumina slurries (Kemet Ltd, Kent, UK) on a
clean polishing cloth (Buehler, Lake Bluff, IL). Adherent alumina was removed by sonication
in de-ionized water (Milli-Q), before rinsing with acetone. Microdisk electrodes were
activated by polishing with an aqueous slurry of 0.05 pm alumina and rinsing thoroughly
with de-ionized water then acetone. The active electrode area of each of the electrodes was
calibrated voltammetrically using the oxidation of a ferrocene solution of known
concentration (1.7 mM in acetonitrile containing 0.1 M [NBus][PF¢]) and adopting a

diffusion coefficient of 2.24x107 cm? s™ as published under these conditions.*
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Table 1. Values of important polynomial coefficients used in eqs 6, 7, 9 and 10.

g G(1)
aj b aj b
1 4 T
F 0 I Z
1 -1 -1
-1 12 _ 172
4z 2 Vid
3 2
— 0 L 0.26180
27 5
-0.38584 -4.7016x107 -6.4307x107 -6.2688x10
7.8535x107 4.7019x107° 8.9754x107 1.2538x107
1.6079x10 1.8376x10°
-2.2686x107 -1.4404x10°
1.2948x10 5.2315x10™
0=1.304 0=1.368
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Figure S1. Comparison of simulated (o) and experimental cyclic voltammograms (—)
obtained from [Fe(Cp),] (concentration determined by convolution voltammetry) in
[Comim][NTf;] at a 25 pm dia. Pt microdisk electrode with scan rates of (a) 50 and (b) 100
mV s, The simulation parameters used were: Dyeq = 4.49%x107 cm? s'l, Doy = 4.20x107 cm?

s1, C?=0.0105 M, k= 10 cm/s, = 0.00133 ¢cm, o = 0.5, T=296 K and E° = 0.179 V.
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Figure S2. Comparison of simulated (o) and experimental cyclic voltammograms (—)
obtained from 1.22 mM dinitrodurene in acetonitrile (0.1 M [NEt;][BF4]) at a 25 um dia. Au

microdisk electrode with scan rates of (a) 250 and (b) 500 mV s™'. The simulation parameters
used were: D = 1.86x10° em® s, T=296 K, E/=-1.761 V, E) = -1.481 V, r = 0.00133 cm,

o1=02=0.5,k;=15cm s!'and ks =0.6 cm st
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Figure S3. Cyclic voltammograms obtained from a 1.1 mM solution of the alkynylruthenium
complex (see Structure 1) in dichloromethane (0.2 M [C,mim][NTf;]) at a 1.6 mm dia. Pt

macrodisk electrode with scan rates (from top to bottom) of 100, 50 and 25 mV s™.
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4.  Electrode Reaction and Mass-Transport
Mechanisms Associated with the 17/I, Redox Couple in

lonic Liquid Media

The first redox system studied in detail was the I7/1> couple, which has a pivotal role
in current DSSC technology. Initial investigations focused on iodide in a single component
system (i.e., iodine was absent in the bulk solution), with an emphasis on elucidating the
mass-transport behaviour and the electrode material dependence of the heterogeneous charge
transfer process using the previously developed electroanalytical methodology (i.e.,

semiintegration and convolution). Further detail can be found in the following publication:

Bentley, C. L.; Bond, A. M.; Hollenkamp, A. F.; Mahon, P. J.; Zhang, J., Electrochim. Acta

2013, 109, 554-561.

While investigating the electrode material dependence of the iodide electro-oxidation
process, interesting and unexpected behaviour was found when using gold as the electrode

material. Further detail can be found in the following publication:

Bentley, C. L.; Bond, A. M.; Hollenkamp, A. F.; Mahon, P. J.; Zhang, J., Anal. Chem. 2013,

85, 11319-11325.

Finally, iodine was introduced into the bulk solution and its effect on iodide mass-transport
was quantified. In addition, the iodide electro-oxidation mechanism was investigated on
platinum in greater detail, using a combination of cyclic voltammetry and numerical

simulation. Further detail can be found in the following publication:
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specific application by modifying its constituent cation/anion [4].
Several research groups have successfully employed ionic liquids as
replacements for ‘conventional electrolytes’ in a number of electro-
chemical devices, including dye-sensitized solar cells [5,6], lithium

1. Introduction

Since the introduction of air/water stable nonhaloaluminate
room temperature ionic liquids (RTILs) over two decades ago [1],

there has been growing interest in employing these neoteric sol-
vents as replacements for volatile organic compounds in a range
of applications. Although the only property common to all RTILs is
intrinsic ionic conductivity [2], many of these compounds possess
other favourable qualities, such as negligible vapour pressure and
high chemical, thermal and electrochemical stability [3]. Indeed,
one of the main advantages of RTILs is their versatility; the physi-
cochemical properties of a particular RTIL can be tailored to suit a
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batteries [7], fuel cells [8] and supercapacitors [9].

The dye-sensitized solar cell (DSSC), first reported by O’'Regan
and Gratzel [10], has been the subject of intensive research over
the past two decades. DSSCs are promising candidates to replace
traditional (p—/n—) silicon photovoltaics due to their lower man-
ufacturing cost and great versatility in size, shape, flexibility and
design. In its most simplistic form, a DSSC has three components: a
semi-conductor photoanode (TiO;) with an adhered photoactive
dye, a platinized cathode (counter electrode) and an electrolyte
containing a redox shuttle, which is most commonly composed
of a volatile organic compound (usually acetonitrile) with dis-
solved iodide/triiodide (I~/I3~) [6]. There are on-going concerns
over the long term stability (solvent evaporation exacerbated
by solar heating) and safety (solvent flammability) of electrolyte
solutions which contain volatile organic compounds. While these
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concerns can be resolved by employing an RTIL as the electrolyte,
such systems are yet to achieve the highest levels of photo-
voltaic performance [5,6,11]. This implies that some aspects of the
electrochemistry of the iodide-iodine couple are not fully under-
stood, thereby offering the prospect of improving the operation
of RTIL electrolyte solutions in DSSCs. Kawano and Watan-
abe reported that a mixture of 1-ethyl-3-methyl-imidazolium
bis(trifluoromethanesulfonyl)imide and the corresponding iodide
exhibited greatly enhanced diffusion of iodide when iodine was
added to the bulk mixture [12,13]. More recently, other groups have
shown that enhancements of diffusion of similar order can even
occur in much more viscous media such as 1-propyl-3-methyl-
imidazoliumiodide [ 14]. While explanations of this behaviour have
quite reasonably suggested that rapid exchange processes estab-
lish a Grotthus-like extension of diffusion, critical detail on the
actual species involved and their interaction with different elec-
trode materials remain unknown. These issues will be important in
any optimization of electrolyte function in DSSCs.

The I~ /I3~ /I, redox processes have been studied extensively in
arange of conventional solvents, most notably water [15] and ace-
tonitrile [16] and to a much lesser extent in RTILs, with a few key
studies available in a limited range of electrolytes [12,13,17-19].
Regardless of the solvent, platinum is by far the most widely stud-
ied electrode material, on which is it well known that halides
chemisorb [20,21]. However, unlike F~, Cl~ and Br~ which adsorbin
anionic form, I~ reacts at the platinum surface to form an uncharged
adsorbed species (I,qs), which may have a profound effect on
electron transfer reactions occurring at the electrode/electrolyte
interface [20,22,23].

In aqueous media, iodide has been shown to be oxidized to
molecular iodine on platinum in one step, giving rise to a single
voltammetric wave [24,25]:

20" = I +2e” (1)

By contrast, in aprotic solvents such as acetonitrile, and analogously
in RTILs, iodide has been shown to be oxidized to molecular iodine
on platinum in two steps, giving rise to two voltammetric waves
[24,25]:

3 = I3~ +2e” 2)

_ 3 -
I3 = Elz +e (3)
The iodide oxidation process is therefore governed to a significant
degree by the homogeneous equilibrium process:

IT+hLh= I3~ (4)

The stability constant of this reaction strongly influences the
observed iodide oxidation mechanism [25] and is highly solvent
dependent, ranging from ca. 10> M~! in water [26] to ca. 107 M~!
in acetonitrile [25,27]. Compton et al. [19] estimated the stability
constant of I3~ to be ca. 104 M~ in 1-butyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide ([C4mim][NTf,]) via simula-
tion of voltammetric data.

The heterogeneous electron transfer kinetics of the /137 /I,
redox processes are strongly dependent upon the identity and
state (i.e. cleanliness, microstructure and surface chemistry) of the
electrode material. As previously noted, platinum is the most com-
monly employed cathode material in current DSSC technology,
where it acts as an electrocatalyst for the redox shuttle reac-
tion given in Eq. (2). Obviously the high-cost of noble metals
such as platinum is a significant driving force for the develop-
ment of cheaper cathode materials, notably carbon-based materials
[6,28,29]. In comparison to platinum, the I=/I3~/I; redox system
has not been extensively explored on carbon electrodes, with a few
studies available with pyrolytic carbon electrodes in water [30,31]

and acetonitrile [32]. Iodide oxidation on pyrolytic carbon is qual-
itatively similar to that seen on platinum: one wave is observed
in aqueous media corresponding to the I~/I, process described by
Eq. (1) and two waves are observed in acetonitrile corresponding
the I7/I3~ and I3~ /I, processes described by Egs. (2) and (3) [32].
Analogous studies on the oxidation of iodide on carbon electrode
materials in RTIL electrolytes are not available.

In this paper, we present a deeper investigation into the
electrochemical behaviour of iodide-containing ionic liquid elec-
trolytes with a view to improving their use in DSSCs. To
this end, we report the concentration and electrode mate-
rial dependence of the voltammetric response of iodide in
the room temperature ionic liquid 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide. A variety of voltammetric
techniques, including steady-state microelectrode voltammetry,
transient cyclic voltammetry and linear sweep semi-integral
voltammetry have been employed over a large range of bulk iodide
concentrations (10-500 mM) on three distinctly different electrode
materials: platinum, glassy carbon (GC) and boron-doped diamond
(BDD).

2. Experimental
2.1. Reagents

1-Ethyl-3-methylimidazolium  bis(trifluoromethanesulfonyl)
imide ([C;mim][NTf, ], lo-li-tec GmbH, 99.5%) was dried under high
vacuum (<102 mbar) at 45 °C for 48 h and stored under lithium.
The residual water was less than 50 ppm by Karl Fischer titration
(Metrohm 831 KF Coulometer). 1-Ethyl-3-methylimidazolium
iodide ([Comiml]I, lo-li-tec GmbH, >98%) was recrystallized twice
from a 2:1 mixture of ethyl acetate (Merck, EMSURE) and iso-
propanol (Merck, EMSURE) then dried under high vacuum for
48 h. Care was taken during handling and storage of [C;mim]I to
avoid exposure to light. Iodine (Sigma-Aldrich, 99.8%), ferrocene
(Fluka, >98%), acetonitrile (Sigma-Aldrich, 99.8%) and acetone
(Merck, EMSURE) were used as supplied by the manufacturer.
[C,mim][NTf,], [C;mim]I and I, were stored and handled under a
dry argon atmosphere in a glovebox.

2.2. Electrochemical systems and procedures

Voltammetric experiments at high scan rates (>10Vs~1)
were carried out with a CH Instruments 760D Potentiostat (CH
Instruments, Austin, TX). All other voltammetric experiments
were undertaken with a Gamry Reference 600™ Potentio-
stat/Galvanostat/ZRA (Gamry Instruments, Warminster, PA). All
experiments were carried out under benchtop conditions at ambi-
ent temperature (21+1°C). All electrolytes were degassed with
N, prior to experimentation and a blanket of N, was maintained
over the electrolytes during the respective experiments. A faraday
cage was employed in microelectrode experiments. All voltam-
metric experiments were carried out using a standard 3-electrode
arrangement with a platinum mesh auxiliary electrode and an
I-/I3~ reference electrode [33] (Pt | 400 mM [C;mim]I+100 mM I,
in [C;mim][NTf;]). An electrochemical cell with an optically trans-
parent base was used to image the working electrode surface in situ
using a Nikon Epiphot bright/dark field inverted optical microscope
(Nikon Instruments, JP). UV/Visible spectroscopy was performed
in situ with a Varian Cary 50 Bio UV/Visible Spectrophotometer
(Agilent, Santa Clara, CA) in a quartz optically transparent thin
layer electrochemical (OTTLE) cell with a platinum mesh working
electrode.

The platinum macrodisk (nominal diameter=1.6 mm), glassy
carbon macrodisk (nominal diameter =3.0 mm) and glassy carbon
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microdisk (nominal diameter=11um) were purchased from
BASi (Bioanalytical systems, West Lafayette, IN); the platinum
microdisk (nominal diameter=100wm) was purchased from
Metrohm (Herisau, SUI); the boron-doped diamond macrodisk
(nominal diameter =3.0 mm) was purchased from Windsor Scien-
tific (Berkshire, UK). The 2 wm diameter platinum microelectrode
was fabricated by sealing a Wollaston wire of the appropriate
dimensions in a glass capillary [34]. Macroelectrodes were acti-
vated by polishing with successively smaller (1, 0.3 and 0.05 pum)
aqueous alumina slurries (Kemet, Kent, UK) on a clean polishing
cloth (Buehler, Lake Bluff, IL). Adherent alumina was removed
by sonication in de-ionized water (Milli-Q), before rinsing with
acetone. Microelectrodes were activated by polishing in aqueous
0.05 wm alumina slurry and rinsing thoroughly with de-ionized
water then acetone. The active electrode area of each of the elec-
trodes was calibrated voltammetrically using the oxidation of a
ferrocene solution of known concentration (1.7 mM in acetonitrile
containing 0.1 M [NBu4][PFg]) and adopting a diffusion coefficient
0f 2.24 x 10~ cm? s~ ! as published under these conditions [35].

Semi-integration of the I — t data was performed using an algo-
rithm from de Levie [36], which was adapted from Oldham and
Myland [37]. A Microsoft Excel macro that includes this algorithm
is available free online [38]. Experimental uncertainties were esti-
mated by propagation of the standard deviations in the variables
of interest [39].

3. Results and discussion
3.1. Steady-state voltammetric studies on Pt and GC electrodes

Steady-state microelectrode (ME) studies were carried out with
a2 pmdia. Pt microdisk electrode at iodide concentrations ranging
from 10 to 500 mM; representative voltammograms are shown
in Fig. 1. The voltammetric response in [C,mim][NTf,] is strongly
dependent on the bulk concentration of iodide. At low bulk iodide
concentrations (10 mM, see Fig. 1a), there are two well-defined
limiting current plateaus on the steady-state voltammogram, cor-
responding to the processes given in Eqs. (2) and (3) respectively.
The magnitude of the plateaus relative to each other (i.e. 2:1) is
proportional to the number of electrons involved in each pro-
cess. The product of the first oxidation reaction was confirmed
to be I3~ by spectroelectrochemistry at a Pt mesh working elec-
trode (see Fig. S1a) upon comparison with an authentic sample
(see Fig. S1b). Unfortunately, the product of the second reaction
could not be confirmed by the UV/Visible spectroscopic method
due to the relatively low molar absorptivity of I, compared to I3~
[40].

At high iodide concentrations (>300mM, see Fig. 1b), a well-
defined voltammetric plateau s still observed for the I~ /I3~ process,
but not for the I3~ /I, process, where aloop is observed upon revers-
ing the direction of the potential sweep. This loop is attributable to
the nucleation and growth of sparingly soluble iodine on the surface
of the electrode, which was confirmed by optical microscopy (see
Section 3.5). Similar observations were made by Comptonetal. [19]
in their investigation of the electrochemistry of a range of iodide
salts in [C4mim][NTf;]. Considering the high ionic strength of RTILs,
it is unsurprising that the charged I-/I3~ species are readily solu-
ble, whereas uncharged I, is sparingly soluble; analogous issues are
encountered when attempting to dissolve uncharged electroactive
species such as ferrocene in various RTILs [41].

Voltammograms obtained under near steady state conditions
at a GC microelectrode resemble those discussed in detail at Pt.
However, at low iodide concentration the two processes are less
well resolved in the GC case (compare Figs. S2 and 1a). Predomi-
nantly this is a result of the initial process being more drawn out

and hence assumed to be less reversible than at the Pt surface, a
conclusion that will be supported by data presented in Sections 3.2
and 3.3 when comparing results obtained at Pt and GC macrodisk
electrodes under transient conditions.

The diffusion coefficient (D) of an electroactive species can be
calculated from the steady-state limiting current (I;) measured at
a ME using the expression [42]:

I, = 4nFC*aD (5)

where n is the number of electrons involved in the charge transfer,
Fis Faraday’s constant, C* is the bulk concentration of electroactive
species, and a is the electrode radius. A number of research groups
[5,13,14,43,44] have observed non-Stokesian mass transport in
RTILs containing [~/I3~, whereby apparent diffusion coefficients
increase with the total concentration of iodine-species present
to values which are much higher than can explained by physi-
cal diffusion alone. This phenomenon is thought to be due to a
Grotthuss-type homogeneous exchange mechanism, facilitated by
the high-ionic strength environment of RTILs:

L+l = =1 41 (6)

Given that I3~ is produced in the vicinity of the electrode surface
during oxidation of 17, it is feasible that this process could occur
during I~ oxidation.

Considering the complications associated with the I37/I, pro-
cess at high iodide concentrations, the limiting current for only
the I~ /I3~ process (n=2/3) was measured at Pt and plotted against
concentration as shown in Fig. 1c. The oxidative limiting current
is proportional to the bulk concentration of iodide (R% =0.9999), as
predicted by Eq. (5) when it is assumed that the diffusion coef-
ficient is independent of concentration. There is no evidence of
non-Stokesian mass transport (electron hopping and/or Grotthuss-
type exchange) in this [Comim]I/[Comim][NTf,] electrolyte, which
is in agreement with the work by Kawano and Watanabe [12,13]
and Kawano et al. [45], where the authors only observed exchange-
reaction enhanced diffusion when both I~ and I3~ were present in
the bulk electrolyte in comparable amounts. The diffusion coeffi-
cient of jodide was determined to be 2.59 (+0.04) x 107 cm?s~!
from the slope of the I} vs. C curve, obtained by linear regression
of the experimental data, by substituting the appropriate values of
known parameters into Eq. (5). This value is in good agreement with
2.68 x 10-7 cm? s~ ! as reported by Kawano and Watanabe [13] in
[Comim]I/[C;mim][NTf,]. This value is also orders of magnitude
lower than that reported in acetonitrile, 1.68 x 107> cm2 s~ [46]
but is in accordance with the relative viscosities of the electrolytes
[47] as predicted by the Stokes-Einstein relation [48].

3.2. Transient voltammetric studies on a Pt electrode

Initial transient voltammetric studies on Pt were carried out
with a 1.6 mm dia. macroelectrode at an iodide concentration of
10 mM; cyclic voltammograms obtained at scan rates ranging from
50mVs~! to 1000mVs~! are shown in Fig. 2. At all scan rates there
are two sets of peaks corresponding to the I=/I3~ and I3~ /I pro-
cesses described by Eq. (2) and (3) respectively. The oxidation peak
(Ep,ox) and reduction peak (E, req) potentials for the I~ /I3~ processes
vary with scan rate, giving rise to peak separations (AE,) of 80 mV,
90mV, 115mV, 155mV, and 200mV at 50mVs~!, 100mVs-!,
250mVs~!, 500mVs~!, and 1000mVs~! respectively. Although
the uncompensated resistance (Ry) is significant (230 +20 2), the
shift in peak potentials are too large to be wholly attributed to
ohmic (IR,) drop. This conclusion is supported by noting that the
oxidation/reduction peaks associated with the I3~ /I; process do not
shift significantly with scan rate, with average values of 520 £ 2 mV,
397+8mV and 124+ 7 mV for Ep,ox, Ej req and AE respectively.
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Fig. 1. Steady-state voltammograms obtained from (a) 10 mM [C;mim]I and (b) 300 mM [Comim]l in [C;mim][NTf,] using a 2 um dia. Pt ME with a scan rate of 5mVs~'. (c)
Linear plot of the steady-state limiting current vs. the bulk concentration of iodide (R? =0.9999) for the I~ /I~ process (n=2/3) at a 2 um dia. Pt ME. Error bars represent the

standard deviation in triplicate measurements.

The scan rate dependence of the voltammetric response of
iodide was further investigated using a 100 wm dia. Pt microelec-
trode; cyclic voltammograms obtained at scan rates ranging from
10Vs~! to 100Vs~! are shown in Fig. 3. A microelectrode was
employed to minimize the effect of ohmic drop at these high scan
rates. At scan rates >10Vs™1, the significant contribution of non
Faradaic charging current to the total current distorts the resulting
I-E curve making quantitative treatment of the data difficult. Nev-
ertheless, once again, the oxidation and reduction peak potentials
associated with the I~ /I3~ process shift significantly with scan rate,
giving rise to increasingly large AE, values. By contrast, the oxida-
tion peak associated with the I3~ /I, process is almost independent
of scan rate and the related reduction peak shifts by only a small
extent (relative to the I-/I3~ process).

Based on these observations, it is apparent that on platinum the
heterogeneous electron transfer kinetics for the I~ /I3~ process are
significantly more sluggish compared to the I3~ /I, process which is
in agreement with results reported in other media [17-19]. This

1/ pA

-20 T T
-0.5 0 0.5 1

Evs. (Il37) IV
Fig. 2. Cyclic voltammograms obtained from 10 mM [C;mim]l in [C;mim][NTf;]

at a 1.6 mm dia. Pt macroelectrode with slow scan rates (from top to bottom) of
1000mVs~!,500mVs-1,250mVs—!,100mVs~', and 50mVs-!.

reaction involves complicated adsorption/desorption processes
and coupled homogeneous reactions and therefore the conven-
tional theories [42], which only take the contributions from mass
transport and heterogeneous electron transfer in account are not
applicable. Furthermore, since the detailed mechanism of this reac-
tion is yet to be fully understood, it is not possible to obtain
any meaningful kinetic information through numerical simulation.
Compton et al. [49] have simulated some aspects of the related
Br—/Br3~/Br; system in acetonitrile and [C4mim][NTf, ], but had to
introduce a range of assumptions in their exercise.

3.3. Transient voltammetric studies on GC and BDD electrodes

Transient voltammetric studies on GC were carried out with
a 3.0mm dia. macroelectrode at an iodide concentration of
10mM; cyclic voltammograms obtained at scan rates ranging
from 50mVs~! to 1000mVs~! are shown in Fig. 4. These cyclic
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Fig. 3. Cyclic voltammograms obtained from 10 mM [C;mim ]I in [C;mim][NTf,] at
a 100 wm dia. Pt electrode with fast scan rates (from top to bottom) of 100Vs~!,
50Vs~!,and 10Vs~'.
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Fig. 4. Cyclic voltammograms obtained from 10 mM [C;mim]l in [C;mim][NTf,] at a (a) 3.0 mm dia. GC and (b) a 3.0 mm dia. BDD macroelectrode with scan rates (from top

to bottom) of 1000mVs~!, 500mVs~!,250mVs~',100mVs-!, and 50mVs-'.

voltammograms look qualitatively similar to those obtained on
platinum. Compared to platinum, heterogeneous electron transfer
kinetics for the I7/I3~ process are considerably more sluggish.
This is evident from both the peak potentials (Ep) and the magni-
tude of AE, for the I~ /I3~ process, with values of 745mV, 785mV,
844 mV, 889 mV,and 940 mVat50mVs—1,100mVs-1,250mVs—!,
500mVs~!, and 1000mVs~! respectively. The reduction peak
for the I,/I3~ process is not well defined on glassy carbon, and
unlike on platinum, the oxidation peak shifts with scan rate,
with values of 550 mV, 560 mV, 585 mV, 599 mV, and 620 mV (all
vs. I=/I37) at 50mVs~!, 100mVs~!, 250mVs—!, 500mVs-!, and
1000 mV s~ ! respectively. Similarly sluggish kinetics are also found
with boron-doped diamond as the working electrode (see Fig. 4b).
The comparatively facile kinetics on platinum relative to carbon
is most likely as a result of the specific interactions (i.e. adsorption
and/or chemisorption) of halogens/halides with the surface of
noble metals [20-23], which is beneficial for inner sphere electron
transfer processes [42].

3.4. Semi-integral analysis on Pt and GC electrodes

Through suitable data processing, transient peak-shaped I-E
curves can be transformed into forms which closely resemble
steady-state voltammograms, which is advantageous for further
data processing [42]. Transformation of transient voltammetric
data makes use of the general convolution procedure initially
described by Savéant et al. [50]. When applied under conditions
whereby mass transport occurs by semi-infinite planar diffusion,
the technique is known as semi-integration as described by Gren-
ness and Oldham [51] and gives rise to a function, M(t), which is
related to the concentration of electroactive species at the elec-
trode surface. Semi-integration has previously been shown to be
applicable in high-viscosity RTIL electrolytes [52]; accordingly the
forward sweep of the I-E data on platinum and glassy carbon elec-
trodes were semi-integrated, following background subtraction to
remove capacitive current (shown in Fig. 5).

The semi-integrated curves resemble steady-state voltammo-
grams at all electrode materials examined (Pt: Fig. 1a, GC: Fig.
S2). Thus, there are two limiting current plateaus corresponding
to the I-/I3~ and I3~ /I, oxidation processes described by Egs. (2)

and (3) respectively. On platinum, the relative limiting current
magnitudes are proportional to the number of electrons involved
in each process (i.e. 2:1); on glassy carbon, the I7/I3~ plateau
is not as well defined, but the two processes still convincingly
exhibit a 2:1 ratio, strongly suggesting that the overall I~ oxi-
dation processes are analogous on both electrode materials. The
distinctive shapes of the semi-integral plots further reinforces
the fact that the heterogeneous electron transfer kinetics of the
I=/I37 /I, processes are significantly more sluggish on carbon then
on platinum, leading to the requirement of higher overpotentials
to drive iodide oxidation on glassy carbon. Furthermore, based

0.6

0.5 A
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0.3 -

m/ mAs'2 cm-2

-0.4 0 0.4 0.8
Evs. (I/l3) IV
Fig. 5. Comparison of the semi-integrals obtained from 10mM [Comim]l in

[C;mim][NTf,] at a scan rate of 250mVs~! on platinum (—) and glassy carbon (- --)
macrodisk electrodes.
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on this and previous observations with cyclic voltammetry, it
is apparent that an unmodified glassy carbon electrode is not a
viable alternative for platinum as the counter electrode in DSSCs,
since significant energetic losses would result from the increased
overpotentials required to drive the [-/I3~ process.

Under purely diffusion controlled conditions, M(t) reaches its
limiting or maximum value, M; [37,42]:

M, = nFC*AD'/2 (7)

where A is the area of the electrode. By transposing Eq. (7) and sub-
stituting the appropriate values of known parameters, the diffusion
coefficient of iodide was determined to be 2.68 x 10~7 cm? s~ and
2.61 x 10-7 cm? s~ on platinum and glassy carbon macrodisk elec-
trodes respectively. These values, as required on the basis of the
mechanisms proposed on each surface, are in excellent agreement
with each other and the value determined at Pt by steady-state ME
voltammetry.

3.5. Nucleation and growth of iodine on a Pt electrode

The formation of films of electrogenerated iodine on the surface
of platinum electrodes accompanying iodide oxidation has been
widely reported in aqueous electrolyte media [53-55]. This phe-
nomenon occurs when the concentration of iodine formed at the
electrode surface exceeds its solubility limit (i.e. supersaturation at
the electrolyte/electrode interface) and reportedly occurs in aque-
ous electrolytes when the bulk iodide concentration being oxidized
exceeds approximately 5 mM [54,55]. Since the solubility of I, in a
related ionic liquid, [C4mim][NTf,] is ca. 1.70 mM [56] (¢f. 1.20 mM
inwater [54]), it is unsurprising that similar complications can arise
athigh I~ concentrations in [C;mim][NTf; ]. A cyclic voltammogram
obtained from a 100 mM solution of [C;mim]I in [C;mim][NTf,] at
a 1.6 mm dia. Pt macroelectrode at a scan rate of 50 mV s~ is shown
in Fig. 6. In this figure, the characteristics of the initial [~ /I3~ process
continues to scale with concentration, as previously observed when
using the steady-state ME technique. In contrast at this high I~ con-
centration the I3~ /I, process is much more complicated, owing to
the formation of a solid product on the electrode surface. Similar
voltammetric behaviour was observed at scan rates ranging from
50 to 500mV s~ (see Fig. S3).
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Fig. 6. Cyclic voltammogram obtained from 100 mM [C;mim ]|l in [Co;mim][NTf, | at
a 1.6mm dia. Pt macroelectrode at a scan rate of 50mVs~!. The letters designated
correspond to the labels on the optical micrographs shown in Fig. 7.

The platinum working electrode surface was imaged by in situ
using optical microscopy; the letters on the voltammogram in Fig. 6
correspond to the optical micrographs displayed in Fig. 7. Prior
to the onset of faradaic current and up to (A) (starting from the
initial potential), the electrode surface remains unchanged. Upon
scanning the potential from (A) to (B), a brown colour gradually
develops at the electrode surface, indicating the generation of I3~.
As the potential progresses from (B), the current initially increases
as the oxidation of I3~ to I, commences, but does not reach a
maximum as expected with a diffusion controlled, solution based
process. Rather, a distinct ‘plateau-region’ is detected when it is
postulated that the concentration of electrogenerated iodine in the

Fig. 7. Optical micrographs (mag.=500x) of the surface of a 1.6 mm Pt dia. macroelectrode in a solution of 100 mM [C;mim]I in [C;mim][NTf;] during a cyclic voltammetric
experiment at a scan rate of 50 mVs~'. The designated letters correspond to the potentials (all vs. I=/I3~), as shown on the cyclic voltammogram in Fig. 6: (A) —0.050V, (B)

0.250V, (C) 0.605V, (D) 0.700V, (E) 0.850V, and (F) 0.195 V.
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Fig. 8. Cyclic voltammograms obtained from 100 mM [C;mim]lin [C;mim][NTf; ] at
a3.0mm dia. GC macroelectrode with scan rates (from top to bottom) of 500 mVs~"',
250mVs~!,100mVs-!, and 50mVs-!.

vicinity of the electrode surface exceeds the solubility limit and
nucleation of microcrystalline iodine occurs to produce a dark ‘film’
covering the electrode surface, as seen at (C). The adherence of
insoluble, electrically insulating I, partially blocks the electrode
surface and hence the only feasible site where the electrochem-
ical reaction can proceed is at the three phase (Pt-electrolyte-I,)
junction [57]. When the potential reaches (C), the current suddenly
decreases, which is thought to coincide with growth of substantial
I, solid, so that the dark ‘film’ is replaced by crystals of I; on the
electrode surface, as seen at (D). Upon sweeping the potential past
(D), the current exhibits a typical mass-transport controlled decay
(Cottrellian t~1/2 decay), indicating that growth of the I, nuclei is
governed by one-dimensional (planar) diffusion of I~ to the elec-
trode surface, as seen at (E) [58]. After reversing the scan direction
and when reverting towards more negative potentials, the sur-
face deposit eventually disappears as a result of the reduction of
insoluble I, to soluble I3~ (and eventually to soluble I7), as seen
at (F). Alternatively, if the potential sweep is concluded at (E) and
the working electrode potential is allowed to return to open cir-
cuit value, the I, crystals on the electrode surface rapidly dissolve,
which is predominantly due to the reaction with the influx of I~
from bulk solution (I3~ is highly soluble) and to a small extent due
to dissolution (I is sparingly soluble) [55].

3.6. Nucleation and growth of iodine on a GC electrode

Nucleation and growth of I on a GC electrode also was detected
with a 3.0 mm dia. macroelectrode using an iodide concentration
of 100mM; cyclic voltammograms obtained at scan rates ran-
ging from 50mVs~! to 500mVs-! are shown in Fig. 8. Again,
the I~ /I3~ process remains diffusion controlled at higher concen-
trations, whereas the I3~/I, process becomes influenced by the
nucleation and growth of iodine on the electrode surface. Despite
the disparity in the heterogeneous kinetics of the I~/I3~ /Iy pro-
cesses on GC and Pt, a very similar set of observations are found
regarding the nucleation and growth of I, (see optical microscopy
images in Figs. S4 and S5).

4. Conclusions

The voltammetric oxidation of iodide in the room temperature
ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethane-
sulfonyl)imide has been investigated in detail using a variety of
techniques. As observed in the molecular solvent acetonitrile,
two processes are observed on platinum, glassy carbon and
boron-doped diamond, which are assigned to the initial formation
of triiodide (confirmed by UV/Visible spectroscopy), followed
by the oxidation of triiodide to iodine. In combination, the two
processes represent an overall one electron per iodide ion process.
Using steady-state microelectrode voltammetry, the diffusion
coefficient of iodide was found to be independent of concentration,
indicating that there are no contributions from non-Stokesian
mass-transport processes (electron hopping and/or Grotthuss-
type exchange) under the investigated conditions. The nucleation
and growth of sparingly soluble iodine generated during iodide
oxidation at elevated concentrations on platinum and glassy
carbon was observed and imaged in situ using optical microscopy.
Linear sweep semi-integral and transient cyclic voltammetry
revealed that the iodide oxidation process is kinetically more facile
on platinum than on glassy carbon or boron-doped diamond, with
substantial overpotentials present at the carbon electrodes.

Supplementary materials

Supplementary materials associated with this article are avail-
able with the on-line version only.
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Fig. S1. (a) UV/Visible spectra recorded when the potential was stepped to 0.35 V vs. I/I3" in a
quartz OTTLE cell containing 10 mM [Comim]I in [Comim][NTf,] and a platinum mesh working

electrode. (b) UV/Visible spectrum obtained from 0.14 mM I":I3” (1:1) in [Comim][NTf2].
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Fig. S2. Near steady-state voltammogram obtained from 10 mM [Comim]I in [Comim][NTf2] at

an 11 pm dia. glassy carbon microelectrode with a scan rate of 5 mV s™'.
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Fig. S3. Cyclic voltammograms obtained from 100 mM [Comim]I in [Comim][NTf,] at a 1.6 mm
dia. Pt macroelectrode with scan rates (from top to bottom) of 500 mV s, 250 mV s, 100 mV s~

Tand 50 mV s
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Fig. S4. Cyclic voltammogram obtained from 100 mM [Comim]I in [Comim][NTf:] at a 3.0 mm
dia. glassy carbon macroelectrode at a scan rate of 50 mV s’ The letters designated correspond

to the labels on the optical micrographs shown in Fig. S5.
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Fig. S5. Optical micrographs (mag. = 500x) of the surface of a 3.0 mm dia. glassy carbon

macroelectrode in a solution of 100 mM [Comim]l in [Comim][NTf;] during a cyclic
voltammetric experiment at a scan rate of 50 mV s™!. The designated letters correspond to the
potentials (all vs. I7/I3), as shown on the cyclic voltammogram in Fig. S4: (A) 0 V, (B) 0.405 V,

(C) 0.605 V, (D) 0.755 V, (E) 0.855 V and (F) 0.195 V.
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ABSTRACT: The electro-oxidation of iodide on a gold electrode in
the room temperature ionic liquid I-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide has been investigated using
transient cyclic voltammetry, linear-sweep semi-integral voltammetry,
an electrochemical quartz crystal microbalance technique, and
coulometry/electrogravimetry. Two oxidation processes are ob-
served, with an electron stoichiometry of 1:1, compared with the
well-known 2:1 electron stoichiometry observed on other commonly
used electrode materials, such as platinum, glassy carbon, and boron-
doped diamond, under identical conditions. Detailed mechanistic
information, obtained in situ using an electrochemical quartz crystal

Platinum:
(1)
2)

617 = 215 + 4e

215 = 31, + 2e

MIAs?

Gold:
(i)

(ii) 3[Aul;]” = 31, + 3Au 4

61" + 3Au = 3[Aul,]™ + 3e-

3e”

ElV

microbalance, reveals that this unusual observation can be attributed to the dissolution of the gold electrode in the presence of

iodide. Coulometric/electrogravimetric analysis suggests that the
diiodoaurate, [Aul,]7, is the likely intermediate. A proportionally

oxidation state of the soluble gold species is +1 and that
smaller amount of triiodide intermediate is also detected by

means of UV—vis spectroscopy. On this basis, it is proposed that iodide oxidation on gold occurs via two parallel pathways:

predominantly via a diiodoaurate intermediate 21~ + Au = [Aul,]”

triiodide intermediate 31" = I;~ + 2e” and I;~ = 3/2I, + e™. This

+e” and [AuL]” = L, + Au + e~ and to a lesser extent via a
proposed mechanism was further supported by voltammetric

investigations with an authentic sample of the anionic [Aul,]™ complex.

S ince their introduction over two decades ago, air/water
stable nonhaloaluminate room temperature ionic liquids
(RTILs) have been employed as replacements for volatile
organic solvents in a range of applications." RTILs are intrinsic
ionic conductors,” and many possess favorable properties such
as negligible vapor pressure and high chemical, thermal, and
electrochemical stability.” Indeed, the distinctive physicochem-
ical properties possessed by a particular RTIL are determined
by its constituent cation/anion and therefore can be tailored to
suit specific applications.* The versatile nature of RTILs has
allowed them to be successfully employed as replacements for
“conventional electrolytes” in a range of electrochemical
devices, including dye-sensitized solar cells,>® lithium batteries,”
fuel cells,® and supercapacitors.’

The dye-sensitized solar cell (DSSC), as reported by
O’Regan and Gritzel,' has been the subject of intensive
research over the past two decades. Lower manufacturing costs
and great versatility in design (size, shape, flexibility, etc.) mean
that DSSCs are possible replacements for traditional (p-/n-)
silicon photovoltaics in a range of applications. The DSSC has
three fundamental components: (1) a TiO, semiconductor
photoanode with an adhered photoactive dye; (2) a platinized
counter electrode (cathode); (3) an electrolyte solution in

ication © 2013 American Chemical Society 11319
5 uplications

which the oxidized and reduced forms of a suitable redox
couple are present so as to establish a redox shuttle system that
regenerates the reduced form of the dye. According to the
original work, solutions of tetra-alkyl ammonium salts of
iodide/triiodide (I7/I;7) in acetonitrile meet the dual require-
ments for an appropriate electrode potential combined with
sufficient transport properties of the redox-active species.6
However, these electrolyte solutions impose severe restrictions
on device performance due to poor stability (high solvent
volatility and corrosivity of trace iodine) and limited safety
(solvent flammability) of DSSCs under light soaking
conditions. These issues can be averted by employing an
electrolyte solution that is based on an appropriate RTIL.!!

Another issue that is embedded in DSSC technology is the
high cost of platinum, which is a significant driving force for the
development of alternative cathode materials.® While obviously
sensible, this endeavor runs counter to the well-known kinetic
facility of the I"/I;” redox process'” at noble-metal electrode
materials.">™"7 Platinum, in particular, has been a widely
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studied electrode material for the I"/I;7/I, redox processes in a
range of solvents, including water,'® acetonitrile,'”® and ionic
liquids."”?°7* Tt is well-known that iodide is oxidized to
molecular jodine in an overall one electron per iodide ion
process:

20 =1, + 2e” (1)

It has also been well-established that iodide and iodine combine
homogeneously to form the polyhalogen complex anion,
triiodide:

C+L =1 )
The stability constant of this reaction is highly solvent
dependent, ranging from ~10° M~" in water™ to ~10” M~
in acetonitrile,”®*” and has a strong bearing on the observed
iodide oxidation mechanism.”® On platinum, the overall
oxidation process shown in eq 1 may occur in one step, giving
rise to a sin§le voltammetric process (as observed in aqueous
media”***7%) or in two steps (via an I;” intermediate), giving
rise to two voltammetric processes (as observed in acetoni-

trile®**3! and ionic liquids'”*°~>*):
AT =T+ 2e ®)
- 3 -
L=, +te
P2 *

Analogous voltammetric behavior is observed on glassy carbon
and boron-doped diamond electrodes, albeit with significant
overpotentials when compared with the behavior at platinum.'”

In contrast, iodide electro-oxidation has not been studied
extensively on gold electrodes. Only a few studies have been
reported so far, and all were undertaken in conventional
organic/aqueous electrolyte media. Loo et al.* investigated the
surface adsorbed complexes formed on a gold electrode during
oxidative polarization in aqueous halide media in situ using
surface-enhanced Raman spectroscopy; Au(I) and Au(III)
species of the type [AuX,]” and [AuX,]”, respectively, were
detected at the electrode surface at increasingly positive
potentials for all of the investigated halides (X~ = CI7, Br’,
and I7). A study by Qi et al.** on the voltammetric response of
iodide on a gold electrode in aqueous media revealed a complex
reaction pathway, with a myriad of reactions being possible due
to significant overlap between the standard potentials for iodide
and gold oxidation. Guo et al** characterized the soluble
species formed upon oxidative polarization of a gold electrode
in acetonitrile containing dissolved iodide in situ using
electrochemical/electrospray mass spectrometry; two diffu-
sion-controlled voltammetric processes were observed, and
the products associated with each (at increasingly positive
potential) were [Aul,]™ and 1,7, respectively. Even this limited
number of studies suggest that the electrochemical behavior of
the I"/I;~ couple at gold electrodes is likely to be appreciably
more complicated than that observed at platinum and carbon
electrodes.

In this paper, we report the electrochemical behavior of
iodide on a gold electrode in the room temperature ionic liquid
1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)-
imide. A variety of techniques, including transient cyclic
voltammetry, linear sweep semi-integral voltammetry, EQCM,
UV—vis spectroscopy, and coulometry/electrogravimetry are
employed to elucidate the redox mechanism and characterize
the electrogenerated intermediate species. In the course of this
investigation, we confirm that when gold is the electrode
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material, it is far from “noble” in its behavior and actually
becomes intimately involved in the course of iodide electro-
oxidation. This in turn presents new insights into the operation
of the I" /I3 electrode in DSSCs.

B EXPERIMENTAL SECTION

Reagents. The compound 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide ([C,mim][NTf,], Io-li-tec
GmbH, 99.5%) was dried under high vacuum (<107 mbar) at
45 °C for 48 h and stored under lithium. The residual water
was less than 50 ppm, as determined by Karl Fischer titration
(Metrohm 831 KF Coulometer). Additionally, 1-ethyl-3-
methylimidazolium iodide ([C,mim]I, Io-li-tec GmbH,
>98%) was recrystallized twice from a 2:1 mixture of ethyl
acetate (Merck, EMSURE) and isopropanol (Merck, EM-
SURE) and then dried under high vacuum for 48 h. Care was
taken during handling and storage of [C,mim]I to avoid
exposure to light. Tetra-n-butylammonium diiodoaurate
([NBu,][AuL,]) was prepared by suspending gold foil (0.53
g, Sigma-Aldrich, >99.9%), iodine (0.39 g Sigma-Aldrich,
99.8%), and tetra-n-butylammonium iodide (1.08 g, [NBu,]],
Sigma-Aldrich, >99%) in absolute ethanol (8 cm®, Merck,
EMSURE) and refluxing for 72 h (2Au + I~ + I”
2[Aul,]7).%* The crude product, [NBu,][Aul,] (confirmed by
electrospray ionization mass spectrometry) was recrystallized
twice from dry ethyl acetate,”® washed with diethyl ether
(Merck, EMSURE), and dried under vacuum, for a final yield of
77%. To avoid excessive moisture pickup, this procedure was
carried out under an atmosphere of dry N, using standard
Schlenk techniques. Tetra-n-butylammonium hexafluoro-
phosphate ([NBu,][PF4], Sigma-Aldrich) was dried under
vacuum at 80 °C for 24 h. Ferrocene (Fluka, >98%),
acetonitrile (Sigma-Aldrich, 99.8%), and acetone (Merck,
EMSURE) were used as supplied by the manufacturer;
[Comim][NT£], [Comim]I, [NBu,JI, [NBu,][AuL,], [NBu,]-
[PF¢], and I, were stored and handled under a dry argon
atmosphere in a glovebox.

Electrochemical Systems and Procedures. Voltammet-
ric experiments were undertaken with a Gamry Reference 600
Potentiostat/Galvanostat/ZRA (Warminster, PA). The electro-
chemical quartz crystal microbalance experiments were carried
out using an impedance method (passive EQCM) on an
Agilent ES061A ENA Series Network Analyzer (Santa Clara,
CA) coupled to an Autolab PGSTAT302N potentiostat
(Metrohm, Herisau, SUI). All experiments were carried out
under benchtop conditions at ambient temperature (21 + 1
°C). All electrolyte solutions were degassed with N, prior to
experimentation, and a blanket of N, was maintained over the
electrolytes while undertaking experiments. All voltammetric
experiments were carried out using a standard 3-electrode
arrangement with a platinum mesh auxiliary electrode and an
I7/1,~ reference electrode® (Pt | 400 mM [C,mim]I + 100
mM I, in [C,mim][NTf,]). UV—vis spectroscopy was
performed with a Varian Cary 50 Bio UV—vis spectropho-
tometer (Agilent, Santa Clara, CA).

The platinum macrodisk electrode (nominal diameter = 1.6
mm) was purchased from BASi (Bioanalytical Systems, West
Lafayette, IN), and the gold macrodisk electrode (nominal
diameter = 3.0 mm) was purchased from Metrohm (Herisau,
Switzerland). Macroelectrodes were activated by polishing with
successively smaller (1, 0.3, and 0.05 ym) aqueous alumina
slurries (Kemet, Kent, UK.) on a clean polishing cloth
(Buehler, Lake Bluff, IL). Adherent alumina were removed by

—
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sonication in deionized water (Milli-Q), before rinsing with
acetone. The EQCM working electrode was a 13 mm diameter
AT-cut a-quartz crystal (Bright Star Crystals, Rowville, AUS),
which had gold disks (5.0 mm diameter) vapor deposited on
each side; the electrode resonated in air at 10 + 0.05 MHz. The
change in resonant frequency (Af,) in the quartz crystal
electrode is related to the change in mass (Am) by the
Sauerbrey equation:***

Af) = f (m + Am) — f (m) = - Am

fy(m)
qu,q1

= —SAm (5)

where x is the thickness of the quartz crystal, p is the density
of the quartz crystal (2.645 g cm™ at 20 °C), A is the active
electrode surface area, and S is the Sauerbrey constant. Before
each experiment, the EQCM working electrode was cleaned
using concentrated nitric acid and rinsed successively with
distilled water and acetone. The gold foil electrode (Sigma-
Aldrich, >99.9%) used in the coulometry experiments was
cleaned in concentrated nitric acid and rinsed successively in
distilled water and acetone prior to use.

The active area of the relevant electrodes was calibrated
voltammetrically using the oxidation of a ferrocene solution of
known concentration (1.7 mM in acetonitrile containing 0.1 M
[NBu,][PF¢]) and adopting a diffusion coefficient of 2.24 X
107° em?® s as published under these conditions.*® Semi-
integration of the I—t data was performed using an algorithm
from de Levie,*' which was adapted from Oldham and
Myland.** A Microsoft Excel macro that includes this algorithm
is available free online.**

B RESULTS AND DISCUSSION

Cyclic Voltammetry of I~ on Au. Initial investigations on
gold were carried out with a 3.0 mm diameter electrode at an
iodide concentration of 10 mM; cyclic voltammograms
obtained at scan rates ranging from 50 to 1000 mV s~' are
shown in Figure 1. For comparison, experiments were also
undertaken using a Pt electrode (shown in Figure 2). At all scan
rates, there are two sets of oxidation/reduction peaks observed
on both Au and Pt electrodes. On the gold electrode, the
oxidation peak (E,,,) and reduction peak (E,.q) potentials for
the first process both shift in a positive direction with scan rate,
though separation between the peaks (AE,) is constant with
scan rate (AE, = 189.7 + 0.1 mV). This is a stark contrast to
the first redox process on platinum (I7/1;7), whereby AE,
changes significantly with scan rate as a result of sluggish
heterogeneous electron-transfer kinetics.'”**** The voltam-
metric characteristics of the second process obtained on both
gold and platinum are similar; E; o E,..q and AE, are all
relatively constant over the range of scan rates investigated,
with values of 533 + 3, 393 + 3 (both vs I7/I;7), and 139.9 +
0.1 mV respectively (on Au). Overall, iodide redox chemistry
appears to be more complex on a gold compared to platinum or
carbon electrodes, with noticeable broadening of the reduction
peaks for both of the processes.

Linear Sweep Semi-Integral Voltammetry of I~ on Au.
In order to identify the relative number of electrons involved in
each step, transient (peak-shaped) potential sweep voltam-
metric data (Figures 1 and 2) were transformed into forms
which closely resemble steady-state voltammetric curves.'>
Transforming the data is achieved using the general

11321

60

40

20

1(pA)

-40 T T T T T
-0.5 -0.25 0 0.25 05 0.75 1

E (V) vs. ;"

Figure 1. Cyclic voltammograms obtained from 10 mM [C,mim]I in
[C,mim][NTf,] at a 3.0 mm diameter Au macroelectrode with scan
rates (from top to bottom) of 1000, 500, 250, 100, and 50 mV s
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Figure 2. Cyclic voltammogram obtained from 10 mM [C,mim]I in
[C,mim][NTf,] at a 1.6 mm diameter Pt macroelectrode at a scan rate
of 250 mV 7.,

convolution procedure initially described by Savéant and co-
workers,** which, when applied under conditions whereby mass
transport occurs by semi-infinite planar diffusion, is known as
semi-integration, as described by Oldham.*® Semi-integration of
I—E data gives rise to a function, M(t), which is related to the
concentration of electroactive species at the electrode surface.
Semi-integration has previously been shown to be applicable in
high-viscosity RTIL electrolytes;*® accordingly, the forward
sweep of the I-E data on gold and platinum electrodes were
semi-integrated, following background subtraction to remove
capacitive current (shown in Figure 3).
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Figure 3. Comparison of the background corrected semi-integrals
obtained from 10 mM [C,mim]I in [C,mim][NTf,] at a scan rate of
250 mV s™" on gold (—) and platinum (---) macrodisk electrodes.

The M—E curves resemble near steady-state voltammograms
obtained with the respective electrode materials (Au: Figure
Sla; Pt: Figure S1b). Intriguingly, the magnitude of the
plateaus relative to one another (proportional to the number of
electrons involved in each process) is different on gold and
platinum electrodes. On platinum, as is well-known, the
limiting current magnitudes exhibit a 2:1 ratio, corresponding
to the I" /I~ and 1;7/I, oxidation processes described by eqs 3
and 4, respectively. On gold, the relative limiting current
magnitudes exhibit a 1:1 ratio, indicative of a different iodide
oxidation mechanism. This observation may be linked to the
fact that gold is less inert in the presence of iodide compared
with platinum- or carbon-based materials. For example, gold is
known to be liable to chemical and/or electrochemical
dissolution in aqueous*”** and nonaqueous® solutions that
contain a mixture of halide (complexant) and halogen
(oxidant). Further, gold undergoes reversible dissolution/
deposition™ in solutions containing mixtures of I~ and I, as
per the following reaction:

2Au + 15 + 17 = 2[Aul,]” (6)

Indeed, iodide has been proposed as a substitute for highly
toxic cyanide in the dissolution phase of gold refining,*”**>!
It is well-known that one electron is involved in the overall
electro-oxidation of each iodide ion on platinum. The
magnitude of the area-normalized M plateaus on both Au
and Pt are comparable (see Figure 3), suggesting that the
number of electrons involved during electro-oxidation of each
iodide ion on gold is also one. Therefore, the difference
between the iodide oxidation mechanism on gold and platinum
must arise from a disparity in the intermediate formed after the
initial oxidation process; on platinum it is well-established that
this intermediate is triiodide, as shown in the reaction described
by eq 3. In accordance with these results, the intermediate
formed on the gold electrode may: (a) be a soluble gold—
iodide compound/complex and (b) liberate iodine/iodide upon
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oxidation/reduction, respectively, with 1:1 electron stoichiom-
etry, as described by the following equations:

217 + Au = [Aul,] + e (7)

(8)

This mechanism has been proposed on the basis of the
electrochemical behavior of gold in conventional media
containing iodide.*****> In addition, Compton and co-
workers®® have previously suggested that the formation of
gold—halide complex intermediates is feasible when investigat-
ing the oxidation of chloride on gold in a range of ionic liquids.
Interestingly, theoretical calculations (geometric optimization
and potential energy surface mapping) by Kloo and co-
workers>* indicated that [Aul,]™ and I,~ are closely related and
should be more-or-less exchangeable in polyiodides and gold(I)
compounds containing the former. It is also worth noting that
direct participation (dissolution) of the gold electrode during
charge transfer parallels the well-known mechanism for
mercury oxidation in the presence of halides in nonaqueous
media:*

2Hg + 6X™ = Z[HgX3]_ + 4e”

[Au,]" = 1, + Au+ e~

©
(10)

where X~ is chloride, bromide, or iodide. When investigated
using DC polarography, the iodide ion gives two well-defined
oxidation waves on a mercury electrode, the first being assigned
to the reversible oxidation of mercury to soluble triiodomercu-
rate and the second to the reversible oxidation of mercury to
soluble mercuric iodide.*®

EQCM Studies on a Au Thin-Film Electrode. If the
above-proposed mechanism is valid, a change in mass of the
gold electrode can be expected during the voltammetric
experiment and thus may be detectable by EQCM. The cyclic
voltammogram of the first oxidation process and corresponding
Af,—E curve obtained with an Au quartz—crystal electrode at
an iodide concentration of 10 mM is shown in Figure 4. Indeed,
a decrease in electrode mass was detected during the forward
(oxidative) potential sweep, and the lost mass was partially
recovered during the reverse (reductive) potential sweep. This
observation is consistent with the mechanism described by eq
7. The experiment was repeated at an iodide concentration of
300 mM in order to improve the signal-to-noise ratio; a cyclic
voltammogram and corresponding Af,—E curve is shown in
Figure 5. The upper potential limit of the potential sweep was
limited to 0 V versus I /157, as it was found that the thin film of
gold was completely stripped upon further scanning to more
positive potentials, exposing the underlying chromium adhesion
layer®” (shown in Figure S2). The EQCM/voltammetric
characteristics of the first process scale with concentration
because again the oxidation/reduction processes correspond to
a decrease/increase in electrode mass, respectively, which is
consistent with a reaction of the type described by eq 7.

Coulometric Studies with a Au Foil Electrode. To
confirm that the oxidation state of Au in the dissolved Au—
iodide complex is +1, electrogravimetric analysis (bulk
electrolysis) at 0.2 V versus 17/I;” was carried out. During
the bulk electrolysis experiment, the initially colorless electro-
lyte changed to a brown color characteristic of I;”, the presence
of which was confirmed using UV—vis spectroscopy. This
observation suggests that two oxidation processes are occurring
simultaneously at the investigated hold potential: the oxidation

Hg + 2[HgX3] = 3HgX, + 2e”
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Figure 4. (a) Cyclic voltammogram and (b) corresponding Af,—E
curve obtained from 10 mM [C,mim]I in [C,mim][NTf,] at a Au
quartz crystal electrode (A = 0.28 cm?®) at a scan rate of 1 mV s™".

of gold to diiodoaurate, as shown in the reaction described by
eq 7, and the oxidation of iodide to triiodide, as shown in the
reaction described by eq 3. The formation of two distinct
products during oxidation is consistent with the broad
reduction peaks observed during cyclic voltammetry (see
Figure 1). The quantity of electricity passed through the cell
(Qr) is therefore consumed by the oxidation reactions
described by eqs 3 and 7, thus:

Qr=Qu t Qp (11)
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Figure 5. (a) Cyclic voltammogram and (b) corresponding Af,—E
curve obtained from 300 mM [C,mim]I in [C,mim][NTf,] at a Au

quartz crystal electrode (A = 0.28 cm?®) at a scan rate of S mV s™".

The amount of electrogenerated triiodide (and hence Q;;7)
was calculated using UV—vis spectroscopy after preparing a
standard curve (shown in Figure S3). The presence of the
soluble gold—iodide intermediate had no observable effect on
the UV—vis spectrum of triiodide, implying that the dissolved
species is colorless; the [Aul,]™ anion reportedly possesses no
UV—vis spectrophotometric activity."® Thus, Q, was calcu-
lated using eq 11, and the oxidation state of gold was
determined using Faraday’s laws of electrolysis:

QAuM
mF (12)

where m is the difference in the mass of the gold electrode
before and after electrolysis, M is the atomic mass of gold, F is
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Faraday’s constant, and z is the valence number of the oxidized
gold species. By substituting the appropriate values of known
parameters into eq 12, z was determined to be 1.01, in
agreement with the reactions described by eqs 7 and 8. Qu,
accounted for roughly 88% of Q, indicating that the reaction
described by eq 7 is the predominant oxidation pathway, which
explains why 1:1 electron stoichiometry is observed voltam-
metrically (as shown in Figure 3).

Voltammetric Studies of [Aul,]- on Au. To further
support the proposed mechanism, [NBu,][Aul,] was synthe-
sized, and voltammetric experiments were undertaken in
[C,mim][NTf,] containing 2 mM of [NBu,][Aul,] on a gold
electrode. A cyclic voltammogram recorded at 25 mV s™' is
shown in Figure 6a. As was to be expected based on the
reactions described by eqs 7 and 8, starting from open circuit
potential, [Aul,]™ gives rise to two waves of equal magnitude
(one oxidative and one reductive). The midpoint potentials
(Epyq) defined as

E .+E

P,0X pred
2

mid —

E (13)

are comparable for both processes to those obtained with I™
under identical conditions (see Figure 6b). E, ;4 (all vs I7/I;7)
on the second cycle is equal to 10 and 462 mV for the
processes occurring at lower and higher potentials, respectively,
for [Aul,]”, compared to 1S5 and 455 mV for I". Similar
variation in E, ;4 was observed when changing the direction of
the initial sweep and is thought to arise from the nature of the
redox mechanism (i, adsorption and dissolution/deposition
processes at the electrode surface give rise to slight
irreproducibility). On the basis of these and previous results,
we conclude that iodide oxidation to molecular iodine on a gold
electrode occurs predominantly via a diiodoaurate intermediate,
as shown in the reactions described by eqs 7 and 8, and to a
lesser extent, via a triiodide intermediate, analogous to what is
observed on platinum, as shown in the reactions described by
eqs 3 and 4.

Bl CONCLUSIONS

The electro-oxidation of iodide on a gold electrode in the room
temperature ionic liquid 1-ethyl-3-methylimidazolium bis-
(triftuoromethanesulfonyl)imide has been investigated in detail
using a variety of techniques. Two oxidation processes with an
electron stoichiometry of 1:1 are observed on a gold electrode,
compared to the well-known 2:1 electron stoichiometry
observed on platinum under identical conditions. Dissolution
of the gold electrode, detected in situ using EQCM, was found
to coincide with the first iodide oxidation process, and the
oxidation state of the soluble gold species was found to be +1
using coulometric/electrogravimetric analysis. Quantitative
treatment of the coulometric data suggests that iodide oxidation
to molecular iodine on gold occurs predominantly via a
diiodoaurate intermediate, and to a lesser extent, via a triiodide
intermediate (detected using UV—vis spectroscopy). Diiodoau-
rate was further confirmed as the intermediate by investigating
the voltammetric response of this species at a gold electrode.
Uncovering a pathway for oxidation that is clearly distinct from
the established one involving triiodide, and with electron
transfer kinetics that appear to be superior, offers the prospect
for enhancing the performance of the I"/I;” redox couple in
dye-sensitized solar cells. While this is unlikely to involve the
replacement of platinum-coated electrodes with gold-coated
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Figure 6. Cyclic voltammogram obtained from (a) 2 mM [NBu,]-
[AuL,] and (b) 4 mM [C,mim]I in [C,mim][NTf,] at a 3.0 mm
diameter Au macroelectrode at a scan rate of 25 mV s™". First (---) and
second (—) cycles are shown.

equivalents, there may be other conductive substrates where
analogous reactions and substrate interactions allow for fast,
reversible operation of the iodide—triiodide couple. In support
of the feasibility of this approach, it is worth recalling that the
rather moderate potential of the latter invites consideration of a
large range of possible electrode materials and composites.

Bl ASSOCIATED CONTENT

© Supporting Information

Near steady-state voltammograms obtained from the electro-
oxidation of iodide on gold and platinum (Figure S1), an
EQCM experiment demonstrating the complete stripping of
the gold thin film electrode during iodide electro-oxidation
(Figure S2), and the standard curve/UV—visible spectrum used
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to calculate the amount of triiodide formed during bulk
electrolysis (Figure S3). This material is available free of charge
via the Internet at http://pubs.acs.org.
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Figure S1. Near steady-state voltammograms obtained from 10 mM [Comim]I in [Comim][NTf;]
using a 10 um dia. Au microelectrode (a) and 10 pm dia. Pt microelectrode (b) with a scan rate
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Figure S2. (a) A cyclic voltammogram and (b) corresponding Af;-E curve obtained from 300
mM [Comim]I in [Comim][NTf;] at an Au quartz crystal electrode (4 = 0.28 cm?) at a scan rate
of 5mV s”'. Accompanying are images of the Au quartz crystal electrode (c) before and (d) after

the cyclic voltammetry experiment.
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solution obtained after an Au foil electrode held at 0.2 V vs. I/I3” for 6.5 hours in 10 mM
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ABSTRACT: The oxidation and reduction processes associated with the iodide/triiodide 17+ 17 = I, + 2™ | E% kg,
(I"/1;7) couple have been investigated in the room temperature jonic liquid 1-ethyl-3-
methylimidazolium bis(tri imi ' i I P Y Keq K¢
ylimidazolium bis(trifluoromethanesulfonyl)imide using cyclic voltammetry, con 3 1
volution voltammetry, and chronoamperometry. Analogous to the case in acetonitrile, two [Z Experimental (—)
= Simulation ()

processes with a relative electron stoichiometry of 2:1 are observed at a platinum electrode
and are assigned to the I"/I;” and I;7/I, processes at lower and higher potentials,
respectively. The electro-oxidation of I has been simulated using a termolecular charge
transfer mechanism: I, + 2" = 1" + 17 (E% k, @), L + I~ = 1;~ (Keq, kg), where E°, k,, a,
K., and k; are the standard potential, standard heterogeneous electron-transfer rate

constant, charge transfer coefficient, equilibrium (stability) constant, and bimolecular ‘q\\a

(forward) rate constant, respectively. The stability constant of I, in this ionic liquid (K., =
2.3 X 105 estimated by simulation) is comparable to that reported in acetonitrile (Keq
107). The reduction of I to I™ has also been modeled in the ionic liquid using a kinetically
controlled CE mechanism. For this process, the delicate balance between kinetic and diffusion control is sensitive to the
voltammetric scan rate, electrode geometry, and total concentration/ratio of I"/I,, thereby making it difficult to estimate the
diffusion coefhicient of I;™. In contrast, the oxidation of I” to I;~ proceeds via a diffusion-controlled EC mechanism and the
diffusivity of I” is directly proportional to the bulk concentration of 1,7, showing an enhancement of ~50% when the bulk
concentration of I;” is increased from 0 to 500 mM. This enhancement cannot be explained by a decrease in solution viscosity
and has been attributed to electron hopping and/or a Grotthuss-type bond-exchange reaction between I" and 1,7, in agreement
with previous reports.

E(V)

H INTRODUCTION (DSSC). Owing to the low manufacturing cost and design
versatility (ie., size, shape, and flexibility) of DSSCs, they are
considered to be promising candidates to replace traditional
(p-/n-) silicon photovoltaics in a range of applications. In
essence, a prototypical DSSC has three fundamental
components: (1) a TiO, semiconductor photoanode with an
adsorbed photoactive dye; (2) a platinized counter electrode
(cathode); and (3) an electrolyte solution containing the
oxidized and reduced forms of a suitable redox couple so as to

Since the introduction of air/water stable nonhaloaluminate
room temperature ionic liquids (RTILs) more than two
decades ago, there has been ongoing interest in using these
neoteric solvents as replacements for volatile molecular solvents
in a range of applications.! RTILs are composed entirely of ions
and often tend to be nonvolatile with high chemical,
electrochemical, and thermal stability.” Being intrinsic ionic

conductors, RTILs can readily be employed in electrochemistry
as nonflammable and relatively inert electrolytes. Unfortu- establish a redox shuttle system that regenerates the reduced

nately, due to the relatively strong cohesive (electrostatic) foEm of the dye.‘As in the.o?igin.al paper, iodide/triiodide (I"/
forces operating within an RTIL, they are typically 10 to 10* I;7) dissolved in acetonitrile is still the most commonly
times more viscous than “conventional” molecular solvents, employed electrolyte formulation, meeting the dual require-
resulting in sluggish physical mass transport.> Despite this ments for an appropriate electrode psotential combined with
limitation, many research groups have managed to successfully sufficient charge transport properties.” Nevertheless, acetoni-
employ RTILs as “alternative electrolytes” in a range of trile imposes restrictions on device performance due to the
electrochemical devices, including dye-sensitized solar cells,** poor long-term stability (relatively high solvent volatility) and

lithium batteries,® fuel cells,” and supercapacitors.®

Since first reported by O’Regan and Gritzel® over 20 years Received: July 14, 2014
ago, intensive research efforts have focused on improving and Revised:  August 24, 2014
optimizing the performance of the dye-sensitized solar cell Published: August 26, 2014
- ACS Publications  © 2014 American Chemical Society 22439 dx.doi.org/10.1021/jp506990e | J. Phys. Chem. C 2014, 118, 22439-22449
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safety (solvent flammability) under light soaking conditions.
These issues can be minimized by employing an electrolyte
solution that is based on an appropriate RTIL.**>'°

The voltammetric behavior of the iodide/iodine (I7/I,)
redox couple is largely dependent upon the electrode material
employed and the properties of the solvent (electrolyte).
Although unique interactions are known to occur between I"/I,
and electrode materials such as gold"""> and mercury,">'* it is
well established that the following overall process occurs at
inert electrode materials such as platinum and carbon:

2 =1, + 2e (1)

The heterogeneous electron-transfer kinetics of this inner
sphere process'® are facile at noble metal electrode materials."®
However, I" oxidation/I, reduction is complicated by the
homogeneous equilibrium process:

I+, =1 2)
As a result, I~ oxidation/I, reduction often occurs in two well
resolved steps (i.e, via a I;~ intermediate), giving rise to two
voltammetric processes:

3T =15 + 2 (3)
_ 3 _
L ==L +e
3T )

The potential gap separating the two voltammetric processes is
proportional to the magnitude of K, for the reaction shown in
eq 2,"”"® with only a single process observable in water (Keq =
10%)," but two well resolved ones observable in acetonitrile
(Keq = 107).!7%° The limited number of studies available in
RTILs'®*' "% have revealed I7/1, electrochemistry analogous
to that observed in aprotic molecular solvents such as
acetonitrile.

Despite the clear safety and stability benefits achieved from
employing an RTIL as the electrolyte in DSSCs, practical
application remains a challenge due to the physical mass-
transport limitations associated with the intrinsically high
viscositZ of these electrolytes. Nevertheless, several research
groups”*>*" 73 have reported significantly greater mass
transport of the I"/I;” redox couple in RTIL electrolytes
than expected, which is often attributed to a rapid exchange
process establishing a Grotthuss-like extension of diffusion:

L+l =T -L-I'lJ=1 +1 (5)

where I, is exchanged between I™ and I;7, displacing them
without physical mass transfer. Indeed, collision of ions of like
charge (ie., I7/1;7) is more favored under conditions of high
ionic strength due to a phenomenon known as the “kinetic salt
effect”,*’ making the process shown in eq 5 more feasible in
RTILs*”*%3%% ‘and concentrated aqueous electrolyte solu-
tions.**** Understanding this mass transfer phenomenon is
obviously an important step in the optimization of any RTIL
electrolyte function in DSSCs.

Studies by Kawano and Watanabe on the steady-state
voltammetric behavior of the I"/I;~ redox system in 1-ethyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)imide
([Cymim][NT£,]) at a Pt microelectrode revealed exceptionally
fast charge transport. The apparent diffusivity (D,,) of the two

species (based on the assumption that D = Dz = D,)) was

21,22

app
divided into contributions from simple physical diffusion
(Dphys) and exchange-reaction-based diffusion (D,,) as per the
Dahms—Ruff equation:'>**

22440

D,

ep = D)

phys b

+ Dex = Lhohys

1, o
+ 6keX6 c ©
where k,, is the bimolecular exchange-reaction rate constant, &
is the center-to-center intersite distance at the time of the
exchange reaction, and ¢ is the total concentration of the
electroactive species involved (i.e, [I"] + [I;7]). On this basis,
it was concluded that D,, makes a dominant contribution to
D,,, when the concentration of redox species is high and the
molar ratio of I" and I;” is comparable. Furthermore, in
another study,> the authors reported DSSCs containing RTIL
electrolytes with short-circuit currents greater than 80% of that
achievable in cells employing conventional organic electrolytes,
despite the viscosity of the former being >10-fold higher than
the latter.

More recently, Gores and co-workers”****** have inves-
tigated the unusual mass-transport phenomenon in a variety of
imidazolium-based ionic liquids, typically at a fixed concen-
tration of I3~ (®0.05 M) and an extended range of I~
concentrations, achieved by adding a variable mole fraction of
the highly viscous RTIL 1-propyl-3-methylimidazolium iodide
([Cymim]I). Using steady-state ultramicroelectrode voltamme-
try or polarization measurements in thin layer cells to quantify
Dy;, these authors provided strong evidence for an exchange-

reaction-mediated enhancement in mass transport, with the
increase in viscosity as a result of increasing the mole fraction of
[Cymim]I being several times larger than the observed decrease
in Dy;, contrary to what is predicted based on the Stokes—

Einstein relationship (D o 1/7.)*" A recent study by Gritzel
and co-workers®® also demonstrated that the conductivity of
[C3mim]I increases significantly upon adding molecular iodine
to values beyond which can be explained by a simple decrease
in solution viscosity. The order-of-magnitude increase in ionic
conductivity was attributed to the enhancement of the mobility
of I"/I; as a result of a Grotthuss-like bond-exchange process.

In this paper, we present a detailed investigation into the
voltammetric behavior of the I”/I;~ couple in [C,mim][NT%],
with a strong focus on electrode reaction and mass-transport
mechanisms. The electro-oxidation of iodide has been
investigated by cyclic voltammetry at platinum macro- and
microdisk electrodes, with mechanistic information determined
by modeling based on the use of the DigiElch digital simulation
software package. The redox behavior of triiodide in the
absence and presence of excess iodide has also been examined
at platinum disk electrodes using cyclic and convolution
voltammetry. Finally, the Grotthuss-like extension of diffusion
has been studied by quantifying the diffusivity of iodide over a
large concentration range in the presence of variable
concentrations of triiodide using a chronoamperometric
technique.

B EXPERIMENTAL SECTION

Reagents. 1-Ethyl-3-methylimidazolium bis-
(trifluoromethanesulfonyl)imide ([C,mim][NTf,], Io-li-tec,
99.5%) was dried under high vacuum (<107 mbar) at 45 °C
for 48 h and stored under lithium. The residual water content
was less than SO ppm by Karl Fischer titration (Metrohm 831
KF Coulometer). 1-Ethyl-3-methylimidazolium iodide
([Cmim]I, Io-li-tec, >98%) was recrystallized twice from a
2:1 mixture of ethyl acetate (Merck, EMSURE) and
isopropanol (Merck, EMSURE) and then dried under high
vacuum for 48 h. Care was taken during handling and storage of
[C,mim]I to avoid exposure to light. Iodine (Sigma-Aldrich,

dx.doi.org/10.1021/jp506990e | J. Phys. Chem. C 2014, 118, 2243922449
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99.8%), ferrocene (Fluka, >98%), acetonitrile (Sigma-Aldrich,
99.8%), lithium tetrafluoroborate (LiBF,, Stella Chemifa),
sulfuric acid (Univar), silver nitrate (AgNO;, BDH, 99.9%),
tetra-n-butylammonium hexafluorophosphate ([NBu,][PF],
Sigma-Aldrich), and acetone (Merck, EMSURE) were used as
supplied by the manufacturer. [C,mim][NTf,], [C,mim]I, and
I, were stored and handled under a dry argon atmosphere in a
glovebox.

Electrochemical Systems and Procedures. All voltam-
metric experiments were carried out under benchtop conditions
at ambient temperature (24 + 1 °C) with a Gamry Reference
600 Potentiostat/Galvanostat/ZRA (Gamry Instruments,
USA). All solvents were degassed with N, prior to
experimentation, and a blanket of N, was maintained during
the course of the voltammetric experiments. A Faraday cage
was employed to minimize noise in all microelectrode
experiments. All voltammetric experiments in [C,mim][NTf,]
were carried out using a standard three-electrode arrangement
with a working electrode as described below, a Pt wire auxiliary
electrode and an I7/I;” reference electrode (Pt | 400 mM
[C,mim]I + 100 mM I, in [C,mim][NTf,]). It was assumed
that I” and I, immediately formed I~ (eq 2) upon mixing. All
voltammetric experiments in acetonitrile were carried out using
a standard three-electrode arrangement with a working
electrode as described below, a Pt wire auxiliary electrode
and an Ag/Ag" reference electrode (10 mM AgNO, + 0.1 M
[NBu,][PF] in acetonitrile). Viscosity was measured using the
falling ball method with an Anton Paar Automated Micro-
viscometer (AMVn). Density was measured with an Anton Paar
DMA 4500 M Density Meter.

The Pt macrodisk with a nominal diameter of 1.6 mm was
purchased from BASi (Bioanalytical Systems, USA). The Pt
macrodisk with a nominal diameter of 2.0 mm and the Pt
microdisk with a nominal diameter of 20 ym were purchased
from Metrohm (Switzerland). Macrodisk electrodes were
activated by polishing with successively smaller (1 and 0.3
um) aqueous alumina slurries (Kemet, UK.) on a clean
polishing cloth (Buehler, USA). Adherent alumina was
removed by sonication in deionized water (Milli-Q). Microdisk
electrodes were activated by polishing with an aqueous slurry of
0.05 ym alumina and rinsing thoroughly with deionized water.
Prior to experimentation, the relevant electrodes were
preconditioned in 0.1 M sulfuric acid by scanning between
the oxygen and hydrogen evolution reactions®” with subsequent
rinsing in deionized water and acetone. The active electrode
area (A) of each of the electrodes was calibrated voltammetri-
cally using the oxidation of a ferrocene solution of known
concentration (2.0 mM in acetonitrile containing 0.10 M
[NBu,][PF]) and adopting a diffusion coefficient of 2.4 X 107°
cm® 57!, as published under these conditions, along with
Randles—Sevcik equation for the peak current.'®

Data Treatment and Processing. The algorithm used to
calculate the convolved currents has been reported pre-
viously.>® The chronoamperometric (I—t) decay curves were
analyzed using the following equations, as proposed by Shoup
and Szabo,*” which sufficiently describe the current response at
a microdisk electrode over the entire time domain, with a
maximum error of less than 0.6%:

I = —4nFDCrf () )

22441

f(t) = 0.7854 + 0.886277"/>

+ 02146 exp(—0.782377"/%) (8)

where D is the diffusion coefficient, n is the stoichiometric
number of electrons, r, is the radius of the microdisk, C’ is the
bulk concentration of electroactive species, F is Faraday’s
constant, and the dimensionless time parameter, 7, is given by
_ 4Dt

=
o

(©)

Diffusion coefficients were extracted by fitting the experimental
data with the theoretical transients described by eqs 7 and 8
(C*, n and ry known) using the nonlinear curve fitting function
available in OriginPro 9.0 software (OriginLab, USA). The
chronoamperometric data was fitted between the limits of 0.2
to 1.5 s, and the sample time used in all experiments was 0.02 s.
Voltammetric simulations were undertaken using the DigiElch
software package (v. 7F, Elchsoft, Germany).

B RESULTS AND DISCUSSION

Voltammetric Oxidation of I~ in [C,mim][NTf,]. The
electro-oxidation of I" at a Pt macrodisk electrode was
investigated using a range of scan rates and concentrations;
representative cyclic voltammograms are shown in Figure 1. In
agreement with our previous work,'® there are two couples
corresponding to the I7/I;~ and I;7/I, processes (at
increasingly positive potentials) described by eqs 3 and 4,
respectively. The potential gap between the two processes
becomes larger with concentration as a result of the I7/I;~
process shifting negatively and the I;7/I, process shifting
toward more positive potentials. Very high concentrations of I~
were not investigated due to the complications caused by the
nucleation and growth of sparingly soluble I, on the electrode
surface.'®>

Figure 1 also contains simulations of the voltammetry; the
following termolecular charge transfer mechanism was found to
give good agreement with the experimental data:

IL+2 =1 +1 E° k, a (10)

(11)

where E°, k, @, K, and k; are the standard potential, standard
heterogeneous electron-transfer rate constant, chage transfer
coeflicient, equilibrium (stability) constant, and bimolecular
(forward) rate constant, respectively. A reaction mechanism of
this type has previously been considered by Macagno and
Giordano™ when investigating the voltammetry of the 17/,
couple at Pt in acetonitrile. Excellent fits between the
experimental and simulated voltammograms are achieved over
a range of scan rates and I” concentrations when using the
simulation parameters outlined in Table 1. In all simulations
uncompensated resistance (R,) and double layer capacitance
(Cq) were taken to be equal to 0 Q and 0 F, respectively. The
diffusion coefficients of 1,7, I", and I, were all measured
experimentally using convolution voltammetry, shown in
Figures 3b, 6b, and S1, respectively. Interestingly, the stability
constant of I,” in this media (K,, = 2.3 X 10°) is comparable to
that reported in acetonitrile (K, 107),'”*° which may
explain why analogous voltammetry is observed in these two
physicochemically disparate solvents.

It is important to note that the major apparent limitation of
this model is the unrealistically high value for the bimolecular

L+ =1; Koy ke

~
~
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Figure 1. Comparison of the simulated (O) and experimental (—)
cyclic voltammograms for the oxidation of [C,mim]I in [C,mim]-
[NT£,] at a 1.6 mm diameter Pt macrodisk electrode with (a) an I~
concentration of 25 mM and scan rates of (from top to bottom) 1000,
500, 250, and 100 mV s™! and (b) a scan rate of 250 mV s™' and I~
concentrations of (from top to bottom) 40 mM, 25 mM, 10 mM, and
4 mM. Simulation parameters are available in Table 1.

rate constant (k; = § X 10" M™ s7!), which is orders of
magnitude higher than the normal diffusion-controlled limit for
a bimolecular reaction in this viscous media (10® to 10° M™!
s™!). For this reason, the K.y and k; values given in Table 1
hereafter will be referred to as “apparent” constants. If a more
realistic value for k¢, is used in the simulation, k;,,, becomes
negligibly small and the equilibrium shown in eq 11 becomes
effectively irreversible on the time scale of the voltammetric
experiment; consequently, two “reversible” electron-transfer
processes are not observed, as demonstrated in Figure S2. If
Koqopp is decreased in order to increase ki, (at a fixed ke,
values, the potential gap between the I'/I;” and I,7/I,
processes decreases'” and eventually only a single voltammetric
process is observed, as demonstrated in Figure S3. In order to

22442

Table 1. Simulation Parameters Used in Figure 1 To Model
the Electro-Oxidation of I (from [C,mim]I) in
[C,mim][NTf,] at a 1.6 mm Diameter Pt Macrodisk
Electrode

Parameter Value

E° (V) 0.135

k, (em s7h) 1.8

a 0.35
Kegapp 23 x 10°
Keapp (M7 s71) 5% 10"
Dy (1077 cm? s7") 2.65

Dy; (X107 cm® s7") 43

Dy, (X107 cm? s7") 7.8

T (K) 2982

achieve the reversible voltammograms observed experimentally,
the reaction shown in eq 11 must be rapid enough to attain
equilibrium. This deficiency in the model is not specific to the
RTIL solvent employed, as a similarly unrealistic k;,y,, value was
required to simulate the electro-oxidation of I” in acetonitrile
using this model, as shown in Figure S4.

The unacceptably large k,,, value shown in Table 1 is likely
to be an artifact of the overly simple mechanism employed in
the simulations (eqs 10 and 11). Consequently, parameters
deduced on the basis of this modeling are unlikely to have any
“real” physical significance. The large k,,, value is required in
the simulations so that the reaction shown in eq 11 remains
close to equilibrium. If this condition is met, the reaction
scheme shown in egs 10 and 11 is identical to the scheme
described in eqs 12—14, since a combination of eqs 12 and 13
gives eq 10 and a combination of eqs 12 and 14 gives eq 11:

I'=1+4¢e (12)
I+ =1, +e (13)
L=21+1+e (14)

This latter reaction scheme does not require the use of any
physically unacceptable k¢,,, parameter and in this respect is
superior for simulating the voltammetric data. However, it
becomes increasingly difficult to obtain unique parameters from
the simulations when a large number of “unknowns” have to be
included in the model, and therefore, the “simplest” version of
the theory (eqs 10 and 11) has been employed in this paper. It
should be noted that adsorption has been omitted in both
schemes, despite the propensity of halides to chemisorb on
platinum* ™ and despite the inner sphere nature of the 17/
1,7/1, charge transfer processes.'"'¢

Despite the shortcomings, simulations based on the
“simplified” scheme shown in eqs 10 and 11 successfully
predict the dependence of the peak potentials on scan rate
(100—1000 mV s7') and I~ concentration (4—40 mM). Fits of
simulated and experimental data at I” concentrations of 4 mM,
10 mM, and 40 mM for both processes are shown in Figures
SS, S6, and S7, respectively and for the I"/I;~ process alone at
25 mM in Figure S8.

Voltammetric Response of I3~ in [C,mim][NTf,]. A
solution of I;~ was prepared in [C,mim][NTf,] by mixing an
equimolar amount of [C,mim]I with L; the cyclic voltammetric
response of such a mixture on platinum is shown in Figure 2.
As expected on the basis of the accepted mechanism (see eqs 3
and 4), starting from open circuit potential (OCP), I,~ gives
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Figure 2. Cyclic voltammograms obtained from 10 mM [C,mim]I +
10 mM L, ([I;7] = 10 mM) in [C,mim][NTf,] at a (a) 1.6 mm
diameter Pt macrodisk electrode and a (b) 20 pm diameter Pt
microdisk electrode with a scan rate of 50 mV s~ First (— —) and
second (—) cycles are shown.

rise to two voltammetric waves: one oxidative and one
reductive. The 2:1 reductive to oxidative current ratio of
these processes (proportional to 1) is evident from the cyclic
voltammogram obtained at a Pt microdisk electrode, shown in
Figure 2b. It is difficult to approach true steady-state conditions
in this viscous electrolyte, and as a result, the contribution from
both radial and planar diffusion is significant under the
investigated conditions.>® Only the reductive wave was
investigated at elevated I;~ concentrations because of the
complications associated with the nucleation and growth of
sparingly soluble I, on the electrode surface.'®

Cyclic voltammograms obtained from the reduction of 100
mM I;” at a Pt microdisk electrode with scan rates ranging
from 10 to 750 mV s™' are shown in Figure 3. As expected, the
waveshape becomes less sigmoidal (near steady-state) and
more peak-shaped (transient) at increasing scan rates. Also
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Figure 3. (a) Comparison of the simulated (O) and experimental (—)
cyclic voltammograms for 100 mM [C,mim]I + 100 mM I, ([I;7] =
100 mM) in [C,mim][NTf,] at a 20 pm diameter Pt microdisk
electrode with scan rates of 750, 250, 50, and 10 mV s™". (b) Linear-
sweep convolved current voltammograms obtained from the
experimental data (negative potential scan) shown in part a.
Simulation parameters are as provided in Table 1, except k, = 30
cm s~ and Dy = 2.85 X 1077 em? s7%,

shown in the figure are simulations performed using the
previously discussed termolecular mechanism; once again, there
is good agreement between the experimental and simulated
data, adding further confidence that the proposed model is valid
in at least the phenomenological sense. The parameters used in
the simulation were the same as those outlined in Table 1,
except Dy was adjusted to 2.85 X 1077 cm* s7', the value
obtained in the presence of 100 mM 1~ (vide infra). k, also was
increased to 30 cm s™', which can be justified on the basis that
the 17/1,7/I, processes are inner-sphere reactions,"® meaning
that the heterogeneous electron-transfer kinetics are sensitive to
the identity, purity, and surface-state (ie., cleanliness, micro-
structure, and surface chemistry) of the electrode material. **
Indeed, it was observed experimentally that the electron-
transfer kinetics of the I7/I;7/I, processes are strongly
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influenced by the electrode preparation protocol, being most
facile after polishing and electrochemical cleaning in aqueous
sulfuric acid (Figure $9), and by the history of the electrode,
with the kinetics becoming fastest in the first few voltammetric
cycles performed after electrode preparation (Figure S10).
Although the macrodisk electrode used in Figure 1 and the
microdisk electrode used in Figure 3 are both made from
platinum, their surface states may not be identical, as
differences could readily arise during preparation (compare
macrodisk vs microdisk protocols in the Experimental Section),
accounting for the disparity in k. Additional simulations are
included in the Supporting Information (see Figure S11) which
demonstrate how varying k, influences the shape of the
resulting voltammogram.

In order to quantify the diffusivity of I;~, the voltammograms
(I-E data) shown in Figure 3a were transformed using a
convolutive technique;*® the resulting convolved current
voltammograms (M—E data) are shown Figure 3b. Under
purely diffusion-controlled conditions, the convolved current
(M) reaches its maximum or limiting value, M;, which is
independent of the voltammetric scan rate:

M, = nAFCbx/ﬁ (15)

At a scan rate of 10 mV s™', the M—E curve resembles a steady-
state voltammogram, with a well-defined and flat M; plateau.
By substituting the appropriate values into eq 15, the diffusion
coefficient of I;” was determined to be 4.3 X 1077 cm* s™".
Interestingly, despite the larger size of I;~ compared to I, Dy;
in this media is £60% larger than Dy it is thought that this is
the case because I;~ possesses a more diffuse charge density
than I, resulting in weaker interactions with the high ionic
strength environment and therefore less hindered mass
transport. Also shown in Figure 3b with an I,” concentration
of 100 mM, the M, plateau of the convolved current
voltammograms begins to decrease in size and become
noticeably sloped at scan rates above 10 mV s, suggesting
that the I;~ reduction process is subject to kinetic-control. This
phenomenon can be explained by considering that the
heterogeneous electron-transfer step is preceded by a chemical
step; hence, I;~ reduction is described by a CE mechanism:

-1 41, (16)

(17)

As the time scale of the experiment is decreased (achieved
experimentally by increasing the voltammetric sweep rate), the
kinetics of the chemical prestep shown in eq 16 become
limiting and hence diffusion control can no longer be attained.
It is also worth noting that this trend is predicted in the
previously discussed model (mechanism shown in eqs 10 and
11); simulated convolved-current voltammograms obtained at
scan rates ranging from 1 mV s™' to 100 V s™! are shown in
Figure S12.

In addition to the experimental time scale (i.e., the scan rate,
v), the delicate balance between kinetic and diffusion control is
also dictated by the composition of the mixture (i.e., the total
concentration and ratio of I7/1,) and the electrode geometry, as
the enhanced mass transport to microdisk electrodes favors
kinetic control. Achieving near steady-state conditions in even
the most fluid RTILs imposes severe limitations on the
voltammetric scan rate (v < 5 mV s™') and electrode geometry
(ro £ S pm) that can be used, as demonstrated in previous
studies.'®>"** Convolution voltammetry on the other hand has

I, + 2 — 21"
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no such limitations, allowing the experimental time scale and
mass-transport rate to the electrode to be easily controlled by
changing v and ry, respectively. In order to quantify the true
diffusion coefficient of 137, it is clear that diffusion control must
be attained, and this can only be assured by performing a series
of experiments over a range of scan rates. In light of this
difficulty, we will not attempt to quantify Dy; over a range of

experimental conditions, but investigate how D~ changes with
solution composition in order to probe the enhanced mass-
transport phenomenon reported in the literature (addressed
below).

Voltammetry of Mixtures of I~ and |5~ in [C;mim]-
[NTf,]. Mixtures containing an excess of I over I, were
prepared in [C,mim][NTf,]; I and I;” are assumed to be the
two predominant species in solution. Cyclic voltammograms
obtained from a 1:1 mixture of I" and I;~ at a Pt macrodisk
electrode are shown in Figure 4. Starting from the OCP, and
initially sweeping toward negative potentials (Figure 4a) results
in the reduction of I;” to I~, a CE mechanism (see eqs 13 and
14). Sweeping positively (Figure 4b) toward approximately
+0.3 Vvs I/I;” (ie., between the two oxidative peaks) results
in the oxidation of I” to I;7, via an EC mechanism:

207 = I, + 2¢” (18)

(19)

Sweeping toward more positive potentials past +0.3 V vs I"/I;~
results in the oxidation of I;~ to I,, via another CE mechanism:

L+1T -1

-1 +1, (20)

(€29)

where I3~ originates from both the bulk solution and the
precursor I~ oxidation step (electrogenerated I;”). As shown in
the second cycle of potential (Figure 4), two sets of peaks are
observed overall, and the total current is proportional to [I;”] +
1/3[17], in accordance with the electron stoichiometry of these
two species.

Again, only the I"/I;” process was able to be studied at
elevated concentrations, due to complications with the
nucleation and growth of sparingly soluble I, on the electrode
surface. Cyclic voltammograms demonstrating the reduction of
~20 mM I;” in the presence of variable concentrations of I" at
a Pt microdisk electrode are shown in Figure 5. Increasing the
concentration of I" shifts the I;”/I” reduction process toward
more negative potentials, as previously observed for the
oxidation of I (Figure 1b). This result is predicted from the
model (given in eqs 10 and 11) and arises because increasing
[I7] at a fixed [1,] (or vice versa) shifts the equilibrium reaction
shown in eq 11 to the right (i.e., toward I;~ formation), making
it more difficult to reduce I;7, and thus the reductive process
undergoes a shift toward more negative potentials.

Mass Transport of I~ in [C,mim][NTf,]. In a previous
study,’® we reported that, in the absence of 1,”, the diffusivity of
I” is constant up to a bulk concentration of at least 500 mM in
[C,mim][NTf,]; using a steady-state technique, with a scan
rate of S mV s~ at a 2 ym diameter Pt microdisk electrode, the
diffusivity of I” was found to be 2.59 (£0.04) X 1077 cm* s™".

I" - 1/2, + ¢

cm” s
That study is expanded upon here with near steady-state
voltammograms obtained from the electro-oxidation of I” on a
Pt microdisk electrode at a range of scan rates shown in Figure
6a. As expected, at increasingly positive potentials, there are
two near-sigmoidal shaped waves exhibiting a 2:1 current ratio,
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Figure 4. Cyclic voltammograms obtained from 22 mM [C,mim]I +
11 mM1I, (ie, [I7] = 11 mM and [I;”] = 11 mM) in [C,mim][NTf,]
at a 1.6 mm diameter Pt macrodisk electrode with a scan rate of 50 mV
s The sweep direction was initially toward (a) negative and (b)
positive potentials starting from the open circuit potential. First (— —)
and second (—) cycles are shown.

corresponding to the I"/I;™ and I;7/I, processes described by
eqs 3 and 4, respectively. Also depicted are results of
simulations obtained using the mechanism given in eqs 10
and 11 and the simulation parameters summarized in Table 1,
with k; adjusted as per the previous discussion. Once again,
there is excellent agreement between the experimental and
simulated data. M—E curves obtained by convolutive trans-
formation of the I—E data are shown in Figure 6b; the M
plateaux of these curves are independent of scan rate, indicating
that the process is diffusion-controlled. The diffusion coefficient
of I” is readily calculable from the I"/I;™ (n=2/3) or the I;7/1,
plateau (n = 1). In either case, D~ was determined to be 2.62 X
1077 cm” 57! by substituting the appropriate values into eq 15,
in excellent agreement with our previous study.'® Unlike I3~
oxidation or reduction (both CE processes), the I oxidation
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Figure 5. Concentration-normalized cyclic voltammograms obtained
at a 20 um diameter Pt microdisk electrode with a scan rate of 250 mV
s™! from the reduction of ~20 mM ;" in the presence of (from right
to left) 0, 80, 230, and 480 mM [C,mim]I in [C,mim][NT%].

process is not preceded by a chemical step and therefore is not
subject to kinetic limitations. Accordingly, I” is the ideal species
to investigate the Grotthuss-like extension of diffusion in this
system.

A series of solutions containing 10—500 mM I7/I;” with
[I"]:[1;7] ratios ranging from S:1 to 1:2 were prepared and
characterized voltammetrically (see Figures 4 and S as
examples). The diffusivity of I” in each of the mixtures was
quantified using a chronoamperometric technique: the
potential was stepped from the OCP to a value %120 mV
positive of the I”/I;~ oxidation peak (n = 2/3) and the resulting
diffusion-controlled I—t curve was fitted using the Shoup—
Szabo approximation (eqs 7—9).* Chronoamperograms
obtained from 1:1 [I7]:[I;”] mixtures in [C,mim][NTf,] at a
Pt microdisk electrode are shown in Figure 7a. As can be seen
in the figure, the Shoup—Szabo fits are excellent at all of the
investigated concentrations (R* > 0.999). The diffusivity of I~
increased with the total concentration (ie, [I7] + [L;7]),
evident from the trend in the concentration-normalized
chronoamperograms shown in Figure 7b. The enhancement
in the concentration-normalized current with total concen-
tration was not observed in the simulated data (Figure S13),
meaning it is not inherent to the iodide oxidation mechanism
and therefore results from a genuine increase in the diffusivity
of I". Although a similar enhancement in the I~ reduction
current was observed experimentally (shown in Figure $14), no
attempt was made to quantify the increase in Dy, due to the
previously discussed difficulties in ensuring diffusion-controlled
conditions.

Shown in Figure 8a is a plot of D;- vs [I”]. In all instances,
except when I;” is absent from the bulk solution (i.e., the 1:0
ratio), Dy~ was found to increase with concentration. All curves
are approximately linear and intercept the D-axis at 2.6 X 1077
cm? 57!, the diffusion coefficient of I” in the absence of I, ™. The
slopes of the Dy~ vs [I7] plots depend on the ratio of [I7]:[I;7],
with greater enhancements occurring at high concentrations
when [I7] and [I;7] are comparable, in qualitative agreement
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Figure 6. (a) Comparison of simulated (O) and experimental (—)
cyclic voltammograms obtained from 40 mM [C,mim]I in [C,mim]-
[NT£,] at a 20 gm diameter Pt microdisk electrode with scan rates of
(from top to bottom) 250, 100, 50, and 25 mV s™". (b) Linear-sweep
convolved current voltammograms obtained from the experimental
data (positive potential scan) shown in part a. Simulation parameters

are the same as in Table 1, except k, = 8 cm s™".

with the studies by Kawano and Watanabe.*""** Intriguingly,

when Dy is plotted against [I;7], all curves possess a similar
gradient and intercept (shown in Figure 8b); these results
indicate that the diffusion coeflicient of I7 is directly
proportional to the concentration of I;~ present, regardless of
the ratio. The largest value for Dy, 3.92 X 1077 cm? s7}, derived
from a mixture containing 250 mM I” and &500 mM 157, is
significantly larger than that obtained in the absence of I;7, 2.62
X 1077 cm® 57! (see Figure 8a), corresponding to a ~50%
enhancement in diffusivity. The enhancement in diffusivity is
not attributable to a decrease in the viscosity, demonstrated by
the fact that the 250 mM I” and ~500 mM I;~ mixture
discussed above possesses a viscosity of (35.0 mPa-s)
comparable to that of the neat RTIL (31.6 mPas) at 25 °C.
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Figure 7. (a) Experimental (—) and Shoup—Szabo theoretical
chronoamperograms (O) and (b) concentration-normalized chro-
noamperograms obtained from the diffusion-controlled oxidation of I”
to I, as per eq 3 (n = 2/3), in a 1:1 mixture of I” and Iy~ in
[C,mim][NTf,] at a 20 ym diameter Pt microdisk electrode. The bulk
concentrations of I~ and I~ are (from top to bottom) 500, 375, 250,
100, and 10 mM.

The accelerated mass transport is therefore non-Stokesian (i.e.,
does not obey the Stokes—Einstein equation) in origin and is
attributable to electron-hopping and/or Grotthuss-type ex-
change between I” and 1,7, facilitated by the high ionic strength
environment of RTILs.>"*>*773°

Deviation from the Stokes—Einstein equation was first
reported by Grotthuss™ to explain the high mobility of protons
in water and is thought to be facilitated by a bimolecular
exchange reaction of the type:

AX 4+ A* & A + A*X (22)

where X is an atom, radical, ion, molecule, or electron that can
be exchanged between A/A* and the asterisks serve only to
distinguish between the two molecules.*® In the above reaction
scheme, AX (ie, I;7) and A* (ie, I7) are transported

dx.doi.org/10.1021/jp506990e | J. Phys. Chem. C 2014, 118, 2243922449

157



Chapter 4: Results and Discussion

The Journal of Physical Chemistry C

@ 45
o
E
o
2
x
Q
[F1:057]
1 1:1
5] 10 x
421 o1:2
%51
1.5 r ;
0 0.2 0.4 0.6
c(-Im)
(b) 45
4 N
o
» s
~ 1
E 35
[E] =]
I A
- 3 a
2 e
* w0
Q .5 *
[F1:0057]
2 - 11 221
o1:2 x51
1.5 T T
0 0.2 0.4 0.6
C(l /M)

Figure 8. Plots of the diffusion coefficient of I” calculated by fitting of
chronoamperometric transients with the Shoup—Szabo equation vs (a)
the bulk concentration of I and (b) the bulk concentration of I;.
Trend lines are included in part a to guide the reader’s eye.

(displaced) a well-defined distance, governed by the physical
size of A and AX, and because the exchange process is favored
in the direction of any existing chemical potential gradients, this
additional transport mechanism is additive with physical mass-
transport processes, enhancing the flux of the species
involved.* Enhanced mass-transfer via an electron hopping
or bond-exchange mechanism is predicted to occur in media
containing both the reduced and oxidized forms of an
electroactive species (i.e, Fe*"/Fe** or I7/1;7), as described
in the original work by Dahms*” and Ruff et al.***$

If the reaction shown in eq 11 is not limiting so the process is
at equilibrium on the voltammetric time scale, the relationship
in eq 23 is expected to hold (as per the Dahms—Ruff equation;
see eq 6):17

Dp- & k(1] + [15]) (23)
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On this basis, it is expected that the diffusivity of iodide is
proportional to the sum of the concentrations of the redox
species participating in the exchange reaction (see eq 5): I” and
1;”. One consequence of this relationship is that the exchange
reaction mediated enhancement in diffusion would be possible
in a system which only contains a single component dissolved
in the bulk solution (i.e, I” in the absence of I;~ or vice versa),
where the other component is electrogenerated during the
voltammetric perturbation, leading to a concentration depend-
ent diffusion coefficient (i.e. D o< [I7]). On the other hand, if
the reaction in eq 11 is limiting, a pseudo-first-order condition
may be assumed to give the following relationship:***%*”

D~ o kg [15] (24)

In other words, the diffusivity of iodide is proportional to
only the concentration of the other redox species participating
in the exchange reaction, I;~, and no enhancement is possible
when only a single component is present prior to the
voltammetric perturbation, as observed experimentally.
Although it has been established that the equilibrium reaction
shown in eq 11 is rapid, at all potentials apart from those in the
vicinity of E°/, the concentration of one of I" or I, will be
orders-of-magnitude higher than that of the other (i.e., during
I™ oxidation, [I" Jiupce & 0 M, 50 [Lo]surfice 3> [I7Juruce)s Which
limits the rate of I;~ formation, despite the large value of k. As a
result, any I;” generated at the electrode surface during I™
oxidation in a single component system (i.e., only I” present) is
insufficient to facilitate the exchange reaction to any appreciable
extent (therefore, D;- is independent of [I7]y,;) and in a dual
component system (i.e., both I” and I;™ present) is insignificant
compared to the concentration present in bulk solution
(therefore, D~ is only dependent upon [I;™ Jy,)- An equivalent
situation is expected for the diffusivity of I,” (ie, Dy
[I"Jpuw), although, in this case it is difficult to confirm this
experimentally for the previously discussed reasons.

If a pseudo-first-order condition is assumed (previously
addressed), from the Dahms—Ruff equation'*'* (shown in eq
6), a plot of D~ vs [I;7] is predicted to be linear:

k8"

Di- = Dy + e"T[Is] (25)
The physical diffusion coefficient of iodide (Dphys) can therefore
be determined from the D-intercept (see above) and the
bimolecular exchange rate constant, k., can be estimated from
the slope if the center-to-center intersite distance at the time of
the exchange reaction, d, is known. From the mean slope of the
curves shown in Figure 8b, 2.5 X 1077 cm® s' M™', and
assuming § = 9.3 X 107 em,*® k,, is estimated to be ~2 x 10°
M s7h. If we assume that the diffusion-controlled rate
constant for the exchange reaction between I" and Iy~ is
described by the steady-state Smoluchowski equation,® k,

ex lim
can be calculated using the following expression:>

4n(Dr- + Dy-)oN,
1000

exlim — (26)
where N, is the Avogadro constant. Substituting the following
into eq 26, Dy = 2.6 X 1077 em? 574, Dp; =43 % 1077 em? 574,
and 6 = 9.3 X 1078 cm, Ky jim is estimated to be &5 X 108 M™!
s7!, the same order of magnitude as the value of k,, estimated
from the experimental data, suggesting the at the exchange
reaction between I” and 1™ is diffusion controlled.
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When the I" /1~ couple is employed as the redox shuttle in a
DSSC electrolyte, I” is always present in a large excess, because
I;” is (a) corrosive; (b) a strong chromophore and; (c) an
electron acceptor (recombination with electrons in the TiO,
photoanode decreases efficiency). Under these circumstances, it
follows that I~ is the diffusion limiting species in an operational
DSSC and, therefore, the value of Dy is of the utmost

importance in any electrolyte formulation. Unfortunately, Dy;

has not been quantified due to the difficulties highlighted
above. However, it is likely that I,” undergoes a similar
diffusivity enhancement in the presence of excess I” due to the
nature of the exchange reaction shown in eq 5. Thus, one might
expect that maximizing the concentration of I” in an RTIL
electrolyte would translate to the largest Dy value (and thus the

best DSSC performance). In reality it is not this simple, as
increasing the concentration of I” also increases the viscosity of
the electrolyte, thereby hindering physical mass transport.
Varying the ratio between the redox active (i.e,, [C,mim]I) and
redox inactive (i.e, [C,mim][NTf,]) components of a RTIL
mixture to maximize the contributions from both exchange-
reaction-based mass transport and physical mass transport is
therefore a key factor in achieving optimum electrolyte
performance in a DSSC.

Bl CONCLUSIONS

The voltammetric behavior of the iodide/triiodide couple has
been investigated in detail in the room temperature ionic liquid
1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)-
imide. As observed in the molecular solvent acetonitrile, two
processes with a relative electron stoichiometry of 2:1 are
observed at a platinum electrode, which are assigned to the I"/
I;” and I,7/I, processes at lower and higher potentials,
respectively. The electro-oxidation of iodide on a platinum
macro- and microdisk electrode was simulated, and the
apparent stability constant of triiodide in this ionic liquid
medium, estimated from experiment—simulation comparisons,
was found to be comparable to that previously reported in
acetonitrile. The electroreduction of triiodide to iodide, a CE
mechanism, was successfully modeled using the proposed
mechanism and was found to be kinetically controlled at typical
voltammetric time scales, thereby making it difficult to quantify
the diffusivity of triiodide in this ionic liquid medium. The
electro-oxidation of iodide to triiodide, an EC mechanism, was
found to be diffusion controlled at sufficiently positive
potentials, and the diffusivity of iodide was quantified in the
presence of variable mole ratios of triiodide over a large
concentration range using a chronoamperometric technique.
The diffusivity of iodide was found to be directly proportional
to the concentration of triiodide present, showing up to a
~50% enhancement under the conditions investigated. This
(non-Stokesian) enhancement in mass transport was attributed
to electron-hopping and/or a Grotthuss-type exchange reaction
between iodide and triiodide.

Bl ASSOCIATED CONTENT

© Supporting Information

Near steady-state voltammogram of iodine (Figure S1),
simulated cyclic voltammograms demonstrating the influence
of k; (Figure S2) and K., (Figure S3), simulation—experiment
comparison for the electro-oxidation of iodide in acetonitrile
(Figure S4 and Table S1), additional simulation—experiment
comparisons at iodide concentrations ranging from 4 to 40 mM
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in [C,mim][NTf,] (Figures S5—S8), cyclic voltammograms
highlighting the importance of the electrode preparation
protocol (Figures S9 and S11), simulated convolved current
voltammograms carried out for the electroreduction of triiodide
at scan rates ranging from 1 mV s s™' to 100 V s~ (Figure
S12), simulated chronoamperograms carried out for the
diffusion controlled oxidation of iodide in the presence of 5—
500 mM triiodide (Figure S13), and experimental chronoam-
perograms obtained from the reduction of triiodide (Figure
S$14). This material is available free of charge via the Internet at
http://pubs.acs.org.
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Figure S1. Cyclic (a) and linear sweep convolved current (b) voltammogram obtained from 7.3

mM [, in [Co,mim][NTf,] at a 20 um dia. Pt microdisk electrode with a scan rate of 50 mV s
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Figure S2. Cyclic voltammograms simulated on the basis of the mechanism given in Egs. 10 and
11, used to mimic the oxidation of 25 mM [Comim]l in [C,mim][NTf;] at a 1.6 mm dia. Pt
macrodisk electrode with a scan rate of 250 mV s '. Simulation parameters are as in Table 1,

except ke M s is 5 x 10° (red trace), 1 x 10'? (blue trace) or 5 x 10" (green trace).
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Figure S3. Cyclic voltammograms simulated on the basis of the mechanism given in Eqs. 10 and
11, used to mimic the oxidation of 25 mM [Comim]l in [Comim][NTf;] at a 1.6 mm dia. Pt
macrodisk electrode with a scan rate of 250 mV s™'. Simulation parameters are as in Table 1,

except Keq is 2.3 X 10 (red trace), 2.3 % 10* (blue trace) or 2.3 x 10° (green trace).
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Figure S4. Comparison of experimental (—) and simulated (©) cyclic voltammograms obtained
from the oxidation of 4 mM [C,mim]l in acetonitrile (0.2 M LiBF,) at a 2.0 mm dia. Pt
macrodisk electrode with scan rates of (from top to bottom) 1000, 500 and 250 mV s'. The

simulation parameters are given in Table S1.
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Table S1. Simulation parameters used in Figure S4 to model the electro-oxidation of 4 mM

[Comim]l in acetonitrile (0.2 M LiBFy) at a 2.0 mm dia. Pt macrodisk electrode.

Parameter Value
E°(V) -0.04
ks(cms™1) 10
a 0.32
KegqappM™) 1% 10
kf,app (M_ls_l) 1016
Di- (x 107 em*s™) 1.8
Dy; (x 107 em*s™) 23
Dy, (% 107 em®s™) 2.5
Cal (F) 0
R, (Q) 200
(K 298.2
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Figure S5. Comparison of the simulated (0) and experimental (—) cyclic voltammograms for
the oxidation of 4 mM [Comim]I in [Comim][NTf;] at a 1.6 mm dia. Pt macrodisk electrode with

scan rates of (from top to bottom) 500, 250 and 100 mV s '. Simulation parameters are as given

in Table 1.
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Figure S6. Comparison of the simulated (0) and experimental (—) cyclic voltammograms for
the oxidation of 10 mM [Comim]I in [Comim][NTf,] at a 1.6 mm dia. Pt macrodisk electrode
with scan rates of (from top to bottom) 1000, 500, 250 and 100 mV s '. Simulation parameters

are as given in Table 1.

S8

168



Chapter 4: Results and Discussion

100

80

60

I(pA)

R
o
1

A
o
1

>
!
1

05  -0.25 0 0.25 0.5 0.75 1
E (V) vs. Fl;-

Figure S7. Comparison of the simulated (o) and experimental (—) cyclic voltammograms for
the oxidation of 40 mM [Comim]I in [Comim][NTf,] at a 1.6 mm dia. Pt macrodisk electrode
with scan rates of (from top to bottom) 1000, 500, 250 and 100 mV s '. Simulation parameters

are as given in Table 1.
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Figure S8. Comparison of the simulated (0) and experimental (—) cyclic voltammograms for
the oxidation of 25 mM [Comim]l in [Comim][NTf;] (I /I3 process only) at a 1.6 mm dia. Pt
macrodisk electrode with scan rates of (from top to bottom) 1000, 500, 250 and 100 mV s .

Simulation parameters are as given in Table 1.
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Figure S9. Cyclic voltammograms obtained from the oxidation of 10 mM [Comim]l in
[Comim][NTf;] at a 1.6 mm dia. Pt macrodisk electrode with a scan rate of 250 mV s, Prior to
the relevant sweep, the working electrode was either not activated (red trace), activated by
polishing (blue trace), or activated by polishing and electrochemically cleaning in aqueous
sulphuric acid (green trace). The polishing and electrochemical cleaning protocols are described

in the Experimental Section.
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Figure S10. Cyclic voltammograms obtained from the oxidation of 40 mM [Comim]l in
[Comim][NTf;] at a 20 um dia. Pt microdisk electrode with a scan rate of 50 mV s'. The
voltammograms represent the first (red trace), second (blue trace) and third (green trace) sweeps

taken immediately after the electrode was activated by polishing and electrochemically cleaned

as detailed in the Experimental Section.
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Figure S11. Cyclic voltammograms simulated on the basis of the mechanism given in Egs. 10
and 11, used to mimic the oxidation of 40 mM [Comim]I in [C,mim][NTf;] at a 20 pm dia. Pt
microdisk electrode with a scan rate of 100 mV s'. Simulation parameters are as in Table 1,

except ks (cm/s) is 1.8 (green trace), 8 (red trace) or 30 (blue trace).
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Figure S12. Simulated linear sweep convolved current voltammograms obtained using the
mechanism given in Eqs. 10 and 11, in order to mimic the reduction of 100 mM [Comim]I + 100
mM I, ((I37] = 100 mM) in [Comim][NTf] at a 20 um dia. Pt microdisk electrode with scan rates
of (from top to bottom) 100000, 10000, 1000, 100, 10 and 1 mV s™'. Simulation parameters are

as given in Table 1, except ks =30 cm s~ and Dj-=2.85x 10 cm® s .
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Figure S13. (a) Simulated and (b) concentration-normalized simulated chronoamperograms

obtained using the mechanism given in Egs. 10 and 11, in order to mimic the diffusion controlled

oxidation of I to I3 as per Eq. 3 (n = 2/3), in a 1:1 mixture of [ and I5 in [C,mim][NTf;] at a

1.6 mm dia. Pt macrodisk electrode. The bulk concentrations of I and I; are (from top to

bottom) 500, 250, 100, 25 and 5 mM. Simulation parameters are as given in Table 1.
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Figure S14. Concentration-normalized chronoamperograms obtained from the reduction of Iy to
I as per Eq. 3 (n = 2), in a 1:2 mixture of I and I3 in [Comim][NTf;] at a 20 um dia. Pt

microdisk electrode. The bulk concentration of I5 is 10 (top) and 250 mM (bottom).
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5. Proton Transport, Hydrogen Evolution and

Equilibrium Acidity (pKa) in lonic Liquid Media

The second redox system studied in detail was the H*/H2 couple, which plays a
pivotal role in a number of technologically important reactions, including water splitting and
PEMFC operation. In addition, proton transfer is an important step in a myriad of
(electro)chemical reactions, including photosynthesis and electrochemical CO> reduction.
Initially, hydrogen evolution and proton transport in bis(trifluoromethanesulfonyl)imide
ionic liquids was investigated, with the conjugate acid of this anion (i.e., H[NTf.]) as the

proton source. Further detail can be found in the following publication:

Bentley, C. L.; Bond, A. M.; Hollenkamp, A. F.; Mahon, P. J.; Zhang, J., J. Phys. Chem. C

2014, 118, 22439-22449.

After characterising the H[NTf2]/H. process, proton reduction from a range of weak acids
(i.e., the HA/H, or BH'/H, process) was investigated in 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide. During this study, a straightforward voltammetric
method for estimating the pKa of weak acids was devised, and an equilibrium acidity scale
featuring 20 acids (i.e., protonated amines, sulfonamides, phenols, carboxylic acids or
sulfonic acids) spanning 18 orders of magnitude in acid strength (2.0 < pKa < 19.5) was
established in this media. At the time of writing this thesis, two manuscripts were being
prepared from this work, titled: “Electrochemical Proton Reduction and Equilibrium Acidity
(pKa) in Aprotic lonic Liquids: Protonated Amines and Sulfonamide Acids” and
“Electrochemical Proton Reduction and Equilibrium Acidity (pKa) in Aprotic lonic Liquids:
Phenols, Carboxylic Acids and Sulfonic Acids”. These manuscripts have been included in
this chapter and will be submitted as research articles to a reputable journal in the period

following thesis submission.
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ABSTRACT: The hydrogen evolution reaction at a platinum electrode and proton Hite =W ET. ks,
transport using bis(trifluoromethanesulfonyl)imide (H[NTf,]) as the proton source has H' +H +e” =H; | Bk,
been investigated in six aprotic [NTf,]™ ionic liquids (ILs), a protic [NTf,]™ IL, propylene ' = EZ.ksy < ksz anday = a; = 0.5
carbonate, and water. Proton reduction to form hydrogen in ILs is highly sensitive to the
surface state of the platinum electrode, requiring oxidative preconditioning at ~2 V versus
Fc/Fc* (Fc = ferrocene) to “activate” the electrode and achieve reproducible voltammetry.
The hydrogen evolution reaction at a preconditioned electrode in ILs has been simulated
by combining the classical Volmer, H + e~ = H* (E?,ksyl,al), and Heyrovsky reactions, S/ 0000000 2000
H + H*+e” = H, (Eobks‘z,az), where E°, k, and « are the standard potential, standard cggpppnnaenoes®
heterogeneous electron-transfer rate constant, and charge transfer coefficient, respectively. e
The Volmer reaction is the rate-determining step on platinum in IL media and the formal
potential of the H'/H, process is insensitive to the identity of the IL cation, lying at
approximately —30 mV with respect to the Fc/Fc* process. Proton transport in the ILs
investigated obeys the Stokes—Einstein equation. Furthermore, the proton diffusion
coefficient (measured electrochemically) is essentially identical to the self-diffusion coefficient of [NTf,]~ (measured with pulsed
field gradient spin—echo NMR), indicating that the protons are transported as undissociated H[NTf,]. The Stokes radius of
H[NTH,] is estimated to be 3.24 A from the slope of a Stokes—Einstein plot, in agreement with the literature. Proton transport in
propylene carbonate follows the same Stokesian relationship, implying that H[NTT,] also is not dissociated in this molecular
solvent. Finally, proton transport in water follows the well-established Grotthuss mechanism, as expected. Although we have
shown that there is no Grotthuss-like proton conduction mechanism operating in the investigated ILs, this work lays the
foundation for further studies on proton reduction, activity, and transport in this class of solvent. Ultimately, the goal is to
develop an IL formulation which facilitates facile anhydrous proton conduction over a wide temperature range.

(—) Experimental
(=) Simulation

Hydrogen
UPD

Bl INTRODUCTION barriers and therefore requires a suitable electrode (electro-
catalyst) to proceed at an economically viable rate. Indeed, it
has been well-established that different metals display vastly
different catalytic activities toward proton reduction/hydrogen
oxidation, with exchange current densities ranging from
approximately 10 A m™> on Pb, a “poor” electrocatalyst, to
10 A m~2 on Pt, a “good” electrocatalyst."® In acidic aqueous
media, the HER is postulated to proceed via a combination of

the following three elementary reactions:”>"?

Proton (H") transfer is involved with some of the most
important and common reactions in biology and chemistry."”
For example, proton transfer and conduction play an important
role in a range of “green” energy conversion technologies,
including electrochemical CO, fixation,” methanol oxidation,*
and water (photo)electrolysis.” The proton reduction reaction
(or hydrogen evolution reaction, HER) is of wide technological
importance and has therefore been studied extensively at many
electrode surfaces in a range of media,"™® predominantly

- H'+e - H
aqueous:9 1 ads 2)
2H' +2¢” = H, (1) 2H 4 — H, (3)
This H/H, couple (eq 1) 'also formﬁ the basis of the H, +H' +e¢ — H, @
fundamental reference potential scale in aqueous electro-
chemistry, the normal (NHE) or standard (SHE) hydrogen
electrode.'? Received: October 27, 2014
Although eq 1 is conceptually simple, involving the transfer Revised: ~ November 13, 2014
of one electron per proton, it is subject to significant kinetic Published: November 14, 2014
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where H,y is a chemisorbed hydrogen atom and eqs 2—4 are
known as the Volmer (or discharge), Tafel (or combination),
and Heyrovsky (or ion + atom) reactions, respectively. Thus,
the formation of H, on the electrode surface (eq 2) by
electron transfer (reduction) is followed either by surface
migration and dimerization of H,g, (eq 3) to form H, or the
direct formation of H, from H,4 upon electron transfer to H"
in solution (eq 4). The preferred reaction pathway depends on
the identity of the metallic electrode and is thought to be
governed by whether eq 2 is sluggish or facile relative to H,4,
migration across the electrode surface.”

Proton conduction and hydrogen evolution plays an
important role in the efficient operation of proton-exchange
membrane fuel cells (PEMFCs).'* These intensively studied
cells possess favorable properties that include high power
density and high efficiency. In essence, a PEMFC consists of
two electrodes, one where H, oxidation to H* occurs, and one
where O, reduction to H,O occurs, separated by a proton-
exchange membrane (PEM). Traditionally, the PEM is
composed of a hydrated polyelectrolyte (the archetype being
a perfluorosulfonic acid such as Nafion), which is a
mechanically stable proton conductor only in the presence of
water, limiting operation to temperatures below 100 °C
(typically <80 °C)."® Increasing the operating temperature of
PEMFCs above 100 °C would be beneficial, as the elevated
temperatures would reduce activation overpotentials (ie.,
improved heterogeneous kinetics), improve gas diffusion, and
increase the tolerance of Pt catalysts to CO poisoning, allowing
the use of less-pure H, feed stocks. As a result, there is ongoing
interest in replacing traditional PEMs with proton conducting
materials which are able to operate at temperatures in excess of
100 °C.1617

Air/water stable nonhaloaluminate ionic liquids (ILs) have
been identified as potential ‘anhydrous proton conductors’,
which could be employed at temperatures well above 100
°C.!*'7 Ls are made up entirely of ions, meaning they are
intrinsic ionic conductors and have therefore been employed
extensively in the field of electrochemistry as electrolytes.” The
strong cohesive forces operating in an IL means they often
possess negligible vapor pressures but also, unfortunately, high
viscosities, often in the range of 20 to 1000 mPa s.'8 ILs are
commonly aprotic, meaning they contain no dissociable
protons in their structures; these compounds are referred to
herein as aprotic ionic liquids (AILs). A subset of ILs, known
generally as protic ionic liquids (PILs), formed through the
transfer of a proton from a Bronsted acid to a Bronsted base,
are particularly promising candidates as ‘anhydrous proton
conductors’.'>** Although IL formulations which exhibit fast
proton transport and facile hydrogen oxidation/oxygen
reduction kinetics have been reported,”’ only a few su%)orting
mechanistic studies on the H*/H, electrode reaction®*%?? and
proton conduction®*** have appeared. It is thought that
through the selection of suitable IL formulations, proton
conduction via a Grotthuss-type mechanism may be possible,
which would serve to offset the limited physical mass transport
in these electrolytes, imposed by their intrinsically high
viscosity.' ¥ Although PEMFCs have been the focus of
much of the discussion thus far, there are applications in areas
such as synthetic chemistry (i.e, hydrogenation/dehydrogen-
ation), separations chemistry, and electrochemistry (i.e.,
electrochemical hydrogenation and gas sensors) which also
would benefit from high temperature, anhydrous proton
conduction.
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In this study, we have investigated the proton reduction
reaction using protons from Dbis(trifluoromethanesulfonyl)-
imide, H[NT%,], in a range of AILs which possess the common
[NTf£,] anion using cyclic voltammetry at a platinum electrode
with computational simulations. Proton transport has been
quantified electrochemically using chronoamperometry and
convolution voltammetry, and correlated with the self-diffusion
coefficient of [NTf,]”, measured using pulsed field gradient
spin—echo NMR. Parallel investigations have been carried out
in triethylammonium Dbis(trifluoromethanesulfonyl)imide (a
PIL), propylene carbonate (an aprotic molecular solvent),
and water (a protic solvent) to highlight the similarities and
differences between these different classes of solvent.

B EXPERIMENTAL SECTION

Reagents. 1-Ethyl-3-methylimidazolium bis-
(trifluoromethanesulfonyl)imide ([C,mim][NT%,], Io-li-tec),
triethylsulfonium  bis(trifluoromethanesulfonyl)imide ([S,,,]-
[NTf,], Solvent Innovation), 1-methyl-1-butylpyrrolidinium
bis(trifluoromethanesulfonyl)imide ([C,mpyr][NTf,], Merck),
1-butyl-2,3-dimethylimidazolium bis-
(trifluoromethanesulfonyl)imide ([C,dmim][NTf,], Solvent
Innovation), and dimethylethylpropylammonium bis-
(trifluoromethanesulfonyl)imide ([N, ,,;][NTf,], Merck)
were commercial samples. Tributylmethylammonium bis-
(trifluvoromethanesulfonyl)imide ([N}, ,4][NTf,]) was pre-
pared by a metathesis reaction between lithium bis-
(trifluoromethanesulfonyl)imide (Li{NTf,], 3 M Fluorad) and
tributylmethylammonium methylsulfate ([N, 4,,][CH;080s],
Sigma-Aldrich) in deionized water (Millipore Milli-Q Plus
185). Following preparation, [N ,4,][NTf,] was taken up in
dichloromethane (Merck, EMSURE) and rinsed repeatedly
with water to extract residual Li{CH;0S0O;]. Triethylammo-
nium  bis(trifluoromethanesulfonyl)imide ([Ny,,,][NTf,])
was prepared by a metathesis reaction between Li[NTf,] and
triethylammonium chloride ([Ny;,,,]Cl, Sigma-Aldrich, re-
crystallized from ethanol) in deionized water. Following
preparation, [Ny,,,][NTf,] was taken up in dichloromethane
(Merck, EMSURE) and rinsed repeatedly with water to extract
residual LiCl until the aqueous phase passed the AgNO; test.
Before use, each of the ILs was dried under high vacuum
(107" mbar) at 45 °C for 48 h. The residual water content
was less than 100 ppm by Karl Fischer titration (Metrohm 831
KF Coulometer).

Bis(trifluoromethanesulfonyl)imide (H[NTf,], Sigma-Al-
drich, 95%) was purified by sublimation under high vacuum.
Ferrocene (Fc, Fluka, >98%) was recrystallized from n-pentane
(Merck, EMSURE). Propylene carbonate (Sigma-Aldrich,
anhydrous, 99.7%), acetonitrile (Alfa-Aesar, anhydrous,
99.7%), tetra-n-butylammonium hexafluorophosphate ([NBu,]-
[PFy], Sigma-Aldrich), and silver nitrate (AgNO,;, BDH,
99.9%) were used as supplied by the manufacturer. All water-
sensitive reagents were stored and handled under a dry argon
atmosphere in a glovebox.

Electrochemical Systems and Procedures. All voltam-
metric experiments were carried out under benchtop conditions
at ambient temperature (24 + 1 °C) with a Gamry Reference
600 Potentiostat/Galvanostat/ZRA (Gamry Instruments). All
solvents were degassed with N, prior to experimentation, and a
blanket of N, was maintained during the course of the
voltammetric experiments. A faraday cage was employed to
minimize noise in all microelectrode experiments. Positive
feedback iR, compensation (R, = uncompensated resistance)
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was employed in macroelectrode experiments (R, was
estimated by electrochemical impedance). All voltammetric
experiments were carried out using a standard 3-electrode
arrangement with a working and reference electrode as
described below and a Pt wire auxiliary electrode. In IL
media, an Ag wire which had been immersed in the IL under
investigation (neat) and sealed in a fritted (Vycor glass frit)
glass tube served as the pseudo reference electrode. In
propylene carbonate, an analogous pseudo reference electrode
was employed, except the wire was immersed in 0.85 M
[C,mim][NTf,] in PC. The pseudo reference electrode
potential was calibrated against the formal potential of the
IUPAC recommended Fc/Fc* process® in the electrolyte of
interest, taking into careful consideration the difference in the
diffusion coefficients of Fc and Fc*.** A Metrohm double
junction Ag/AgCl (3 M KCI) reference electrode was
employed in experiments in aqueous media.

The Pt macrodisk with a nominal diameter of 1.6 mm, Au
macrodisk with a nominal diameter of 1.6 mm, and glassy
carbon macrodisk with a nominal diameter of 3.0 mm were
purchased from BASi (Bioanalytical Systems), the boron-doped
diamond electrode with a nominal diameter of 3.0 mm was
purchased from Windsor Scientific (Berkshire, U.K.), and the
Pt microdisk with a nominal diameter of 20 ym was purchased
from Metrohm. The macrodisk electrodes were activated by
polishing with successively smaller (1 and 0.3 ym) aqueous
alumina slurries (Kemet, UK.) on a clean polishing cloth
(Buehler). Adherent alumina was removed by sonication in
deionized water. The Pt microdisk electrode was activated by
polishing with an aqueous slurry of 0.3 ym alumina and rinsing
thoroughly with deionized water. The working electrode was
preconditioned prior to sweeping by anodic polarization at ~2
V versus Fc/Fc' for <1 ms (described below). The active
electrode area (A) of each of the electrodes was calibrated with
convolution voltammetry,” > using the oxidation of a Fc
solution of known concentration (2.0 mM in acetonitrile
containing 0.10 M [NBu,][PF]) and adopting a diffusion
coefficient of 2.4 X 107 cm® s, as published under these
conditions."

Viscosity was measured using the falling ball method with an
Anton Paar automated microviscometer (AMVn). Density was
measured with an Anton Paar DMA 4500 M density meter.
NMR self-diffusion coefficients were determined using the
pulsed field gradients spin echo (PGSE) method utilizing a
Bruker AvS00 NMR spectrometer equipped with a 5 mm
Bruker CryoProbe Prodigy H/F-C/N-D probe operating at
500.13 MHz for 'H and 470.55 MHz for 'F with a 6.6 G/mm
z gradient. Samples were maintained at 25 °C, and at least 30
min was allowed for each sample to thermally equilibrate before
any measurements were made. The self diffusion coefficients
were measured with a stimulated echo sequence with one spoil
gradient. The diffusion time (A) and the gradient pulse length
(8) were optimized for each sample; A was either S0 or 100 ms,
while 6 was between 1 and 10 ms. Gradient pulses were
smoothed square chirp shape. Experiments were performed as
Pseudo-2D with a linear variation of the gradient from 2 to 95%
of maximum intensity in 32 steps.

Data Treatment and Processing. The algorithm used to
calculate the convolved currents has been reported pre-
viously.*® The chronoamperometric (I—t) decay curves were
analyzed using the following equations, as proposed by Shoup
and Szabo,* which sufficiently describe the current response at
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a microdisk electrode over the entire time domain, with a
maximum error of 0.6%:

I = — 4nFDC'rf(t) (s)
f(t) = 0.7854 + 0.8862¢7"/% + 02146
exp(—0.782377"/2) (6)

where n is the stoichiometric number of electrons, r, is the
radius of the microdisk, C° is the bulk concentration of
electroactive species, F is Faraday’s constant, and the
dimensionless time parameter, 7, is given by

_ane

T 2
Ty

™)

Electrochemical diffusion coefficients (D) were extracted by
fitting the experimental data with the theoretical transients
described by eqs 5 and 6 (C% n, and r, known) using the
nonlinear curve fitting function available in OriginPro 9.0
(OriginLab). The sample time used in all chronoamperometric
experiments was 0.02 s. Voltammetric simulations were
undertaken using the DigiElch software package (v. 7F,
Elchsoft, Germany).

The PGSE-NMR data were processed, and the peak areas
(integrals) were used to fit the following equation to determine
the diftusion coefficient:

) 0

where I is the signal intensity, I is the initial intensity, y is the
gyromagnetic ratio (4258 s G™' for 'H and 4005 s G for
F), and G is the gradient strength. Experimental uncertainties

A—-9o

I= Ioexp(—D(ZﬂyGé)z(

were estimated by propagation of the standard deviations in the
variables of interest.*’

B RESULTS AND DISCUSSION

Electrode Preconditioning. The electro-reduction of
H[NTf,] was initially investigated at Pt electrodes in
[C,mim][NTH,]. Platinum was chosen as the electrode material
because chemically reversible H* reduction is readily achievable,
with the oxidation of H, clearly visible on the reverse sweep at a
macrodisk Pt electrode (see below). In comparison, H*
reduction was found to be chemically irreversible on gold
(ie,, no oxidative wave) and barely detectable on glassy carbon
or boron-doped diamond due to their low catalytic activity
(data not shown). These observations are consistent with
previous studies on proton reduction/hydrogen oxidation in
conventional solvents®® and ionic liquids.”

During the course of the preliminary investigations on
platinum, it was found that the voltammetric response detected
was very sensitive to the “history” of the electrode (i.e.,
cleanliness/surface state). This is clearly demonstrated in the
microelectrode voltammogram shown in Figure la. After the
electrode has been freshly polished (cycle 1), a well-defined
voltammetric reductive response is obtained, which noticeably
degrades on subsequent cycles of potential, becoming flattened
and less peak-shaped. It is likely that the number of “active
sites” on the electrode surface progressively decreases with
potential cycling, resulting in more sluggish heterogeneous
electron-transfer kinetics (i.e., the electrode becomes “deacti-
vated”). This electrode “deactivation” phenomenon is both
potential and time dependent, as leaving the electrode
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Figure 1. Cyclic voltammograms obtained from the reduction of 100.9
mM H[NTf] in [C,mim][NTf,] at a 20 ym diameter Pt microdisk
electrode with a scan rate of 100 mV s™'. Ten cycles in the potential
range 0.41 to —0.59 V (vs Fc/Fc*) are shown in (a) and 4 cycles in the
potential range from 2.21 to —0.59 V (vs Fc/Fc") are shown in (b).

submerged in the IL at open circuit for prolonged periods
causes a similar degradation in the voltammetric response.
The initial voltammetric response can be recovered by
mechanically polishing the electrode (see Experimental
Section) or by electrochemical conditioning at oxidative
potentials (“anodic polarization”), as is demonstrated in Figure
1b. When the oxidative limit is extended from 0.4 to 2.2 V (vs
Fc/Fc"), the initially degraded response improves with cycling
(see Figure 1b), indicating that the electrode is “activated” at
oxidative potentials. The broad process starting at 1.4 V in
Figure 1b has been attributed to the formation of platinum
oxides (PtO,) on the electrode surface from the oxidation of
residual water in the IL, and the symmetric peak centered at 0.7
V on the reverse sweep has been assigned to the reduction of
the PtO, species.’’ Activation of the electrode for proton
reduction/hydrogen oxidation by “anodic polarization” has
previously been reported in both conventional solvents® and
ionic liquids.** Barrette and Sawyer® postulated that deactiva-
tion occurred due to the specific adsorption of solvent
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molecules and/or impurities on the electrode surface and that
“preanodization” converts the blocked Pt surface to PtO,,
which, when subsequently reduced prior to voltammetric
sweeping, results in a pristine, electrocatalytically active Pt
surface. Whatever the cause, in these studies it was found that
reproducible “activation” of the electrode could be achieved by
stepping the potential to ~2 V versus Fc/Fc* for <1 ms,
stirring the solution and then allowing the system to equilibrate
for ~10 s before beginning the sweep.

Hydrogen Evolution Reaction in Aprotic lonic Liquids.
Further studies on the electro-reduction of H[NTf,] were
carried out in a range of AlLs; representative cyclic voltammo-
grams obtained in [C,mim][NTf,] at Pt macro- and microdisk
electrodes are shown in Figure 2. The peak-to-peak separation
(AE,) at a Pt macrodisk electrode (see Figure 2a) increases
with increasing scan rate, with values of 72.1, 82.2, and 92.3 mV
at 100, 250, and 500 mV s}, respectively, indicating that the
proton reduction grocess is quasi-reversible, in agreement with
previous reports.”**>33 At a Pt microdisk electrode (see Figure
2, panels b and c), the reduction process is peak-shaped
(transient response) and the corresponding oxidation process is
sigmoidal (near steady-state response), reflecting the 100-fold
difference between Dy (ca. 107 cm® s™') and Dy, (ca. 107°

S1y 722,34 . .
cm? s71) in this medium.”*>** Dy is used herein to refer to the

electrochemically measured proton diffusion coeflicient, regard-
less of the identity of the diffusing species (addressed in detail
below). The large difference in Dyyrand Dy, highlights the need

to perform numerical simulations to accurately assign the
formal potential (Ef) when the voltammogram is obtained in
the mixed diffusion region (see Figure 2b), where the
contributions of both planar and radial diffusion to mass
transport are significant, as addressed below.

At both the Pt macro- and microdisk electrodes, prior to the
main reduction process is a region which corresponds to the
underpotential deposition (UPD) of adsorbed hydrogen on the
electrode (labeled in Figure 2, panels a and b), which is well-
known to occur at potentials positive of the equilibrium
potential on platinum and palladium surfaces.” The current
from this surface-confined process is more prominent in highly
viscous ILs (ie, [N,,,,][NTf]) at low H[NTf,] concen-
trations (<25 mM) and high scan rates (v > 250 mV s7').
Interestingly, although the thermodynamic solubility of H, is
typically less than S mM in the investigated ILs,** no
complications from bubble formation/growth were encoun-
tered at H[NTT,] concentrations <100 mM on the timescale of
the voltammetric experiments. This indicates that bubble
nucleation and growth are sluggish in this media, although
H, bubbles were observable on the Pt electrode surface in situ
with an optical microscope during H[NTf,] reduction at
concentrations above 100 mM, as is shown in Figure S1 of the
Supporting Information.

Also shown in Figure 2 are simulations of the voltammetry. A
number of mechanisms were considered (examples shown in
Figures S2 and S3 of the Supporting Information) and the
following was found to be consistent with the experimental data
under a wide range of conditions:

HY + ¢ = H" E{, kyy o
H*+H'+e = H, Ej) k, a,

(9)
(10)

where E° k, and a are the standard potential, standard
heterogeneous electron-transfer rate constant, and charge
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Figure 2. Comparison of the simulated (O) and experimental (—) cyclic voltammograms obtained for the reduction of H{NTf,] in [C,mim][NT,]
ata (a) 1.6 mm diameter Pt macrodisk electrode (C* = 49.8 mM, v = 500, 250, and 100 mV s_l) (b) 20 ym diameter Pt microdisk electrode (C* =
99.2 mM, v = 500, 250, 100, and 50 mV s™"), and (c) 20 gm diameter Pt microdisk electrode (C° = 99.2, 75.8, 44.5, and 25.4 mM, v = 100 mV s~").
Simulation parameters are available in Table 1.

Table 1. Data Extracted from the Comparison of Experimental and Simulated Cyclic Voltammetric Data Obtained Based on the
Mechanism Described by Eqs 9 and 10

AIL E° (V vs Fe/Fc") kg (107* em s7) Dy (1077 em® s71) Dy, (107 em® s7')
[C,mim][NTE] —0.030 7 (£1) 3.1 (+0.05) 22 (+0.2)
[Cympyr][NT£,] —0.036 3.5 (+0.5) 1.46 (+0.03) 14 (+0.2)

[S,,,][NT£] —0.037 5.5 (+0.5) 2.96 (£0.04) 22 (+02)

[C,dmim][NTS,] —0.030 4 (+0.5) 1.16 (+0.02) 12 (+02)

[Ny12,3] [NTE] —0.015 5 (0.5) 1.35 (+0.02) 1.3 (0.2)

[N} 444] [NTE] —0.012 0.75 (+0.05) 0.22 (+0.004) 0.3 (%0.05)
transfer coefficient, respectively. The reactions given in eqs 0 estimated using double step chronoamperometry at a microdisk
and 10 correspond to the Volmer and Heyrovsky equations, electrode (example shown in Figure S4 of the Supporting
respectively (see eqs 2 and 4). Excellent fits between the Information).> Fits of simulated and experimental data in each
experimental and simulated voltammograms are achieved over a of the ILs are included in Figures S5—S9 of the Supporting
wide range of scan rates and H[NTf,] concentrations when Information.
using the simulation parameters outlined in Table 1. In all The identity of the cation has very little influence on the
simulations, it was taken that E3 = ES, a; = a, = 0.5, k,, = 10000 formal potential of the H*/H, couple, as it is nearly constant in

cm 57! (reversible), Dyy» = 107" cm?® 7' (explained below), R, all of the ILs, approximately 30 mV negative of the Fc/Fc*
= 0 Q, and double layer capacitance (Cy) = 0 F. Dy was couple, in agreement with the findings by Compton and co-

measured experimentally using convolution voltammetry or workers.® k,; is comparable in all of the ILs (ca. 107 cm s7!)
chronoamperometry (discussed in detail below) and Dy, was except for the highly viscous [N ,,,J[NTf,] (ca. 10~ cm s™").
29667 dxdoi.org/10.1021/jpS10754m | . Phys. Chem. C 2014, 118, 29663-29673

183



Chapter 5: Results and Discussion

The Journal of Physical Chemistry C

(a)

-0.35 0 0.35

E (V) vs. FclFc*

-35

0.9 11 1.3 1.5

t(s)

0.3 0.5 07

(b) [HNTf,] (mM)
0 20 40 60 80 100 120
0 \ . . \ \
5
&
)
-10 1
g [C,dmim]*
=
E [N1‘1,2.3]‘
-15 1 [Cqmpyr]*
220 [S222]"
[Comim]*
-25
(d) 4
3 4
T
»
£
)
S 2
=
x
=
o
‘6 C,dmim]*
= 19
o
Q
0 T T T
0 0.01 0.02 0.03 0.04
n~'/cP-

Figure 3. (a) Linear-sweep convolved current voltammograms obtained from the reduction of (from top to bottom) 25.4, 44.5, 75.8, and 99.2 mM
H[NT£] in [Cmim][NT£,] at a 20 ym diameter Pt microdisk electrode with a scan rate of 100 mV s™*. (b) Linear plots of the limiting convolved
current (M) versus the concentration of H[NTf,] in various ILs (R* > 0.9995). (c) Experimental (—) and Shoup-Szabo theoretical
chronoamperograms (O) obtained from H[NTf,] solutions outlined in (a) at a step potential of —0.54 V vs Fc/Fc". (d) Linear plot of the “proton”
diffusion coefficient vs the fluidity (1/77) of the medium (R* = 0.998).

The Volmer reaction (eq 9) was found to be the rate-
determining step for the HER on Pt, also in agreement with the
work by Compton and co-workers.”® Despite the fact that it
has been well-established that the chemisorption of hydrogen
atoms during the Volmer reaction (see eq 2) is an integral step
during reductive H, evolution on Pt,”'" adsorption was omitted
in the simulations for the sake of simplicity, as it is difficult to
obtain unique parameters when a large number of “unknowns”
have to be included in the model (including adsorption would
require assumptions about the adsorption isotherm). Con-
sequently, the main discrepancy between the experimental and
simulated data is in the hydrogen UPD region (explained
above), as is evident in Figure 2. Although we have treated H*
as a solution based (diffusing) species in the simulations, the
diffusion coefficient employed (107" cm? s™") ensures that the
diffusion layer thickness (for H*) is less than S nm on the
timescale of a voltammetric experiment, so this species is
essentially “surface confined”. In practice, the simulations were
found to be insensitive to Dy« when the value was set to below

—1 2 1
10710 ¢m? 571

29668

Finally, it is worth noting that although the mechanism
represented by eqs 9 and 10 is in excellent agreement with the
experimental data, the following alternative mechanism cannot
be ruled out:

(11)
(12)

H " +e¢ =H" E%k,a
H* + H* = H, K, k¢

where the reactions given in eqs 11 and 12 correspond to the
Volmer and Tafel equations, respectively (see eqs 2 and 3).
This is because the proton reduction process is controlled by
the first electron transfer step (ie, k,; < k,), which means
that the second step is simply required to fulfill the
stoichiometry requirements of the overall process (see eq 1),
with no kinetic limitations. Indeed, the above mechanism was
also found to be consistent with the experimental data over a
wide range of conditions when eq 12 is treated as a
homogeneous process with arbitrarily defined K, and k¢ values
(adsorption was omitted in the simulations as discussed above),
as is shown in Figure S2 of the Supporting Information.
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Table 2. Summary of Dy Measured Electrochemically Using Convolution Voltammetry (ConV) or Chronoamperometry with
Shoup-Szabo Fitting (CAgs) over a Bulk H[NTf,] Concentration Range of 25 to 100 mM, D{xrs,- Measured Using PGSE-NMR

and IL Viscosities

AIL ConV/Dyy (1077 em? s71) CAgs/Dyy (1077 cm? s71) Dinry- (1077 em? s7") Dy'/Dinry, 7 (mPa s)
[C,mim][NTf,] 3.13 (+0.07) 3.09 (+0.06) 3.10 1.00 33.7
[S522][NTH£,] 3.06 (+£0.07) 2.96 (+£0.05) 2.99 0.99 339
[Cympyr][NT£,] 1.52 (£0.03) 1.46 (+£0.08) 143 1.02 792
[N} 1,,3][NT£,] 141 (+0.03) 1.36 (+0.06) 1.38 0.99 794
[C,dmim][NT] 1.19 (+0.03) 1.14 (+0.04) 1.08 1.06 1052
[N} 444][NT£] 0.234 (0.005)" 0.226 (+0.006) 0225 1.00 572.7

T Estimated from 100 mM data set only.

Ultimately, the mechanism represented by eqs 9 and 10 was
chosen as it avoids the inclusion of a physically insignificant
homogeneous process (ie., eq 12).

Proton Transport in Aprotic lonic Liquids. Dy was
quantified in each of the ILs using convolution voltammetry
and chronoamperometry over a H[NTf,] concentration range
of 25 to 100 mM. Linear sweep convolved-current voltammo-
grams obtained from H[NTf,] at a Pt microdisk electrode in
[C,mim][NTf,] are shown in Figure 3a. The convolved-
current voltammograms superficially resemble steady-state
voltammograms, being sigmoidal in shape with a well-defined
mass transport limited plateau (M;). Under purely diffusion-
controlled conditions, M; can be calculated as follows:

M, = nAFC°D (13)
On this basis, a plot of M; versus C is expected to be linear, as
is shown in Figure 3b. Dy was calculated from the slope of the
M; versus C° plots, obtained by linear regression of the
experimental data (in all cases, R* > 0.9995). Dy was also
calculated using a chronoamperometric technique by fitting
diffusion controlled I—t curves obtained at a Pt microdisk
electrode using the Shoup-Szabo approximation (see Figure
3c). The self-diffusion coefficient of the [NTf,]~ anion was also
quantified in each of the 100 mM IL solutions using '’F PGSE-
NMR. Mass transport data are summarized in Table 2.
Unfortunately, in the investigated concentration range, the
acidic proton did not give a well-defined 'H resonance and thus
no attempt was made to directly quantify Dy using PGSE-
NMR.

Dy was found to be independent of the concentration of
H[NTL,] in all of the investigated ILs. Additionally, the Dy
value calculated using the two electrochemical methods are in
excellent agreement, highlighting the value of the convolution
method””~*® as an alternative to the well-established
chronoamperometric method®® for quantitation of D and/or
nC® in ILs. Furthermore, the electrochemically derived Dy
values are almost identical to Dpyrsj- values measured using

PGSE-NMR, evidenced by the Dy /Dpyrej- ratio, which is

close to unity in all of the investigated ILs. Dy, measured
electrochemically, corresponds to the chemical species (i.e., the
acid, HA), which diffuses to the electrode surface during the
voltammetric perturbation and gives up a proton for reduction.
During this measurement, the system is not at equilibrium, as
diffusion occurs down a concentration gradient (induced by the
voltammetric perturbation) within the diffusion layer adjacent
to the electrode surface. On the other hand, Diyry,j-, measured
by PGSE-NMR, corresponds to the average of all [NTf,]”
species in solution contributing to the '°F resonance (H[NTf,]
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and [NTf,]” are not distinguishable by NMR). During this
measurement, the system is at equilibrium, as diffusion is
occurring in the absence of a concentration (or chemical
potential) gradient. The coincidence between Dy and Dinre
indicates that the electrochemically active protonated species
(ie, “HA”) must be H[NTf,]. Therefore, the hydrogen
evolution reaction in this media is thought to be a CE process:

H[NTf,] = H* + [NTf,]”

—
=

(14)

—
=

H +e = 1H
e o (s)
where proton reduction (eq 14) is preceded by a chemical
dissociation step (eq 15). The diffusion-controlled responses
obtained with convolution voltammetry and chronoamperom-
etry indicates that the dissociation step is not limiting on the
voltammetric timescale. Although H[NTf,] is a superacid and
would therefore readily dissociate in an aqueous environment
(to form [NTf,]™ and H;0%), no such reaction is possible in a
dry AIL. There has so far been no evidence to indicate the
existence of “solvated protons” in IL media (ie., an IL-H*
species comparable to H;O%).* As a result, the protons remain
associated with the anion part of the IL, and the strongest acid
that can possibly exist in a [NTf,]™ IL is therefore H[NTF,].%”
The diffusivity of a solute in solution is inversely proportional
to the frictional force acting upon it:

_ kT
f (16)

This is a form of the Einstein-relation, where kg is the
Boltzmann constant, T is the absolute temperature, and f is a
friction coefficient.>® By likening the dissolved solute to a rigid
solid sphere with a radius, ry, diffusing in a continuum of
solve;19t4(\)/vith a viscosity, 7, f can be calculated using Stokes-
Law:™"

f = 4mnry + 2mnry = 6mnry (17)

The first term represents a force due to pressure built up in
front of a diffusing solute, and the second term is a frictional
force parallel to its surface.’”*"** Combining egs 16 and 17

D

gives the Stokes—Einstein equation:*®
kgT
D=_58"_
6mnry (18)

The Stokes—Einstein equation, as written in eq 18, is strictly
only valid when the size of the solute is large compared to the
size of the solvent (ie., when ryue/reowent > S5). To
accommodate this fact, the Stokes—Einstein equation is often
written in the form:
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kgT
canry

D=
(19)

where ¢ is a constant with a value of 4 (“perfect slip”) or 6
(“perfect stick”).® The value of 4 arises because the second
term of eq 17 (arising from frictional force parallel to the solute
surface) disappears when the solvent is able to “slip past” the
surface of a small solute particle (typically when ryg,. < 0.5
nm).*** In practice, an empirical constant with a value
between 4 and 6 is often used for small solutes in conventional
solvents®*"** and ionic liquids.****

In any case, if it is assumed that the constant, ¢, and the
Stokes radius of H[NTH%, ], ry;, does not vary between ILs, a plot
of D versus 1/n is predicted to be linear, as is shown in Figure
3d. Evidently, the D versus 1/5 plot is linear and probably
passes through the origin, within experimental error. The
adherence of proton transport to the Stokes—Einstein equation
and the fact that Dy is independent of H[NTT,] concentration
indicates that a Grotthuss-type mechanism (discussed below) is
not operating in the investigated ILs. The value of ry, calculated
from the slope of the D versus 1/7 curve (obtained by linear
regression of the experimental data) with ¢ = 6 is 2.16 A and
with ¢ = 4 is 3.24 A. Ue® estimated the ionic radii of [NTf,]~
to be ~3.25 A with molecular modeling and crystallographic
data, which is in excellent agreement with the value calculated
from our data, assuming ¢ = 4. Interestingly, Ue also concluded
that [NTf,]” and a range of other similarly sized anions
approached behavior for perfect slip (¢ = 4) in propylene
carbonate (PC), a solvent which is of a comparable size (r =
2.76 A) to the [NTf,]™ anion; our data are also consistent with
this finding.

As shown in Table 1, the diffusivity of H, in these AILs also
qualitatively follows the D versus 1/7 trend predicted by the
Stokes—Einstein equation (Dy, is consistently ~100-fold
higher than Dy in all of the AILs). This data has not been
treated quantitatively because Dy, was measured indirectly by

double-step chronoamperometry, and there is significantly
more uncertainty associated with the outcome of the fitting of
the data. Interestingly, although the D versus 1/5 trend is
followed within this group of AILs, the relationship breaks
down when comparing these data to conventional solvents, as
the reported43 diffusion coefficient of H, in water (1 = 0.89
mPa s at 25 °C) is 4.50 X 107> cm?® s~

Hydrogen Evolution Reaction in a Protic lonic Liquid.
Further investigations on the electro-reduction of H[NTF,]
were carried out in the protic ionic liquid [Ny,,,][NTf]. As
discussed above, PILs are formed through the transfer of a
proton from a Bronsted acid (i.e, H{INTf,]) to a Brensted base
(ie, [N,;,]) and, therefore, unlike AILs, have a proton
available for hydrogen bonding.'® Cyclic voltammograms
obtained from the electro-reduction of H[NTf,] at a Pt
microdisk electrode in [Ny,,,][NTf,] are shown in Figure 4.
The voltammetric response is analogous to that obtained in the
previously investigated AILs, with a transient (peak-shaped)
reduction process and a near steady-state (sigmoidal) oxidation
one. Once again, there is an obvious hydrogen UPD region and
the simulations revealed a H*/H, formal potential approx-
imately 30 mV negative of the Fc/Fc* process. Dy, measured
by electrochemical methods, is equal to 2.28 X 1077 cm? 57},
which is as expected from the previously discussed D versus 1/n
plot (7 = 54.1 mPa s, see Figure 3d) and is once again,
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Figure 4. Comparison of simulated (O) and experimental (—) cyclic
voltammograms obtained from the reduction of 51.2 mM H[NTE] in
[Ni12,,][NTE,] at a 20 ym diameter Pt microdisk electrode with scan
rates of 250, 100, and 50 mV s~ Simulations were carried out using
the mechanism shown in eqs 9 and 10 with the following parameters:
E)=E)=-0032V, a = a, =05, k;; = 0.0008 cm s, k,, = 10000
em s, D(H") =23 X 107 ecm? s, D(H,) = 2.1 X 10~ cm® s\,

comparable to Diyre), 2.19 X 1077 cm?® s™', measured using

PGSE-NMR.

With respect to the H[NTf,] reduction mechanism and
proton transport, there appears to be no difference between this
PIL and the previously investigated AILs. This is unsurprising,
considering H[NTf,] is a superacid, and therefore, complete
proton transfer to [N, ,,] would be e){pected.15 As a result, in a
stoichiometric mixture of H[NTf,] and [N,,,], there are no
free basic sites (ie., unprotonated amine), which would
potentially be required to facilitate proton hopping.”*** It
should be noted that the proton reduction response shown in
Figure 4 is solely due to the H[NTf,] introduced into the neat
[Nyy5,,][NTH]. The proton on the amine, [Ny, ,,]%, can also
be reduced; however, this species is a significantly weaker acid
than H[NTf,] and therefore much more negative potentials
(ca. =0.9 V vs Fc/Fc*) must be reached before bulk proton
reduction is observed (data not shown).

Hydrogen Evolution Reaction in Conventional Sol-
vents. The electro-reduction of H[NTf,] was investigated in
two conventional solvents: propylene carbonate (PC, cyclic
voltammograms shown in Figure $5) and water (cyclic
voltammograms shown in Figure 6). In both media, the
supporting electrolyte contained the [NTf,]™ anion (0.85 M
[C,mim][NTf,] in PC and 0.5 M Li[NTf,] in water), the
employed acid concentration was above 5 mM in order to
minimize the obtrusiveness of the hydrogen UPD region, and
the electrode was oxidatively preconditioned as previously
discussed.

In PC, AE, increases with an increasing scan rate, with values
of 63.9, 69.8, 73.7, 85.7, and 94.0 mV at 50, 100, 250, 500, and
1000 mV s7', indicating the proton reduction process is quasi-
reversible, analogous to what was obtained in the IL media.
Assuming the formal potential of the Fc/Fc* process is solvent-
independent,***’ the proton reduction wave is shifted to more
negative potentials in PC compared to the ILs. This is
unsurprising, since the strength of an acid is strongly dependent
upon the properties of the solvent (ie., donor number and
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Figure 5. Cyclic voltammograms obtained from the reduction of 9.28
mM H[NTHf,] in propylene carbonate (+0.85 M [C,mim][NTf,]) at a
1.6 mm diameter Pt macrodisk electrode with scan rates of 1000, 500,
250, 100, and 50 mV s~".
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Figure 6. Cyclic voltammograms obtained from the reduction of 8.56
mM H[NT%,] in water (+0.5 M Li[NT£]) at a 1.6 mm diameter Pt

macrodisk electrode with scan rates of 1000, 500, 250, 100, and 50 mV
-1

s

dielectric constant),®” which are likely to be quite different in
these physicochemically disparate solvents. Dy, measured with

electrochemistry, is equal to 2.56 X 107 cm? 57", an order of
magnitude higher than that recorded in the ILs (see Table 2).
Extrapolating the previous D versus 1/ plot (see Figure 3d) to
the viscosity of this medium (17 = 3.8 mPa s) gives a diffusion
coefficient of ~2.7 X 107 cm* 57!, in good agreement with the
experimentally determined value. In addition, Dy is com-
parable to Dy, 2.82 X 1077 em?* s, measured using PGSE-

NMR. These results suggest that the acid, H[NTf,], remains
undisscociated when dissolved in PC (ie., the proton is not
“solvated”).

In water, AE, also increases with an increasing scan rate, with
values of 65.9, 65.8, 71.8, 75.7, and 85.7 mV at 50, 100, 250,
500, and 1000 mV s~'. The measured currents are an order of
magnitude higher than those in PC, reflecting the exceptionally
high value for Dy, 6.47 X 107° ecm? 7', which is comparable to
the reported value of 8.0 X 1075 em?® s™1.** Dy is much higher
than that predicted by extrapolating the D versus 1/7 plot to a
viscosity of 1.05 mPa s, ~9.6 X 107 cm® s~ (which is
comparable to Diyrg,)- in this medium, 1.08 X 107 em? 57,
measured using PGSE-NMR). This is not surprising, since
H[NT%,] is a superacid, it readily dissociates in aqueous media,
and therefore the diffusing species is H;O* not H[NTf,]. In
addition, it is thought that proton conduction in aqueous
solution occurs by a combination of a vehicle mechanism (i.e.,
viscous drift of H;0") and the Grotthuss mechanism
(homogeneous exchange between H;O" and H,0), leading
to enhanced mass transfer.”

All of the mass transport data discussed in this work are
summarized in Table 3. If it is assumed that the constant, ¢, and
Stokes radius, ry, are the same in all of the investigated
electrolyte media, the Stokes—Einstein equation (see eq 19)
predicts that the product of the diffusion coefficient and
medium viscosity (D-, see Table 3) should be solvent
independent. Diyrg,)-# is relatively constant (within exper-

imental error) in all of the investigated media, with an average
value of ~1.12 X 1072 N. This implies that the Stokes radius of
[NTf,]™ is constant, and is therefore unaffected by the high
ionic strength environment of ILs or the solvating properties of
PC and H,0. Dy7 is relatively constant in all of the ILs and
the PC-based electrolyte, with an average value of ~1.13 X
107" N, reflecting that the diffusing protonated species (i.e.,
H[NTH%,]) is the same in all of the aforementioned electrolytes.
The unusually high diffusion coeflicient of protons in water
(reflected by the unusually high Dy value, 6.80 X 1072 N)
can be explained by proton hopping between H;O" and H,0
via the well-known Grotthuss mechanism,>*® which is
facilitated by the strong hydrogen-bonding network present

Table 3. Summary of Solvent (Electrolyte) Viscosities, Dy (Determined with Electrochemistry) and Dy~ (Determined with

PGSE-NMR)

solvent supporting electrolyte 7 (mPa s)
[Cymim][NT£,] - 337
[$,5,)[NTE] - 59
[Cympyr][NT£,] - 79.2
[N}1,3][NTE] - 794
[C,dmim][NTS,] - 1052
[N1,4,4,4] [NTE] - 572.7
[NH,Z,Z,ZJ [Nsz] - 54.1
propylene carbonate 0.85 M [C,mim][NT%,] 3.8
water 0.5 M Li[NT£,] 1.08

Dy (1077 em? s71)

3.13
3.05
146
1.36
114
0.226
228
25.6
647
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Dyn (100 N)  Dpwpgy (107 em?® s™) Dy (1072 N)

1.05 3.10 1.04
1.03 2.99 1.01
1.16 143 113
1.08 1.38 110
119 1.08 1.14
1.29 0.225 129
123 2.19 1.18
0.97 282 107
6.80 108 113
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in this type of media. Evidently, an analogous mechanism is not
operating in any of the investigated ILs or PC.

Increasing the rate of proton conduction would be beneficial
in terms of the performance of any electrochemical devices (i.e.,
PEMFCs). Evidently, the ILs investigated in this study are a
long way from reaching the performance of aqueous electro-
lytes, with proton diffusivity being >100 faster in the latter
compared to the former. Nonetheless, this study provides the
groundwork for further investigations on the proton reduction
mechanism, proton activity (pK,), and proton conduction in
ILs, which will be addressed in future publications. It is worth
noting that a positive deviation from the D versus 1/7 plot (see
Figure 3d) will be particularly useful in identifying additional
contributions to proton transport (i.e., Grotthuss-type proton
hopping) or “enhanced mass transport”, possibly achieved
through the inclusion of molecular additives such as water in
the acid/IL mixture.

Bl CONCLUSIONS

Electrochemical proton reduction and proton transport have
been investigated in six aprotic ionic liquids, [C,mim][NT£,],
[Cympyr][NTE], [C,dmim][NT£,], [Sz,z,z] [NTE], [N1,1,2,3]'
[NTf,], and [N,,,,][NTL]; a protic ionic liquid, [Nipp,].
[NT£,]; an aprotic solvent, propylene carbonate; and a protic
solvent, water. Using H[NTf,] as the proton source, it was
found that proton reduction is very sensitive to the surface-state
of the platinum electrode, requiring preconditioning at
oxidative potentials to achieve a well-defined and reproducible
cyclic voltammetric response. Computational simulations
revealed that the Volmer reaction is the rate-determining step
for the hydrogen evolution reaction in AIL media and that the
formal potential of the H*/H, couple is essentially insensitive
to the identity of the AIL cation. The electrode reaction
mechanism and H'/H, formal potential were found to be
analogous in the PIL, [Ny, ,,][NTH].

Proton transport in the investigated ILs was found to obey
the Stokes—Einstein equation, with the constant, ¢, taking the
value of 4 due to the comparable size of the “solute” and
“solvent” (i.e, perfect “slip” behavior) and correlation with
[NTf,]” self-diffusion data collected with PGSE-NMR
indicated that H[NTY,] is not dissociated in this environment
(ie, the protons diffuse as H[NTf,]). Proton transport in
propylene carbonate was also found to closely follow the same
Stokes—Einstein relationship, indicating that H[NTf,] is not
dissociated or solvated in this environment. Proton transport in
water on the other hand did not obey the same Stokes—
Einstein relationship, being much faster than predicted based
on the viscosity of this medium due to the well-established
Grotthuss mechanism. Although our results have revealed that
in terms of proton transport, ILs are a long way from reaching
the performance of water-based electrolytes, this work has laid
the foundation for further studies on proton reduction, activity,
and transport in ILs; the ultimate goal would be to develop an
IL formulation which facilitates facile anhydrous proton
conduction over a large temperature range.
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Figure S1. Optical micrograph (magnification = 100x) of the surface of a 1.6 mm dia. Pt

macrodisk electrode taken in situ during the diffusion-controlled electro-reduction of 500

mM H[NT£] in [Comim][NT£].
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Simulations: Alternative Mechanism 1
H*+ e~ = H* E% kg, a (S1)
H*+H* = H, Keq ke (S2)

e 1% orderin H'
e Homogeneous reaction (Eq. S2) has no physical significance

e Fictitiously large k¢ required for reversible voltammetry

-10 -
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E (V) vs. Fc/Fc*

Figure S2. Comparison of a simulated (o) and experimental (—) cyclic voltammogram
obtained for the reduction of 99.2 mM H[NTf;] in [C,mim][NTf;] at a 20 um dia. Pt
microdisk electrode with a scan rate of 100 mV s '. The simulation was performed using the
mechanism outlined by Egs. SI and S2, with the following parameters: E° = -0.148 V, k, =
0.02cms ', a=0.5, Keq = 10*, ke= 10" M ' s7'. Diffusion coefficients are outlined in Table
1.
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Simulations: Alternative Mechanism 2

H* + H* + 2¢e” = H, E® ks, a (S3)

e 2"orderin H
e Poor fit at different concentrations

e Poor fit at high scan rates

5

I (nA)
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E (V) vs. Fc/Fc*

Figure S3. Comparison of a simulated (o) and experimental (—) cyclic voltammogram
obtained for the reduction of 99.2 mM H[NTf;] in [C,mim][NTf,] at a 20 um dia. Pt
microdisk electrode with a scan rate of 100 mV s '. The simulation was performed using the
mechanism outlined by Eq. S3, with the following parameters: £° = -0.03 V, k= 0.012 cm

s”', a=0.5. Diffusion coefficients are outlined in Table 1.
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Figure S4. Comparison of the simulated (©) and experimental (—) chronoamperograms for
the reduction of 99.2 mM H[NTf,] in [Comim][NTf;] at a 20 pm dia. Pt microdisk electrode
with step potentials of —0.54 V vs. Fc/Fc™ (10 sec) and 0.41 V vs. Fc/Fc™ (5 sec). The
simulation was performed using the mechanism outlined by Eqgs. 9 and 10 and the parameters

in Table 1.
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-15 -

250 mV s-1

-25 . . .
-0.75 -0.5 -0.25 0 0.25 0.5

E (V) vs. Fc/Fc*

Figure S5. Comparison of simulated (o) and experimental (—) cyclic voltammograms
obtained from the reduction of 94.6 mM H[NTf;] in [Cympyr][NTf;] at a 20 um dia. Pt
microdisk electrode with scan rates of 250, 100 and 50 mV s '. The simulation was

performed using the mechanism outlined by Egs. 9 and 10 and the parameters in Table 1.

S6

195



Chapter 5: Results and Discussion
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Figure S6. Comparison of simulated (o) and experimental (—) cyclic voltammograms
obtained from the reduction of 100.2 mM H[NTf,] in [S;,,][NTf:] at a 20 um dia. Pt
microdisk electrode with scan rates of 500, 250, 100 and 50 mV s '. The simulation was

performed using the mechanism outlined by Egs. 9 and 10 and the parameters in Table 1.
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Figure S7. Comparison of simulated (o) and experimental (—) cyclic voltammograms
obtained from the reduction of 95.8 mM H[NTf;] in [C4dmim][NTf;] at a 20 pm dia. Pt

1

microdisk electrode with scan rates of 250, 100 and 50 mV s . The simulation was

performed using the mechanism outlined by Egs. 9 and 10 and the parameters in Table 1.
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-15 -

-25 . . .
-0.75 -0.5 -0.25 0 0.25 0.5

E (V) vs. Fc/Fc*

Figure S8. Comparison of simulated (o) and experimental (—) cyclic voltammograms
obtained from the reduction of 116.9 mM H[NTf;] in [N;;,3][NTf;] at a 20 um dia. Pt

1

microdisk electrode with scan rates of 250, 100 and 50 mV s . The simulation was

performed using the mechanism outlined by Egs. 9 and 10 and the parameters in Table 1.
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Figure S9. Comparison of simulated (o) and experimental (—) cyclic voltammograms
obtained from the reduction of 91.1 mM H[NTf,] in [N;444][NTf;] at a 20 pm dia. Pt
microdisk electrode with scan rates of 50 and 25 mV s '. The simulation was performed

using the mechanism outlined by Eqgs. 9 and 10 and the parameters in Table 1.
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Abstract. Many organic compounds contain acidic and/or basic groups that dictate
their physical, chemical and biological properties. For this reason, the acid dissociation
constant, Ka, a quantitative measure of acid strength in solution, is a fundamentally important
parameter in organic (synthetic) chemistry and related fields. In this study, the
thermodynamics, kinetics and mechanisms of the proton reduction (hydrogen evolution)
reaction at a platinum electrode have been investigated in the room temperature ionic liquid
(IL) 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, [Comim][NTf2], using
a range of nitrogen (RxNH) acids as the proton source. The formal potential of the H"/Ha
process (where H' signifies a ‘solvated’ proton, e.g. H[NTf2] in [C2amim][NTf2]) has been
shown to be strongly dependent on the identity of the IL anion, making direct comparison of
pKa data between ILs with different constituent anions impossible. The H"/Hz process has
been simulated by combining the classical Volmer, H" + ¢~ = H" and Tafel reactions,
H* + H* 2 Ha, to give the overall reaction, H" + ¢~ = ':Ha. Proton reduction (hydrogen
evolution) from weak nitrogen acids (protonated amines, BH”, or neutral sulfonamides, HA)
is a diffusion controlled process which occurs in the potential region negative of the H'/Ha
process. Simulations reveal that weak acid dissociation, HA (or BH") = H" + A~ (or B), is
limiting on the voltammetric timescale when pKa > 4, meaning proton reduction via a CE
mechanism (where C is the acid dissociation step) cannot account for the experimentally
observed mass-transport limited currents. Under these conditions, proton reduction must
proceed via an alternate pathway, where the weak acid undergoes direct reduction at the
platinum electrode surface, HA (or BH") + ¢ = 1/2H2 + A~ (or B). Finally, the pKa values for
ten weak nitrogen acids have been calculated (5.2 < pKa < 19.5) from voltammetrically
derived reversible half wave potentials (Ei/2) and diffusion coefficients (D), highlighting the
utility of voltammetry as a convenient and relatively straightforward method for quantifying

equilibrium acidity.
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Keywords: hydrogen evolution reaction, voltammetry, acid dissociation constant, Brensted

acid/base

Introduction
Some of the most important reactions in biology and chemistry involve one or more
proton (H") transfer steps.!”> The acid dissociation constant (Ka) of a Brensted acid, HA,

formally defined as follows, is a quantitative measure of acid strength:

R _ _ [HT][A7]
HA = H* +A Ka_W (1)

Although the acid is taken to be a neutral species (HA) in Eq. 1, the following equation is

equally valid for a cationic acid species, BH" (i.e., a protonated neutral base, B):

~ _ [H7][B]
BH* = H* + B K, = (BH] @

The concept of Brensted acidity/basicity is well established in aqueous media®, where water,

an amphoteric species, can act as a Bronsted base and accept a proton:

HA (or BH*) + H,0(base) = A™(or B) + H;07 (3)
or as a Brensted acid and donate a proton:

A~ (or B) + H,0(acid) = HA (or BH*) + OH~ (4)

From Eq. 3, it is clear that the hydronium ion (also known as a hydrated/solvated proton),
H3O", which has a pKa of —1.74 (where pKa = —log10Ka), is the strongest acid that can exist in
aqueous solution. The process shown in Eq. 3 effectively ‘levels’ the acidity of all strong
acids (pKa < —1.74) in aqueous media and is the origin of the aqueous pKa scale.”®

Many organic compounds contain acidic and/or basic groups that dictate their

physical, chemical and biological properties. Indeed, bond transformations in solution
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frequently involve the cleavage or formation of ‘R—H’ bonds. As described above, pKa
describes the Gibbs energy of ‘R—H’ bond heterolysis, making it a critically important
thermodynamic parameter in synthetic chemistry and related fields.”!! The equilibrium
acidity (pKa) is a solvent dependent parameter, being influenced by the ability of the solvent
to solvate each of the species outlined in Eqgs. 1 (HA, H  and A") or 2 (BH", H" and B). It
follows that solvent acidity/basicity, dielectric properties and ability to donate/accept
hydrogen bonds can all influence the pKa of an acid in solution.'" 12 Although pKa data is

1314 pKa scales have been established in a range of non-

most readily available in water
aqueous solvents, including acetonitrile', dimethylsulfoxide'! ' 7 and 1,2-dichloroethane'®.

A variety of methods'® have been employed to quantify equilibrium acidities in conventional

11,20 12,16, 17

media, including potentiometry'®, spectrophotometry and voltammetry

Air/water stable non-haloaluminate room temperature ionic liquids (ILs) have shown
promise as replacements for volatile molecular solvents (such as those listed above) in a
range of applications.?! ILs are typically composed of a bulky organic cation and an inorganic
anion with extensive charge delocalization. They are often referred to as ‘designer solvents’
because their physicochemical properties can be ‘tuned’ to an extent by changing their
constituent cation and/or anion.?> 2* Relatively strong electrostatic (cohesive) forces operate
within ILs, which means they often tend to be highly viscous and non-volatile.* Protons

released from the dissociation of a Brensted acid in an IL must associate with (or be

‘solvated’ by) the most basic component of the IL, most commonly the anion (Ajy):
HA + A, = A” + HA, (5)

where HAwL is the strongest acid that may exist in a given IL. HAw effectively levels the
acidity of strong acids in IL media, comparable to H3O" in aqueous media. In other words,

HAm is origin of the pKa scale in IL media and for this reason pKa data are not directly
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comparable between ILs with different constituent anions.”* ' From this point forward, ‘H"’
refers to the ‘solvated’ proton species and is equivalent to HAi in the context of ILs.
Unfortunately, absolute pKa data for weak acids in ILs are scarcely available.”* 10

It can be shown’> 1% 23 that the difference in the formal potential (E*) of the HA/H> or
BH'/Hz couple and the H"/Hz couple is proportional to the equilibrium acidity of HA or BH*
(i.e., AE” « pKa). Therefore, in this study, we will employ electrochemical methods such as
cyclic voltammetry? to probe the thermodynamics, kinetics and mechanisms of the H'/Hz
and HA/H2 (or BH"/H2) processes. The proton overall reduction reaction (or hydrogen
evolution reaction, HER) is a conceptually simple process, involving the transfer of one

electron per proton®®3!:

2H* +2e” =2H, (6)

However, this reaction is subject to significant kinetic barriers, requiring an electrocatalyst to
proceed at an economically viable rate.>> The HER has been most extensively studied in
acidic aqueous media, where it is postulated to proceed via a combination of the following

three elementary reactions?’ 2% 32;

Ht + e~ - H,gqs (7
ZHads - H2 (8)
Hygs +H  +e” > H, 9)

where Hags 1s a chemisorbed hydrogen atom and Egs. 7, 8 and 9 are known as the Volmer,
Tafel and Heyrovsky reactions, respectively.?’ In a previous publication®’, we investigated
the proton reduction reaction at a platinum electrode in a range of
bis(trifluoromethanesulfonyl)imide ILs using H[NTf2] as the proton source (i.e., the H'/Ha

process). Our results indicated that the Volmer reaction (Eq. 7) is the rate determining step
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for the HER in the IL media and that E”(H'/H>) is essentially insensitive to the identity of the
IL cation.

Surprisingly, detailed studies available on the proton reduction process from weak
acids in IL media are scarce. Doherty et al.” have investigated the proton reduction process
from five protonated amines (i.e., the BH"/H2 couple) at a platinum electrode in a range of
ILs. The BH/H2 process is quasi-reversible and occurs at potentials negative of the H"/H>
process. By assuming AE” = AEi» (where Ei is the reversible half-wave potential), an
approximation which introduces considerable systematic error into the determination of pKa
(vide infra), the authors estimated the pKa value directly from a transient cyclic
voltammogram and found that the strength of a given acid depends strongly on the
constituent anion of the IL.

In this paper, the thermodynamics, kinetics and mechanisms of the proton reduction
(hydrogen evolution) reaction at a platinum electrode have been investigated in the room
temperature ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
using ten nitrogen acids (protonated amines or sulfonamides, structures shown in Table 1)
that cover a wide range of acidities as the proton source. The proton reduction process has
been characterized predominantly using cyclic voltammetry with computational simulation.
We also present a relatively straightforward method for calculating the pKa of weak acids in
IL media, based on a combination of cyclic voltammetry and chronoamperometry. A
companion study has also been undertaken using a range of oxyacids (phenols, carboxylic

acids or sulfonic acids), which will be presented elsewhere.**
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Table 1. Names and structures of the protonated amines and sulfonamide acids (known

collectively as nitrogen acids) investigated in this work.

Name of the parent - .
compound Acid structure Abbreviation
Pyridine \ /N+—H [Pyr—H][NTf2]
Cl
2-chloropyridine T Nt H [CIPyr—H][NTf2]
\ 7
Cl
2,4-dichloropyridine TN [dCIPyr-H][NTf]
Cl \ /N—H
NH;
Aniline ©/ [An—H][NTfz]
HiCL A\
N-methylimidazole N\\>NLH [Melm-H][NTf2]
g +/CH3
N-methylpyrrolidine N H [MePyrd—H][NTf:]
NH,
0-phenylenediamine @ [oPD-H][NTf2]
NH;
NH;
0-phenylenediamine @ [oPD-H2][NTf2]2
NH;
(0]
/
Saccharin /NH SACC
S
N
5
Di(benzenesulfonyl)amide ©\ S//O o\\S /© DBSA
/7 NH N
(0] O

206



Chapter 5: Results and Discussion

Experimental Section

Reagents. 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
([C2mim][NT£2], Io-li-tec, # = 33.7 mPa's, p = 1.52 g cm™) and 1-ethyl-3-methylimidazolium
trifluoromethanesulfonate ([C2mim][OTf], Merck, # = 50.5 mPa s, p = 1.39 g cm™) were
dried under high vacuum (< 1072 mbar) at 45°C for 48 hours prior to use. The residual water
content was less than 100 ppm as determined by Karl Fischer titration (Metrohm 831 KF
Coulometer). Bis(trifluoromethanesulfonyl)imide (H[NTfz], Sigma-Aldrich, 95%) was
purified by sublimation under high vacuum. Ferrocene (Fc, Fluka, >98%) was recrystallized
from n-pentane (Merck, EMSURE). N-methylimidazole (Sigma-Aldrich) was purified by
vacuum distillation over lithium. Aniline (Sigma-Aldrich) was purified by vacuum
distillation over potassium hydroxide (Merck). Trifluoromethanesulfonic (triflic) acid
(H[OT{], Sigma-Aldrich, 98%), N-methylpyrrolidine (Sigma-Aldrich, 99%), pyridine (BDH,
99.8%), saccharin (Fluka, >99%), di(benzenesulfonyl)amide (TCI, 97%), 2-chloropyridine
(Sigma-Aldrich, 99%), 2.4-dichloropyridine (Combi-Blocks, 98%), 0-phenylenediamine
(Sigma-Aldrich, 99.5%), acetonitrile (Alfa-Aesar, anhydrous, 99.7%) and tetra-n-
butylammonium hexafluorophosphate ([NBu4][PFs], Sigma-Aldrich) were used as supplied
by the manufacturer. The protonated amine salts were prepared in methanol (Merck, >99.9%)
by adding a stoichiometric amount of H[NTf2] and stirring for several hours. Methanol was
subsequently removed on a rotary evaporator and the remaining salt was dried under high
vacuum at 45°C for at least 12 hours before use. All water-sensitive reagents were stored and
handled under a dry argon atmosphere in a glovebox.

Electrochemical systems and procedures. All voltammetric experiments were carried
out under benchtop conditions at ambient temperature (24 + 1°C) with a Gamry Reference
600 Potentiostat/Galvanostat/ZRA (Gamry Instruments, USA). All solvents were degassed

with N2 prior to experimentation and a blanket of N2 was maintained during the course of the
8
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voltammetric experiments. A faraday cage was employed to minimize noise in all
microelectrode experiments. Positive feedback iRu compensation (Ru = uncompensated
resistance) was employed in macroelectrode experiments (Ru was estimated by
electrochemical impedance spectroscopy). All voltammetric experiments were carried out
using a standard 3-electrode arrangement with a working and reference electrode as described
below and a Pt wire auxiliary electrode. An Ag wire which had been immersed in the IL
under investigation (neat) and sealed in a fritted (Vycor glass frit) glass tube served as the
pseudo reference electrode. The pseudo reference electrode potential was calibrated against

35

the formal potential of the ITUPAC recommended Fc/Fc™ process®™ in the electrolyte of

interest, taking into careful consideration the difference in the diffusion coefficients of Fc and
Fc* 2736

The Pt macrodisk with a nominal diameter of 1.6 mm was purchased from BASi
(Bioanalytical Systems, USA) and the Pt microdisk with a nominal diameter of 20 um was
purchased from Metrohm (Switzerland). The Pt macrodisk electrode was activated by
polishing with successively smaller (1 and 0.3 pm) aqueous alumina slurries (Kemet, UK) on
a clean polishing cloth (Buehler, USA). Adherent alumina was removed by sonication in de-
ionized water. The Pt microdisk electrode was activated by polishing with an aqueous slurry
of 0.3 um alumina and rinsed thoroughly with de-ionized water. The working electrode was
preconditioned prior to sweeping by anodic polarization at 1.5 to 2.2 V vs. F¢/Fc¢™ for <10 ms
as has been previously reported.* The active electrode area (A) of each of the electrodes was

calibrated with convolution voltammetry’-*

, using the oxidation of a Fc solution of known
concentration (2.0 mM in acetonitrile containing 0.10 M [NBu4][PFs]) and adopting a

diffusion coefficient of 2.4 x 10> cm? s”!, as published under these conditions.?’
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Viscosity was measured using the falling ball method with an Anton Paar Automated
Microviscometer (AMVn). Density was measured with an Anton Paar DMA 4500M Density
Meter.

Data treatment and processing. The algorithm used to calculate the convolved
currents is the same as used previously.*® Derivative cyclic voltammograms (i.e., 1 order
derivative of current or 2™ order derivative of charge) were constructed by differentiating
experimental current data with respect to time using the differentiate function available in
OriginPro 9.0 software. Savitzky-Golay data smoothing (polynomial order 2) was performed
prior to estimating the derivative peak potentials. The diffusion coefficients (D) of H", BH"
and HA were estimated from chronoamperometric (/—¢) decay curves obtained at a microdisk
electrode using the Shoup and Szabo*’ method, as reported elsewhere.’® ¢ The diffusion
coefficient (D) of Hz was estimated from the second (oxidative) step of a double-step
chronoamperogram using numerical simulation as has been previously described.*! The
sample time used in all chronoamperometric experiments was 0.01 s. Voltammetric
simulations were undertaken using the DigiElch software package (v. 7F, Elchsoft,
Germany). The pKa of 2,4-dichloropyridine was estimated using the MarvinSketch software

package (v. 14.12.15.0, Chemaxon).

10
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Results and Discussion

Electroreduction of ‘solvated’ H* in [C;mim][NTf;] and [Comim][OTf]. Initial
investigations focused on establishing the proton reduction process from ‘solvated’” H* in
[Comim][NTf2] and [Comim][OTf]. Prior to voltammetric cycling of the potential, the
platinum electrode was preconditioned by ‘anodic polarization’ at oxidative potentials
(typically > 1.5 V vs. Fc/Fc"), as was highlighted in a previous publication.> Shown in
Figure 1a is a cyclic voltammogram obtained from the reduction of H[NTf:] at a platinum
macrodisk electrode in [Comim][NTfz]. This is a one electron per proton process, which
occurs in the potential region just negative of the Fc/Fc¢™ process, producing molecular
hydrogen (Hz) as per Eq. 6.2”-2% 33 The voltammetric peak-to-peak separation (AEp) increases
with increasing scan rate, with values of 72.2, 82.2 and 92.3 mV at 100, 250 and 500 mV s,
respectively (see Figure S1), indicating that the HINTf2]/Hz process is quasi-reversible (Ru is
expected to negligible, see Experimental Section). In a previous publication®*, we
demonstrated that H[NTf2] is not dissociated when dissolved in ILs containing the [NTf2]
anion (i.e., the protons diffuse as H[NTf2]). In other words, H[NTf:] is the ‘solvated proton’
species in [C2mim][NTf2], comparable to H3O™ in aqueous media. Since H[NTf] is the
strongest acid that can exist in [Comim][NTf:], the H[NTf2]/H2 process shown in Figure la
will serve as the equilibrium acidity scale reference point in this medium. We have shown in
the Supporting Information that HINTf:] has a pKa of —0.59 in [C2mim][NTf].8

Shown in Figure 1b is a cyclic voltammogram obtained from the reduction of H[OTT]
in [Comim][OTf] at a platinum macrodisk electrode. Once again, AE, increases with
increasing scan rate, albeit to a greater extent than in [Comim][NTf:], with values of 105.4,
113.4 and 125.4 mV at 100, 250 and 500 mV s°', respectively (see Figure S2), indicating that
the H[OTf]/H> process is quasi-reversible. Assuming that E%(Fc/Fc™) is solvent

independent** #*, the H[OTf]/Hz process in [Comim][OTf] occurs at potentials approximately
11
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300 mV more negative than the H[NTf2]/H2 process in [Comim][NTf2]. Since H[OTT] is the
‘solvated proton’ species in [Comim][OTf] (comparable to H[NTf:] in [Comim][NTf2] or
H3O" in H20), it is clear that the equilibrium acidity scale reference point is considerably
different in [Comim][OTf] and [Comim][NTf2], making direct comparison of pKa data
between these media impossible. Using the same procedure outlined in the Supporting
Information, H{OTf] has a pKa of —0.73 in [Comim][OT{].

Shown in Figure 1c is the proton reduction process obtained at a platinum macrodisk
electrode when H[NTf2] is dissolved in [Comim][OTf]. Again, AE; increases with increasing
scan rate, with values of 107.4, 121.4 and 137.4 mV at 100, 250 and 500 mV s~', respectively
(see Figure S3), indicating that this proton reduction process is quasi-reversible. The
‘H[NTf2]/Hz2 process’ appears to be very similar to the HHOTf]/Hz process in [Comim][OT{],
being a quasi-reversible, one electron per proton process, which occurs in the potential region
approximately 350 mV negative of the Fc/Fc* process. The close coincidence between the
‘H[NTf2]/H2’ and H[OTf]/H2 processes indicates that the following equilibrium lies to the

right in [Comim][OTH]:
H[NTf,] + [OTf]”™ = [NTf,]~ + H[OTf] (10)

In other words, H[NTf2] behaves as a ‘strong acid’ in [Comim][OTf] (pK. < —0.73),
undergoing complete dissociation to form H[OT{] and [NTfz2]". Consequently, the H{OT{]/Hz
couple is responsible for the proton reduction process observed in Figure lc. The higher
proton affinity of [OTf]" compared to [NTf2] is thought to be due to the smaller size and
more localized negative charge density of the former.” ' Conversely, it would be expected
that H[OT{] behaves as a ‘weak acid’ in [NTfz2]™ ILs, which was found to be the case in our

companion study.>*
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(@) HINTf,] in [Comim][NT¥,]
E0'=-0.026 V vs. Fc/Fct

(b) H[OTf] in [Comim][OTf]
E® =-0.342 V vs. Fc/Fc*

(¢) HINTf,] in [C,mim][OTf]
EC' =-0.340 V vs. Fc/Fc*

0000000000

o
0000000.0

T
=
<
<« ~—
O
-
500 pA M-1 ]

-0.3 0
E (V) vs. Fc/Fc*

0.3

Figure 1. Comparison of the simulated (o) and experimental (—) concentration-normalized

cyclic voltammograms showing the proton reduction process obtained from (a) 49.8 mM

HINT£] in [Comim][NT£], (b) 41.1 mM H[OTf] in [C:mim][OTf] and, (c) 42.0 mM

H[NTf] in [Comim][OTf] at a 1.6 mm dia. Pt macrodisk electrode with a scan rate of 250

mV s!. The arrows indicate zero current for each of the voltammograms. Simulation

parameters are available in Table 2.
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Simulation of the electroreduction of ‘solvated’ H' in [Comim][NTf;] and
[Comim][OTHf]. Also shown in Figure 1 are simulations of the cyclic voltammograms. A
number of mechanisms were considered®® and the following was found to be consistent with

the experimental data under a wide range of experimental conditions:

H* 4+ e~ 2 H* E (H*/H*), k3PP, (11)

H*+H" = H, Kaim, Kdim (12)

where EC(H'/H"), kPP and o are the formal potential of the H'/H" couple, apparent standard
heterogeneous electron-transfer rate constant (vide infra) and charge transfer coefficient
respectively. Additionally, Eq. 12 has been treated as a homogeneous process with arbitrarily
defined dimerization equilibrium constant (Kdim) and dimerization rate constant (kdim) values.
Here, H™ denotes a ‘solvated’ proton, referring to the strongest acid which can exist in a given
medium, which in the current context is equivalent to HAwL. The reactions given in Eqgs. 11
and 12 correspond to the Volmer and Tafel equations respectively (see Egs. 7 and 8).

2931 it has been treated as

Although in reality H" is likely to be a surface confined species
solution based (diffusing) species in the simulations, as justified in a previous publication.*’
One consequence of treatment of the mechanism in this manner is that the process shown in
Eq. 12 has no physical significance and the following parameters: k:"°, Kdim, kdim and Dy~ are

not quantitatively meaningful.'®

For this reason, ks has been given the superscript ‘app’ to
signify that it is the ‘apparent’ heterogeneous rate constant used in the simulations.

In all simulations, it was taken that Dy = 107! cm? 57!, Kgim = 10, kaim = 10'¢ M!
s~!, uncompensated resistance (Ru) = 0 Q and double layer capacitance (Ca) = 0 F. The E”

value used in the simulations corresponds to the fictitious H'/H" couple and is related to

E"(H'/H>) as follows:
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EY(H*/H*) = EY'(H*/H,) - ¥mu<dim> =EY(H*/H,) — 0.118V (13)

where R is the gas constant, F' is Faraday’s constant and 7 is temperature. The parameters
derived by simulation of the experimental data are outlined in Table 2. The experiment-
simulation comparison for the reduction of H[NTfz] in [Comim][NTf2], H[OTf] in
[Comim][OTf] and H[NTf:] in [Comim][OTf] at multiple scan rates are provided in the
Supporting Information (Figures S1 to S3). The mechanism shown in Eqs. 11 and 12 has
been expanded upon below to simulate the reduction of protonated amines or sulfonamide
acids in [Comim][NTfz].

As shown in Figures S1 to S3, excellent fits between the experimental and simulated
voltammograms are achieved over a wide range of scan rates when using the simulation
parameters outlined inTable 2. As was highlighted in a previous publication®, the main
discrepancy between the experimental and simulated data is in the hydrogen underpotential
deposition (UPD) region, prior to the main (solution based) reduction process.’ The formal
potential of the H*/Hz process in [C2mim][NTf] is —0.026 V vs. Fc/Fc*, compared to —0.342
V vs. F¢/F¢™ in [Comim][OTf]. In addition, E®(H'/H2) obtained from H[NTf:] in
[Comim][OTf], —0.340 V vs. Fc/Fc™, is nearly identical to that obtained from H[OT{] in
[Comim][OTH], supporting our previous conclusion that HINTf:] acts as a strong acid in this
media. Also highlighted in a previous publication®*, the Volmer reaction (Eq. 11) is the rate
determining step for the HER on Pt in the investigated ILs, where the second step (Eq. 12) is
simply required to fulfill the stoichiometry requirements of the overall process (see Eq. 6).
Although the kZPP values derived from the simulations are not quantitatively meaningful in
an absolute sense, the relative magnitude of the values indicates that the hydrogen evolution
reaction is more kinetically facile in [Comim][NTf] (k2* = 0.02 cm s') than in
[Camim][OTA] (k2P = 0.004 cm s 1), in agreement with the previously noted AE, vs. scan rate
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trends. It is also worth noting that degradation of the voltammetric response caused by
slowing heterogeneous electron transfer kinetics with potential cycling®, occurred more
rapidly in [Comim][OTf] than in [Comim][NTf2] suggesting that that electrode ‘deactivation’

is intrinsically linked to the IL anion.

Table 2. Parameters extracted from the comparison of experimental cyclic voltammetric data
for the electroreduction of ‘solvated” H' in [Comim][NTf2] or [Comim][OTf] and simulated

data, based on the mechanism described by Eqs. 11 and 12.

R
[Cmim][NTf,] H[NTf]  -0.026 050  0.022 3.1 22
[Comim][OTf]  H[OTI] -0.342 040  0.0043 1.8 1.2
[Comim][OTf] H[NTf]  -0340 040  0.0040 1.7 1.2
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Proton reduction from weak nitrogen acids in [Comim][NTf;]. Further studies
were focused on the proton reduction process from a range of weak nitrogen acids (i.e.,
BH/H2 or HA/H> couple) in [Comim][NTf]. The name and structure of all of the nitrogen
acids investigated were previously shown in Table 1. The electrode was activated prior to
sweeping by oxidative pretreatment as discussed above. Representative cyclic
voltammograms obtained from a typical monoprotonated amine, [Pyr—H][NTf:], are shown in
Figure 2a. Proton reduction from [Pyr—H]" gives rise to a one-electron per proton process at
potentials approximately 700 mV negative of the H[NTf2]/Hz process (see Figure la). AE;
increases with increasing scan rate, with values of 114, 120, 136 and 156 mV at 50, 100, 250
and 500 mV s7!, respectively, indicating that proton reduction from this weak acid is a quasi-
reversible process.

A diprotonated amine, [oOPD-H2][NTf:]2, was also investigated; representative cyclic
voltammograms are shown in Figure 2b. Proton reduction from [oPD-H2][NTf2]2 gives rise
to two one-electron per proton processes in the potential regions approximately 200 mV and
550 mV negative of the H[NTf2]/Ha process (see Figure 1a), corresponding to the first and
second deprotonation, respectively. Hydrogen UPD can be seen prior to the first proton
reduction process at high scan rates; this was found to be the case with all of the acids
investigated in this work. AE, for the process corresponding to the first deprotonation
increases substantially with scan rate, with values of 142, 170 and 250 mV at 50, 100 and 250
mV s, respectively. By contrast, AE, for the process corresponding to the second
deprotonation increases to a lesser extent with scan rate, with values of 87.9, 93.8 and 108
mV at 50, 100 and 250 mV s7!, respectively. These results qualitatively indicate that
hydrogen evolution from monoprotonated [oPD-H]* is more kinetically facile than from
diprotonated [oPD-H2]*" in this media, suggesting that the charge of the weak acid may

influence the heterogeneous electron transfer kinetics of the proton reduction process.
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Cyclic voltammograms obtained from two neutral sulfonamide acids, SACC and
DBSA, are shown in Figure 3a and b, respectively. Proton reduction from SACC (see Figure
3a) occurs in the same potential region as [Pyr—H][NTf2], approximately 700 mV negative of
the H[NTf2]/Hz2 process. Hydrogen evolution from SACC is a quasi-reversible process,
featuring large AE, values of 254, 284, 334 and 382 mV at 50, 100, 250 and 500 mV s,
respectively. Proton reduction from DBSA occurs in the same potential region as
[oPD-H][NTf2], approximately 550 mV negative of the H[NTf2]/H2 process. Once again,
hydrogen evolution from DBSA is a quasi-reversible process, featuring large AE, values of
232, 278, 348 and 406 mV at 50, 100, 250 and 500 mV s~!, respectively. The magnitude of
these AE; values qualitatively indicate that hydrogen evolution from the sulfonamide acids is
kinetically more sluggish than from monoprotonated amines of similar strength (i.e,
[Pyr—H][NTf2] or [oPD-H][NTf:]). In the present case, it is unlikely this trend in
heterogeneous kinetics (i.e., electrochemical reversibility) is solely attributable to the
difference in the charge of the weak nitrogen acids, since amines and sulfonamides are
structurally and chemically disparate species (explored in greater detail below). Cyclic
voltammograms obtained from all of the weak acids outlined in Table 1 are included in the

Supporting Information (Figures S4 to S13).
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(a) 60

40 -

20 A

(O 50 mV s—1

I (HA)

250 mV s-1

-1.2 -0.9 -0.6 -0.3
E (V) vs. Fc/Fc?

(b) 30

20 A

50 mV s-1

-40 1 250 mV s

-11 -085 -06 -035 -0.1 0.15 0.4
E (V) vs. Fc/Fc*

Figure 2. Cyclic voltammograms showing the proton reduction process obtained from (a)
50.2 mM [Pyr—H][NT£:] and (b) 33.0 mM [oPD-H:][NTfz]2 in [Comim][NTfz2] at a 1.6 mm

dia. Pt macrodisk electrode with scan rates of 50, 100 and 250 mV s7\.
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(a) 60

40 A

20 A

0 - 50 mV s
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1500 mV s-1

-1.4 -1.15 -0.9 -0.65 -0.4 -0.15
E (V) vs. Fc/Fc?

(b) 40
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ol  s0mvs
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-40 : : T
-1.2 -0.9 -0.6 -0.3 0
E (V) vs. FclFc*

Figure 3. Cyclic voltammograms showing the proton reduction process obtained from (a)
58.3 mM SACC and (b) 37.6 mM DBSA in [Comim][NTfz] at a 1.6 mm dia. Pt macrodisk

electrode with scan rates of 50, 100, 250 and 500 mV s~ .
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Simulation of the proton reduction process from weak nitrogen acids in

[Comim][NTf2]. The overall proton reduction process from a weak acid is:

2BH* + 2e” = H, + 2B (14)

2HA + 2e~ = H, + 2A~ (15)

where B/BH" correspond to a neutral base/conjugate cation acid and HA/A™ correspond to a
neutral acid/conjugate anion base. The two reactions described above are stoichiometrically
equivalent and although the following discussion refers to the BH/Hz couple, it is equally
applicable to the HA/H2 couple. In order to simulate the BH"/H2 process, a CE mechanism
was considered, whereby proton reduction via the mechanism described by Egs. 11 and 12 is

preceded by dissociation of BH™:
BH* = H* +B Kat kdissoo kassoc (16)

where Kdissoc is the dissociation rate constant and Kassoc 1S the association rate constant. In all

! which is thought to the approximate the

simulations, Kassoc Was set to be 5 x 108 M! s~
diffusion controlled limit for a bimolecular reaction in this viscous electrolyte.>” Additionally,
in all simulations it was assumed that Dy = Dpy+ and the parameters for Eqs. 11 and 12 were
taken from Table 2. Simulations were carried out for [dCIPyr—H][NTf2] using the diffusivity
and pKa values outlined in Table 3; the results are shown in Figure 4. Evidently, BH"
reduction solely via the CE pathway cannot support a mass-transport controlled current, even
at 50 mV s!. This is because Kdissoc = KaKassoc and Kassoc cannot exceed the diffusion controlled
limit, which, in the present case means Kdissoc = 300 s™', making the reaction shown in Eq. 16
limiting on the voltammetric timescale.

Clearly, a parallel reaction pathway must be available to support the diffusion

controlled currents observed experimentally. One possibility is that BH™ undergoes direct
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reduction (DR mechanism) at the electrode surface without prior dissociation, giving rise to
surface adsorbed H" as previously discussed:

BH*+e = H" +B E® (BH*/H"), kZPP(DR), app (17)

This reaction is conceptually analogous to the direct reduction of water at platinum in neutral
or basic aqueous solution.!” Simulations were carried out by combining Eqgs. 11, 12, 16 and
17; the result is also shown in Figure 4. There is excellent agreement between the simulations
and experimental data when the DR pathway (Eq. 17) also is considered. Simulation-
experiment comparisons for all of the investigated weak acids are included in the Supporting
Information (Figures S3 to S13). The parameters derived by simulation of the experimental

data are outlined in Table 3.

Table 3. Parameters extracted from the comparison of experimental cyclic voltammetric data
for the proton reduction process from ten weak nitrogen acids in [Comim][NTf2] and

simulated data, based on the mechanism described by Eqs. 11, 12, 16 and 17.

Nitrogen Acid OrEzI;ifII;g{/Z)V ODR kg z;gls)f) / e D(acid) S/7]1 07 cm?
[MePyrd-H][NTf] 118 0.53 0.0080 19.5 4.0
[Melm—H][NTf] 0.977 0.50 0.018 16.1 32
[Pyr—H][NTf] -0.810 0.50 0.045 13.2 3.5
[oPD-H][NTf] -0.695 0.50 0.057 11.3 17
[An-H][NT#] -0.664 0.50 0.053 10.8 2.0
[CIPyr—H][NT£] -0.474 0.50 0.058 7.6 32
[dCIPyrH][NTf] -0.395 0.50 0.055 6.2 2.4
[oPD-H,][NT£], 0.337 0.50 0.015 53 12
SACC -0.797 0.42 0.0025 13.0 2.0
DBSA -0.587 0.32 0.0014 9.5 1.5
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As shown in Figures S3 to S13, excellent fits between the experimental and simulated
voltammograms are achieved over a wide range of scan rates when using the simulation
parameters outlined in Table 3. Once again, the main discrepancy between the experimental
and simulated data is in the hydrogen UPD region.!® Fourteen orders of magnitude in acid
strength (Ka) have been covered in this study, ranging from pKa = 5.3 for [o0PD-H2][NTf2]2 to
pKa = 19.5 for [MePyrd—H][NTf2]. The diffusion coefficients used in the simulations were
initially estimated by double step chronoamperometry (see Experimental Section). Dpy+

follows the expected trend, decreasing with increasing substituent size (Dipyr_g+ >
Dicipyr-u1* > Diacipyr-m)+), substituent number (Diap_gp+ > Diopp-nj+) and charge

(Diopp-n1* > Diopp-H,2+)-

As shown in Table 3, the kPP among the monocationic protonated amine acids is
comparable for [dCIPyr-H]", [CIPyr—H]", [An—H]" and [oPD-H]" (6.2 < pKa < 11.3) and
then decreases with increasing pKa for [Pyr-H]" (pKa = 13.2), [MeIlm-H]" (pKa = 16.1) and
[MePyrd-H]" (pKa = 19.5). This trend is not likely to be the result of a double layer effect?,
which would predict that the apparent Ks increases at increasingly negative potentials for
cationic species (assuming all of the processes are negative of the point of zero charge). Since
Eq. 17 is the rate determining step, one possible explanation for this trend is that activation
energy (overpotential) required to break the N—H bond is related to the heterolytic bond
dissociation energy, which is larger for the weaker acids (proportional to pKa).!® 17 Also
evident from the data in Table 3, the proton reduction process from monocationic nitrogen
acids is more kinetically facile (electrochemically reversible) than from dicationic or neutral
nitrogen acids of comparable strength. Since [oPD-H]" and [oPD-H2]*" are structurally
identical, the trend in kPP is most likely related to the charge of the respective acids. A

similar comparison cannot be made between the monocationic protonated amine acids and
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neutral sulfonamide acids, because structural variations in the vicinity of the acidic proton on
the parent acid may affect the kinetics of the Volmer-type reaction shown in Eq. 17.

Further simulations carried using the CE (see Egs. 11, 12 and 16), DR (see Egs. 12
and 17) or CE + DR pathways are included in the Supporting Information (Figures S14 to
S18). Setting Kassoc to be the diffusion controlled value (5 x 108 M~! s7!) and using a “typical’
set of simulation parameters for proton reduction in [Comim][NTf2] (outlined in Table S1), it
was found that proton reduction through the CE pathway could only attain a diffusion
controlled current when pKa < 4. It was also found that proton reduction through the DR
pathway becomes insignificant when pKa < 2. Although these are generalizations, as they
strictly only apply under the conditions investigated (ro = 0.0825 cm, v = 500 mV s7!), they
do provide valuable insight into how the preferred proton reduction pathway relates to the
strength of the weak acid. In line with the simulations, we have shown in our companion
study** that H[OTf] has a pKa of approximately 2 in [Comim][NTf:], allowing proton
reduction to proceed via the CE pathway. These simulations are in qualitative agreement with

1.1%17 on the reduction of weak acids in dimethylsulfoxide (Kassoc = 1

the studies by Evans et a
x 10" M~ s7), where the authors postulated that there is a transition from the CE pathway to

the DR pathway when pKa > 6.
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Figure 4. Comparison of simulated and experimental (solid line) cyclic voltammograms
showing the proton reduction process obtained from 38.7 mM [dCIPyr—H][NTf:] in
[Comim][NTf:] at a 1.6 mm dia. Pt macrodisk electrode with a scan rate of 100 mV s™'. The
simulations were carried out using the CE mechanism only (dashed line, see Eqs. 11, 12 and
16) or the CE + DR mechanism (dotted line, see Eqgs. 11, 12, 16 and 17). Simulation

parameters are available in Table 2 (CE) or Table 3 (CE + DR).
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Calculating the pKa of weak nitrogen acids in [Comim][NTf,]. The hydrogen
evolution reaction is given in Eq. 6, where H' is the strongest acid which can exist in a given
medium (i.e., a ‘solvated proton’), which in the current context is equivalent to H[NTf:]. If it
is assumed that activities are equal to molar concentrations, as justified by Doherty and co-

workers’, the Nernst Equation for the H'/Hz couple is as follows:

RT [H*]?
2F " [Hy]

E = EY(H*/H,) + (18)

Here, the concentration rather than pressure-based standard state of Hz has been used. Proton
reduction from a weak acid can be described by the process given in Eq. 14. Once again, if it
is assumed that activities are equal to molar concentrations, the Nernst Equation for the

BH'/H2 couple is as follows:

E = EY(BH*/H RTl [BH "] 19
B TR T T w

If Eq. 18 is subtracted from Eq. 19, we get:

RT [B[H*] __2303RT
F "BHY] F

E”(BH*/H,) — E* (H*/H,) = pK, (20)

so the pKa of an acid can be estimated if E*(H'/Hz) and E”(BH'/Hz) are known. Although
EY(H"/Hz) was previously estimated to be —0.026 V using numerical simulation (see Table
2), it can be more conveniently calculated directly from a transient cyclic voltammogram (see
Figure 1a) as follows. Under conditions where mass transport is governed solely by semi-
infinite planar diffusion and H" is the only species initially present in solution, the following
relationship between E”(H'/Hz) and the reversible half wave potential, Ei2, can be derived

from Eq. 18 using the diffusion layer method!”: 230 44;

D RT
J:VDHz)_ﬁm[qu @
H+

' RT
E° (H*/Hy) = E1/2(H+/H2) - ﬁln(
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where the subscript ‘b’ signifies ‘bulk concentration’. Ei2 can be estimated from a transient

cyclic voltammogram as follows:

Ey ox + Eored
Eipp = w = Enidq (22)

where Ep.ox and Ep,red are the oxidation and reduction peak potentials respectively.!” D+ and

Dy, can be estimated experimentally using double step chronoamperometry, as outlined in

the Experimental Section. Dy, /Dy+ is approximately equal to 100 (in a range of ILs**) and
[H'b is typically 0.02 to 0.05 M, meaning both of the logarithmic terms in Eq. 21 are
significant. The E”(H/Hz2) values estimated using Eq. 21 are —0.027 V and —0.345 V in
[Comim][NTf2] and [Comim][OT{], respectively and are in excellent agreement with the
values previously determined with numerical simulation (see Table 2). Likewise, E”(BH'/Hz)
can be estimated using numerical simulation (see Table 3) or directly from a transient cyclic
voltammogram using the following equation, derived from Eq. 19 using the diffusion layer
method!” %%

, RT [ 4/Dg.D RT
EY (BH* /H,) = E; ;(BH* /H,) — o—In [ Y2222 | 4 Zjn[BH*], (23)

2F 3 2F
Once again, the derivation of Eq. 23 assumes mass transport to the electrode surface is
governed solely by semi-infinite planar diffusion and BH" is the only species initially present
in solution. Although Dgy+ and Dy, can be estimated using double step chronoamperometry,
Dy cannot be readily estimated by electrochemical methods. If it is assumed that Dg = Dgy+,

Eq. 23 reduces to:

4/Dy,\ RT

E% (BH*/H,) = E; ,(BH* /H,) — %ln <7> + —In[BH*], (24)

v Dgu+ 2F
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Again, E;,(BH*/H,) can be estimated from a transient cyclic voltammogram using Eq. 22.
The pKa values calculated for all of the nitrogen acids are summarized in Table 4. In addition,
experimental and simulated cyclic voltammograms obtained from the full spectrum of

nitrogen acids investigated in the work are shown in Figure 5.

Table 4. pKa (IL) values calculated in this work and pKa (aq) values obtained from the

literature for a range weak nitrogen acids.

Acid pKa (SIM) pKa (CV) pKa (DCV) pKa (aq)™®
[Pyr—H]* 13.2 13.3 13.4 5.1
[CIPyr—H]" 7.6 7.6 7.6 0.72
[dCIPyr—H]" 6.2 6.2 6.2 0.11"
[An-H]" 10.8 10.8 10.9 4.60
[Melm-H]* 16.1 16.1 16.2 6.95
[MePyrd-H]* 19.5 19.5 19.8 10.46
[oPD-H]* 11.3 11.3 11.4 4.74
[oPD-H.J?* 5.3 5.4 5.4 0.6
SACC 13.0 13.3 13.0 1.31
DBSA 9.5 9.8 9.6 -

TReliable literature data not available, pK, (aq) was estimated using MarvinSketch software

The pKa values estimated using numerical simulation are generally in excellent
agreement with those determined directly from the cyclic voltammogram (CV) using Eqs. 21,
and 24. The largest deviation between the two methods is approximately 0.3 pKa units for the
neutral sulfonamide acid, DBSA. This is not surprising, since Emia most closely approximates
Eiz (see Eq. 22) when heterogeneous kinetics are reversible and the charge transfer
coefficient () is equal to 0.5; neither of these conditions are met in the case of DBSA (see
Table 3). Also included in the table are pKa values calculated using Eqs. 21 and 24 after

estimating Ei»2 from the derivative peak potentials of a derivative cyclic voltammogram
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(example shown in Figure S19). Although processing the data in this way (see Experimental
Section) is unnecessary in the present case, it has been included here as a point of comparison
because in our companion study on the reduction of oxyacids in [Comim][NTf:], estimating
Ei2 directly from the CV is complicated by the effects of homoassociation.** In that study,
we found that the differential response of the derivative cyclic voltammetry (DCV) technique
resolved fine details that are not readily discernable on the normal cyclic voltammogram®*> 4,
allowing E12 to estimated with greater accuracy. As expected, the pKa values calculated using
DCYV method are in excellent agreement with those determined directly with CV or with CV
plus numerical simulation.

Where available, aqueous pKa values have also been included in Table 4. In all cases
the nitrogen acids dissociate less readily in [Comim][NTf:] than in water. This is not
surprising, since [Comim][NTf:] is a weak hydrogen bond donating/accepting solvent

compared to water?’

and the [NTf2]™ anion is very weakly basic due to extensive charge
delocalization.*”> *8 In addition, aprotic ILs are only considered to be ‘moderately polar’
solvents, with reported static dielectric constants being in the 10 to 20 range*’, compared to
80.1 for water®’. Nonetheless, there is a good correlation between the pKa (aq) and pKa (IL)
data (see Figure S20) for the monocationic protonated amine acids, with pKa increasing in the
order [dCIPyr-H]" < [CIPyr-H]" < [An-H]" < [oPD-H]" < [Pyr—H]" < [Melm-H]" <
[MePyrd-H]" in both solvents. [oPD-H2]** is a stronger acid than [dCIPyr—H]" in IL media,
whereas the opposite is predicted in aqueous media. This is almost certainly a charge effect,
reflecting the relative stability (or instability) of dications (BH2?") and monocations (BH") in
[Comim][NTf2] compared to H20. The neutral sulfonamide acid, SACC, is the outlier in the
pKa(aq) vs. pKa (IL) trend, having a considerably higher pKa (IL) value than expected relative

to the cationic protonated amine acids. A similar observation was made with neutral oxyacids

and has been explored in further detail in our companion study.>*
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Finally, by combining Eqgs. 20, 21 and 24, the following relationship can be derived:

2.303RT
F

)
NS

. . RT
pK, = E1,(BHY/Hy) — Eq ,(HT /Hy) + ﬁln

(25)
+ Hln([BHJ']b[HJr]b)
2F 4

In order to apply this equation in practice, a solution containing H[NTf2] and pyridine in a 2:1
ratio was prepared and characterized voltammetrically, as is shown in Figure 6. There are two
reduction processes observable with cyclic voltammetry (see Figure 6a); the more positive
process corresponds to the H/Hz couple and the more negative process corresponds to the
[Pyr—H]"/Hz couple. E;,,(H*/H,) and E;,,(BH*/H,) can be readily estimated from the
peak potentials labeled in Figure 6a using Eq. 22. Dgy+ and Dy+ can be readily estimated by
performing a potential step past each of the peaks (indicated in Figure 6a);
chronoamperograms are shown in Figure 6b. The potential step to —0.323 V vs. Fc/Fc*
corresponds to the mass-transport controlled reduction of H* to Hz (see Eq. 6), and from this
chronoamperogram, D+ was estimated to be 3.0 x 10”7 cm? s™'. The potential step to —1.023
V vs. Fc/F¢* corresponds to mass-transport controlled proton reduction from both H[NT1]
and [Pyr-H][NTf]; Dgy+ was estimated to be 3.6 x 10”7 cm? s™! from the chronoamperogram
obtained by subtracting the /- transient at —0.323 V vs. F¢/Fc¢™ from the one at —1.023 V vs.
Fc/Fe™.

Substituting the appropriate values into Eq. 25, the pKa of pyridine was calculated to
be 13.4, which is in excellent agreement with the previously determined values (see Table 4).
This method has a number of advantages over the previously outlined methods, namely: (a)
numerical simulation is not required; (b) only a single solution containing a 2:1 mixture of
HA1L and B is required and; (c) preparation of [BH][AIL] is not required, the solution can be

prepared simply by adding B directly to a HAw/IL mixture. It should be noted that a similar
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set of experiments have been previously reported by Doherty and co-workers’, where they
calculated the pKa value of [Pyr—H]" to be 10.5 in [Camim][NTf2]. Changing the alkyl chain

%10 50 the

length on the imidazolium cation is expected to have a minimal impact on pKa
large discrepancy between our value, 13.4, and their value, 10.5, is predominantly attributable
to the method in which pKa was calculated from the voltammogram. In their work, the
authors assumed AE12 = AE”, neglecting the two additional logarithmic terms shown in Eq.
25. Although the first logarithmic term is somewhat negligible because D+ = Dgy+(see
Table 3), the second term is significant when working at millimolar concentrations, equaling
0.1 V or +1.7 pKa units when [H*]o = [BH]o = 40 mM. Furthermore, the authors assumed

that H{OTf] behaves as a strong acid (i.e., undergoes 100% ionization) in [Camim][NTf2]; we

have shown in our companion study** that this is not likely to be the case.
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Figure 5. Simulated (o) and experimental (—) concentration-normalized cyclic
voltammograms showing the proton reduction process obtained from (top to bottom) 49.8
mM H[NTfz], 33.0 mM [oPD-H:][NTf2]>, 38.7 mM [dCIPyr-H][NTf:], 62.4 mM
[CIPyr-H][NTf2], 37.6 mM DBSA, 30.4 mM [An-H][NTf:], 28.2 mM [oPD-H][NTf:], 58.3
mM SACC, 502 mM [Pyr—H][NTf2], 493 mM [Melm-H][NTf2] and 29.4 mM
[MePyrd-H][NTf2] in [Comim][NTf2] at a 1.6 mm dia. Pt macrodisk electrode with a scan
rate of 100 mV s™!. The arrows indicate zero current for each of the voltammograms.

Simulation parameters are available in Table 3.
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Figure 6. (a) A cyclic voltammogram obtained from the reduction of 33.1 mM H[NTf:] and

24.3 mM [Pyr-H][NTfz] in [Comim][NTfz] at a 1.6 mm dia. Pt macrodisk electrode with a

1

scan rate of 100 mV s. (b) Experimental (—) and Shoup-Szabo theoretical

chronoamperograms (©) obtained from the solution outlined in (a) at a 20 pm dia. Pt

microdisk electrode by (i) stepping the potential to —0.323 V vs. Fc¢/Fc", (ii) stepping the

potential to —1.023 V vs. F¢/Fc¢" and (iii) subtracting curve (i) from curve (ii).
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Conclusions

The thermodynamics, kinetics and mechanisms for the proton reduction (hydrogen
evolution) reaction at a platinum electrode have been investigated in ionic liquid media using
a range of nitrogen acids (protonated amines or sulfonamides) as the proton source. The
formal potential of the H"/Hz2 process (where H' signifies a ‘solvated proton’ released from a
strong acid) was found to be strongly dependent on the identity of the IL anion, making direct
comparison of pKa data between ILs with different constituent anions impossible. Proton
reduction from weak nitrogen acids (i.e., HA/H2 or BH"/H2) was found to be a diffusion
controlled process which occurs in the potential region negative of the H/H2 process
(proportional to pKa). Numerical simulations, performed by combining the classical Volmer
and Tafel reactions, revealed that weak acid dissociation is limiting on the voltammetric
timescale when pKa > 4, meaning proton reduction via a CE mechanism cannot account for
the experimentally observed mass-transport limited currents. A parallel direct reduction (DR)
pathway was considered in addition to the CE pathway and using this mechanism, the proton
reduction response from ten weak nitrogen acids covering 14 orders of magnitude in acid
strength (5.2 < pKa < 19.5) was successfully simulated. All of the investigated nitrogen acids
dissociated to a much lesser extent in [Comim][NTf2] compared to water, indicating that the
H" solvating ability of the former solvent is considerably weaker than the latter. Finally, after
estimating E12(HA/H2) — E12(H/H2) or E12(BH/Hz2) — E12(H"/H2) from a transient cyclic
voltammogram and Dyp/Dy+ or Dgy+/Dy+ from a microdisk electrode chronoamperogram,
the pKa values for each of the ten weak nitrogen acids were calculated using a straightforward
formula, demonstrating the utility of voltammetry as a convenient method for calculating

equilibrium acidities.
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Associated Content

Supporting  information.  Simulation-experiment = comparisons  for  the
electroreduction of solvated H* in [Comim][NTf2] and [C2mim][OTf] (Figures S1 to S3),
simulation-experiment comparisons for the proton reduction process from a range of weak
nitrogen acids in [Comim][NTfz] (Figures S4 to S13), simulations showing the contributions
of the CE and DR pathways to proton reduction from weak acids with 1 < pKa < 5 (Figures
S14 to S18), derivative cyclic voltammogram for the proton reduction process obtained from
[Pyr—H]" in [Comim][NTf2] (Figure S19) and a plot of pKa (aq) vs. pKa (IL) (Figure S20).

This material is available free of charge via the Internet at http://pubs.acs.org.
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Calculation of pK. (H3O") in H20

Take the general Bronsted acid, HA. In water, ionization occurs:

_ [A1[H50%]

HA + H,0 = A~ + H,07 K., =
? ° 4™ [HA][H,0]

(81

where [H20] in pure water is equal to (997.05 g/L)/(18.02 g/mol) = 55.3 mol/L at 25°C. In
dilute aqueous solution, [H20] is enormous and essentially constant. Consequently, the acid

dissociation constant, K,, is defined without regard to this entity:

CH A _(H)
HA = H* +A Ko = Fia (S2)

As defined above, K, and Keq are related as follows:
K, = Keq [H,0] (S3)

For the special case when HA = H30™:

H,0][H,0*
H,0% + H,0 = H,0 + H,0* K, _ [Hz0][H;07]

=—- — - - -1 S4
e = [H,0+][H,0] 59

And therefore, Ko = 1x55.3 = 55.3 and pKa(H30") = —logi0(55.3) =—1.74

Calculation of pK. (H[NTf:]) in [C2mim][NTf;]

Using the same logic as above, we get:

_ [A][HINTE]]

HA + [NTf,]” = A" + H[NTf,]  Keq = [HAI[INTE, -]

(S5)

Given that the density and molecular weight of [Comim][NTf;] are 1520 g/L. and 391.31

g/mol, pK.(H[NT£]) = —logio(1520/391.31) = —0.59 at 25°C.
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Figure S1. Comparison of the simulated (o) and experimental (—) cyclic voltammograms
showing the proton reduction process obtained from 49.8 mM H[NTf;] in [Comim][NTf] at a
1.6 mm dia. Pt macrodisk electrode with scan rates of 100, 250 and 500 mV s !. Simulation

parameters are available in Table 2 of the main text.
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Figure S2. Comparison of the simulated (0) and experimental (—) cyclic voltammograms
showing the proton reduction process obtained from 41.1 mM H[OT{] in [Comim][OTf] at a
1.6 mm dia. Pt macrodisk electrode with scan rates of 100, 250 and 500 mV s !. Simulation

parameters are available in Table 2 of the main text.
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Figure S3. Comparison of the simulated (0) and experimental (—) cyclic voltammograms
showing the proton reduction process obtained from 42.0 mM H[NTf,] in [Comim][OT{] at a
1.6 mm dia. Pt macrodisk electrode with scan rates of 100, 250 and 500 mV s !. Simulation

parameters are available in Table 2 of the main text.
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Figure S4. Comparison of the simulated (0) and experimental (—) cyclic voltammograms
showing the proton reduction process obtained from 50.2 mM [Pyr—H][NTf:] in
[Comim][NTf;] at a 1.6 mm dia. Pt macrodisk electrode with scan rates of 50, 100 and 250

mV s~ !. Simulation parameters are available in Table 3 of the main text.
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Figure S5. Comparison of the simulated (0) and experimental (—) cyclic voltammograms
showing the proton reduction process obtained from 62.4 mM [CIPyr—H][NTf:] in
[Comim][NTf;] at a 1.6 mm dia. Pt macrodisk electrode with scan rates of 50, 100 and 250

mV s~ !. Simulation parameters are available in Table 3 of the main text.
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Figure S6. Comparison of the simulated (0) and experimental (—) cyclic voltammograms
showing the proton reduction process obtained from 38.7 mM [dCIPyr—H][NTf:] in
[Comim][NTf;] at a 1.6 mm dia. Pt macrodisk electrode with scan rates of 50, 100 and 250

mV s~ !. Simulation parameters are available in Table 3 of the main text.
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Figure S7. Comparison of the simulated (0) and experimental (—) cyclic voltammograms
showing the proton reduction process obtained from 30.4 mM [An-H][NTf:] in
[Comim][NTf;] at a 1.6 mm dia. Pt macrodisk electrode with scan rates of 50, 100 and 250

mV s~ !. Simulation parameters are available in Table 3 of the main text.
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Figure S8. Comparison of the simulated (0) and experimental (—) cyclic voltammograms
showing the proton reduction process obtained from 49.3 mM [Melm-H]|[NTf:] in
[Comim][NTf,] at a 1.6 mm dia. Pt macrodisk electrode with scan rates of 50, 100 and 250

mV s !. Simulation parameters are available in Table 3 of the main text.
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Figure S9. Comparison of the simulated (0) and experimental (—) cyclic voltammograms
showing the proton reduction process obtained from 29.4 mM [MePyrd—H][NTf:] in
[Comim][NTf;] at a 1.6 mm dia. Pt macrodisk electrode with scan rates of 50, 100 and 250

mV s~ !. Simulation parameters are available in Table 3 of the main text.
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Figure S10. Comparison of the simulated (o) and experimental (—) cyclic voltammograms
showing the proton reduction process obtained from 28.2 mM [oPD-H][NTf;] in
[Comim][NTf;] at a 1.6 mm dia. Pt macrodisk electrode with scan rates of 50, 100 and 250

mV s~ !. Simulation parameters are available in Table 3 of the main text.
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Figure S11. Comparison of the simulated (o) and experimental (—) cyclic voltammograms
showing the proton reduction process obtained from 33.0 mM [oPD-H:][NTf:]> in
[Comim][NTf;] at a 1.6 mm dia. Pt macrodisk electrode with scan rates of 25, 50 and 100 mV

s~!. Simulation parameters are available in Table 3 of the main text.
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Figure S12. Comparison of the simulated (o) and experimental (—) cyclic voltammograms
showing the proton reduction process obtained from 58.3 mM SACC in [Comim][NTf,] at a
1.6 mm dia. Pt macrodisk electrode with scan rates of 50, 100 and 250 mV s~'. Simulation

parameters are available in Table 3 of the main text.
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Figure S13. Comparison of the simulated (o) and experimental (—) cyclic voltammograms
showing the proton reduction process obtained from 37.6 mM DBSA in [Comim][NTf;] at a
1.6 mm dia. Pt macrodisk electrode with scan rates of 50, 100 and 250 mV s™'. Simulation

parameters are available in Table 3 of the main text.
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Simulations: CE vs. DR pathway

Chemical-Electrochemical (CE) Mechanism:

BH* = H* +B Ka kaissocs Kassoc (S6)
H+ +e = H* E(?E' kS,CE' AcE (57)
H*+ H* = H2 Kdim; kdim (88)

Direct Reduction (DR) Mechanism:

BHY*+e” = H*+B ES%, ks pr, ApRr (S9)

H*+H* = H, Kdim, Kdim (S10)

Simulation Parameters:

Table S1. Simulation parameters for the reactions shown in Eqs. S6 — S10.

Parameter Value
Ka 10'to 107
Kdissoc 5x 108 M s!
EQ; -0.144 V
kscE 0.022 cm/s
Ocg = OpRr 0.5
ESx Ed + gln K,
kspr 0.05 cm/s
Kiim 10
Kdim 101 M5!
Dy+ = Dgy+ = Dy 3x107cm?s™!
Dy, 2x10°cm?s!
Dy 1x10 cm?s™!
[BH'Tp 0.05 M
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Figure S14. Simulated cyclic voltammograms mimicking proton reduction from a weak acid
(pKa = 5) in [Comim][NTf>] at a 1.6 mm dia. Pt macrodisk electrode with a scan rate of 500
mV s~!. Three different mechanisms were employed in the simulations, CE (Eqs. S6 — S8,
dashed line), DR (Egs. S9 and S10, dotted line) and CE + DR (Egs. S6 — S10, solid line).

Simulation parameters are available in Table S1.
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Figure S15. Simulated cyclic voltammograms mimicking proton reduction from a weak acid
(pKa = 4) in [Comim][NTf>] at a 1.6 mm dia. Pt macrodisk electrode with a scan rate of 500
mV s~!. Three different mechanisms were employed in the simulations, CE (Eqs. S6 — S8,
dashed line), DR (Egs. S9 and S10, dotted line) and CE + DR (Egs. S6 — S10, solid line).

Simulation parameters are available in Table S1.
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Figure S16. Simulated cyclic voltammograms mimicking proton reduction from a weak acid
(pKa = 3) in [Comim][NTf:] at a 1.6 mm dia. Pt macrodisk electrode with a scan rate of 500
mV s~ !. Three different mechanisms were employed in the simulations, CE (Eqs. S6 — S8,
dashed line), DR (Egs. S9 and S10, dotted line) and CE + DR (Egs. S6 — S10, solid line).

Simulation parameters are available in Table S1.

S19

259



Chapter 5: Results and Discussion

120

90 -

60 A

30 -

-30 -

-60 -

-90 A

-120 .
-1 -0.5 0 0.5

E (V) vs. Fc/Fc*

Figure S17. Simulated cyclic voltammograms mimicking proton reduction from a weak acid
(pKa = 2) in [Comim][NTf>] at a 1.6 mm dia. Pt macrodisk electrode with a scan rate of 500
mV s~ !. Three different mechanisms were employed in the simulations, CE (Eqs. S6 — S8,
dashed line), DR (Egs. S9 and S10, dotted line) and CE + DR (Egs. S6 — S10, solid line).

Simulation parameters are available in Table S1.
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Figure S18. Simulated cyclic voltammograms mimicking proton reduction from a weak acid
(pKa = 1) in [Comim][NTf>] at a 1.6 mm dia. Pt macrodisk electrode with a scan rate of 500
mV s~ !. Three different mechanisms were employed in the simulations, CE (Eqs. S6 — S8,
dashed line), DR (Egs. S9 and S10, dotted line) and CE + DR (Egs. S6 — S10, solid line).

Simulation parameters are available in Table S1.
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Figure S19. A derivative cyclic voltammogram showing the proton reduction process
obtained from 50.2 mM [Pyr—H][NTf;] in [Comim][NTf:] at a 1.6 mm dia. Pt macrodisk

electrode with a scan rate of 50 mV s ..
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Figure S20. Plot of pKa (aq) vs. pKa (IL) for a range of nitrogen acids (protonated amines or
sulfonamides). The regression line has been included to guide the reader’s eye. SACC was

not considered when calculating the regression line.
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Abstract. Many organic compounds contain acidic and/or basic functional groups
that dictate their physical, chemical and biological properties. For this reason, the acid
dissociation constant, K,, a quantitative measure of acid strength in solution, is a
fundamentally important parameter. In this study, the thermodynamics, kinetics and
mechanisms of the proton reduction (hydrogen evolution) reaction at a platinum electrode
have been investigated in the room temperature ionic liquid (IL) I-ethyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)imide, [Comim][NTf.], using a range of
oxyacids (phenols, carboxylic acids or sulfonic acids) as the proton source. Triflic acid,
H[OTIf], a well known superacid in aqueous media, has been shown to be a weak acid in
[Comim][NTf;] with a pKa of 2.0. Hydrogen evolution from H[OTf] has been simulated using
a CE mechanism, where acid dissociation, HA = H" + A~ (where H" is a ‘solvated’ proton) is
followed by proton reduction via the classical Volmer, H" + e- = H" and Tafel reactions, H"
+ H* 2 Ha,. Proton reduction from a range of other sulfonic or carboxylic acids has been
shown to occur in two steps with an electron stoichiometry of 1:1, which has been attributed
to the formation of a stable intermediate species through homo hydrogen bonding
(homoassociation) between the acid (HA) and its conjugate anion base (A~). Simulations
confirm that the experimental voltammetric response is consistent with an ECE mechanism,
where C is the anionic homoassociation step, HA + A~ = [HAz]". Homoassociation can be
suppressed by changing the constituent cation/anion of the IL or by mixing the IL with a
hydrogen bond donating/accepting solvent, such as propylene glycol. Finally, the pK. and
homoassociation equilibrium constant (Khomo) of ten weak oxyacids, covering sixteen orders
of magnitude in acid strength (2.0 < pKa < 17.8), has been calculated using a voltammetric
method and compared with data from conventional solvents (acetonitrile and water) in order
to gain an insight into how the nature of the solvent (i.e., dielectric properties, Lewis

acidity/basicity, hydrogen donating/accepting ability etc.) influences equilibrium acidity.
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Keywords: hydrogen evolution reaction, acid dissociation constant, homoassociation,

homoconjugation, voltammetry

Introduction
Proton (H") transfer reactions are a fundamental step in many biologically and
technologically important processes.!”> Indeed, many organic compounds contain acidic
and/or basic functional groups that have a strong bearing on their physicochemical and/or
biological properties. The strength of a Brensted acid in solution is measured by its acid
dissociation constant (Ka), formally defined as follows:

[H*][A7]

HA = H" +A” K. =
* * = THA]

@)

K, or pKa (where pKa = —logi0K,) describes the Gibbs energy of ‘R—H’ bond heterolysis in
solution, a critical step in many bond transformation processes.®® The pK. of a given
Brensted acid is dependent upon structural factors (i.e., mesomeric and inductive effects) and
the nature of the solvent, specifically its ability to stabilize (solvate) or destabilize each of the
species outlined in Eq. 1 (HA, H" and A"). It follows that solvent acidity/basicity, dielectric
properties and ability to donate/accept hydrogen bonds can all influence the pK, of an acid in
solution.®?

The concept of Brensted acidity/basicity is well established in aqueous media'®,
where the solvent, water, is able to act as a Brensted acid or base. The acidity of all strong

acids in aqueous media is effectively ‘leveled’ through the formation of the hydronium

(H30") ion:

HA +H,0 = A~ + H,0* @)

It follows that the ‘solvated proton’ species, H3O", is the origin of the aqueous pK, scale.'!"!*

pKa. scales have also been established in a range of non-aqueous solvents, including

3
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acetonitrile', dimethylsulfoxide (DMSO)* ¢ 17 and 1,2-dichloroethane'>. A variety of
methods'® are commonly employed to quantify K, including potentiometry!®,

8,20

spectrophotometry 9,16,17

and voltammetry

In the past two decades, air/water stable non-haloaluminate room temperature ionic
liquids (ILs) have emerged as promising replacements for volatile molecular solvents (such
as those listed above) in a range of applications.?! ILs are typically made by combining a
bulky, asymmetric organic cation with a large, charge delocalized inorganic anion and, due to
relatively strong electrostatic (cohesive) forces, the resulting liquids often tend to be highly
viscous and non-volatile. They are commonly referred to as ‘designer solvents’ because their
physicochemical properties can be ‘tuned’ to an extent by changing their constituent cation
and/or anion.””> 2 When a Brensted acid is dissolved in an IL, the protons released upon
dissociation must associate or be ‘solvated’ by the most basic component of the IL, which is

usually the anion (Ay):
HA+ A, = A” + HA, 3)

HAp effectively levels the acidity of strong acids in IL media, comparable to H3O" in
aqueous media. In other words, HA1L is the origin of the pKa scale in IL media and for this
reason pK, data are not directly comparable between ILs with different constituent anions.® "
! From this point forward, ‘H"*, which refers to the ‘solvated’ proton species (i.e., H3O" in
H»0), is equivalent to HAy in the context of ILs.

At this point in time, absolute pKa. data for weak acids in ILs is scarce, with only a
few key studies available. " ' Cheng et al.% 7 have previously established the equilibrium
acidity of 18 carbon acids® and 15 substituted benzoic acids’ in a range of ILs using an

overlapping indicator method. After carefully calibrating for intermolecular hydrogen

bonding interactions between oxygen acids (oxyacids) and oxyanions, the authors found that
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the pKa. (IL) data correlated linearly with corresponding pK, (DMSO) and pK. (GP) data
(where GP signifies ‘gas phase’, determined using mass spectrometry®*). In addition, the
identity of both the IL anion and (to a lesser extent) cation was found to influence the pK, of
a given acid, with the effect being more prominent for the oxyacids than for the carbon acids.
It can be shown® ' 2526 that the pK, of a weak acid, HA, is proportional to difference
between the formal potentials (E*) of the H/H, and HA/H, processes. Therefore, in this
study, we will employ electrochemical methods such as cyclic voltammetry®® to probe the
thermodynamics, kinetics and mechanisms of the H/H, and HA/H, processes. The proton
reduction reaction or hydrogen evolution reaction (HER) is a conceptually simple, one-

electron per proton process?’ =%

2HT +2e” =2 H, (4)

However, this reaction is subject to significant kinetic barriers and therefore requires an

electrocatalyst to proceed at an economically viable rate.3* The HER is thought to proceed via

a combination of the following three elementary reactions in acidic aqueous media?®: 3% 33;
H* 4+ e - Hygs (5)
2Hags = Hp (6)
Hyqs + HY +e” > H, (7

where Hags is a chemisorbed hydrogen atom and Egs. 5, 6 and 7 are known as the Volmer,
Tafel and Heyrovsky reactions, respectively.”® We have previously investigated the proton
reduction reaction at a platinum electrode in a range of bis(trifluoromethanesulfonyl)imide
ILs using H[NTf,] as the proton source (i.e., the H"/H, process).>* In that study, we
established that E”(H'/H>) is essentially insensitive to the identity of the constituent cation of

the IL and that the Volmer reaction (see Eq. 5) is the rate determining step for the proton
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35,36 gvailable on the

reduction reaction in ILs. Surprisingly, there are few detailed studies
proton reduction process from weak oxyacids in IL media.

In this paper, the thermodynamics, kinetics and mechanisms of the proton reduction
(hydrogen evolution) reaction at a platinum electrode have been investigated in the room
temperature ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
using ten oxyacids (phenols, carboxylic acids or sulfonic acids, structures shown in Table 1)
that cover a wide range of acidities as the proton source. The proton reduction process has
been characterized predominantly using cyclic voltammetry with computational simulation
(where appropriate). We also present a relatively straightforward method for calculating the
pKa of weak oxyacids acids in IL media, based on a combination of cyclic voltammetry and

chronoamperometry. A companion study has also been undertaken with a range of nitrogen

acids (protonated amines or sulfonamides), which will be presented elsewhere.?®
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Table 1. Names and structures of the phenols, carboxylic acids and sulfonic acids (known

collectively as oxygen acids or oxyacids) investigated in this work.

Name of the parent Acid structure Abbreviation
compound
Trifluoromethanesulfonic I
0=S—OH
(triflic) acid HIOTH]
CFy4
(0]
p-toluenesulfonic (tosylic) . S'_OH H[OTs]
acid 3 Il
(0]
O\\S _OH
Napthalene-2-sulfonic acid OO \\o NSA
i
Methanesulfonic acid OZ?—OH MSA
Ha
(e}
Dichloroacetic acid | DCAA
HCI,C OH
(e}
Trichloroacetic acid | TCAA
cl,¢~ OH
O
0-hydroxybenzoic (salicylic)
acid OH oHBA
OH
HO (0]
Glycolic acid \—</ GA
OH
o o)
Malonic acid )|\/H\ MA
HO OH
OH
cl cl
Pentachlorophenol PCP
cl cl
cl
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Experimental Section

Reagents. 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
([Comim][NTf>], lo-li-tec), 1-ethyl-3-methylimidazolium dicyanamide ([Comim][N(CN)2],
Solvent Innovation) and 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide
([Campyr][NTE2], Merck) were commercial samples. Triethylammonium
bis(trifluoromethanesulfonyl)imide ([Nu22.2][NTf2]) was prepared by a metathesis reaction
between lithium bis(trifluoromethanesulfonyl)imide (Li[NTfz], 3M Fluorad) and
triethylammonium chloride ([Nu222]Cl, Sigma-Aldrich, recrystallized from ethanol) as
previously reported.** 1-ethyl-3-methylimidazolium p-toluenesulfonate ([Camim][OTs]) was
prepared by alkylation of N-methylimidazole (Sigma-Aldrich, vacuum distilled over lithium)
with ethyl p-toluenesulfonate (Sigma-Aldrich, recrystallized from n-pentane) in toluene, as
reported in the literature.>” Before use, each of the ILs was dried under high vacuum (< 10!
mbar) at 45°C for 48 hours. The residual water content was less than 100 ppm as determined
by Karl Fischer titration (Metrohm 831 KF Coulometer).

Bis(trifluoromethanesulfonyl)imide (H[NTf:], Sigma-Aldrich, 95%) was purified by
sublimation under high vacuum. p-toluenesulfonic acid monohydrate (Acros, 99%) was
recrystallized from ethyl acetate. Ferrocene (Fc, Fluka, >98%) was recrystallized from n-
pentane. 1,2-propanediol (propylene glycol, Acros, 99%) was distilled under high vacuum
over lithium. Trifluoromethanesulfonic (triflic) acid (H[OTf], Sigma-Aldrich, 98%),
naphthalene-2-sulfonic acid monohydrate (TCI, 98%), methanesulfonic acid (Sigma-Aldrich,
> 99.5%), dichloroacetic acid (Fluka, 99.5%), trichloroacetic acid (Univar, 99%), o-
hydroxybenzoic acid (Univar, 99.9%), glycolic acid (Sigma-Aldrich, 99%), malonic acid
(Sigma-Aldrich, 99%), pentachlorophenol (Sigma-Aldrich, 99%), 2,3.4-trichlorophenol
(Sigma-Aldrich, 99%), acetonitrile (Alfa-Aesar, anhydrous, 99.7%) and tetra-n-

butylammonium hexafluorophosphate ([NBu4][PFs], Sigma-Aldrich) were used as supplied
8
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by the manufacturer. All water-sensitive reagents were stored and handled under a dry argon
atmosphere in a glovebox.

Electrochemical systems and procedures. All voltammetric experiments were carried
out under benchtop conditions at ambient temperature (24 + 1°C) with a Gamry Reference
600 Potentiostat/Galvanostat/ZRA (Gamry Instruments, USA). All solvents were degassed
with N> prior to experimentation and a blanket of N> was maintained during the course of the
voltammetric experiments. A faraday cage was employed to minimize noise in all
microelectrode experiments. Positive feedback iR, compensation (R. = uncompensated
resistance) was employed in macroelectrode experiments (R, was estimated by
electrochemical impedance spectroscopy). All voltammetric experiments were carried out
using a standard 3-electrode arrangement with a working and reference electrode as described
below and a Pt wire auxiliary electrode. An Ag wire which had been immersed in the IL
under investigation (neat) and sealed in a fritted (Vycor glass frit) glass tube served as the
pseudo reference electrode. The pseudo reference electrode potential was calibrated against
the formal potential of the IUPAC recommended Fc/Fc™ process®® in the electrolyte of
interest, taking into careful consideration the difference in the diffusion coefficients of Fc and
Fc* 2839

The Pt macrodisk with a nominal diameter of 1.6 mm was purchased from BASi
(Bioanalytical Systems, USA) and the Pt microdisk with a nominal diameter of 20 um was
purchased from Metrohm (Switzerland). The Pt macrodisk electrode was activated by
polishing with successively smaller (1 and 0.3 um) aqueous alumina slurries (Kemet, UK) on
a clean polishing cloth (Buehler, USA). Adherent alumina was removed by sonication in de-
ionized water. The Pt microdisk electrode was activated by polishing with an aqueous slurry
of 0.3 um alumina and rinsed thoroughly with de-ionized water. The working electrode was

preconditioned prior to sweeping by anodic polarization at 1.5 to 2.2 V vs. F¢/F¢* for < 10 ms

9
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as has been previously reported.>* The active electrode area (A) of each of the electrodes was

0-42

calibrated with convolution voltammetry***?, using the oxidation of a Fc solution of known

concentration (2.0 mM in acetonitrile containing 0.10 M [NBu4][PFs]) and adopting a
diffusion coefficient of 2.4 x 1073 cm? s™!, as published under these conditions.?’

Data treatment and processing. The algorithm used to calculate the convolved
currents is the same as used previously.*! Derivative cyclic voltammograms (i.e., 1 order
derivative of current or 2™ order derivative of charge) were constructed by differentiating
experimental current data with respect to time using the differentiate function available in
OriginPro 9.0 software. Savitzky-Golay data smoothing (polynomial order 2) was performed
prior to estimating the derivative peak potentials. The diffusion coefficients (D) of H", HA
and [HA»]" were estimated from chronoamperometric (/—f) decay curves obtained at a
microdisk electrode using the Shoup and Szabo* method, as reported elsewhere.’* 3° The
diffusion coefficient (D) of H> was estimated from the second (oxidative) step of a double-
step chronoamperogram using numerical simulation as has been previously described.** The
sample time used in all chronoamperometric experiments was 0.01 s. Voltammetric
simulations were undertaken using the DigiElch software package (v. 7F, Elchsoft,
Germany). The pK. of p-toluenesulfonic acid and methanesulfonic acid was estimated using

the MarvinSketch software package (v. 14.12.15.0, Chemaxon).

10

273



Chapter 5: Results and Discussion

Results and Discussion

Proton reduction from H[OTf] in [C2mim][NTf2]. The name and structure of all of
the oxyacids investigated in this work were previously shown in Table 1. The first oxyacid
investigated in detail was H[OTf], a well known superacid® in aqueous media. [OTf] is a
commonly used IL anion as it is weakly coordinating (and weakly basic) due to extensive
charge delocalization. In our companion study?®, we have shown that the following

equilibrium lies to the right in [Comim][OTf]:
H[NTf,] + [OTf]” = [NTf,]” + H[OTf] 8)

in other words, H[NTf:] behaves as a ‘strong acid’ in [Comim][OTf]. We therefore anticipate
that H{OTf] will behave as a weak acid in [Comim][NTf>]. Cyclic voltammograms obtained
from H[OTT] at a platinum macrodisk electrode in [Comim][NTf;] are shown in Figure 1.
Proton reduction from H[OTI{] is a one-electron quasi-reversible process, as the voltammetric
peak-to-peak separation (AE,) increases with scan rate, with values of 85.6, 87.7 and 99.7
mV at 50, 100 and 250 mV s7!, respectively (Ry, is expected to be negligible, see
Experimental Section). The H[OTf]/H2 process occurs at potentials approximately 0.1 V
negative of the H'/H, process (shown in Figure S1), where H' signifies a ‘solvated proton’
(i.e., HINTf:]), confirming that H{OTT] is a weak acid in [Comim][NTf2].

The pKa of H{OT{] in [Comim][NTf2] can be estimated using the following equation:

2.303RT
F

)
N

. RT
pPKy = E1p(HA/H,) — Ey /o (H /Hp) + ﬁln
9)

RT ([HA][H' ],
+ ﬁll’l (—4 )

11
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where R is the gas constant, T is temperature, F is Faraday’s constant, E;. is the reversible
half-wave potential and the subscript ‘b’ signifies ‘bulk concentration’.® Ei»(HA/H,) and

Ei2(H/H2) can be estimated from Figures 1 and S1, respectively, as follows:

Eip=————— = Enid (10)

and D can be estimated using microdisk electrode chronoamperometry (see Experimental
Section). Substituting the appropriate values into Eq. 9, the pKa, of H{OT{] is estimated to be
2.0 in [Comim][NTf:]. Thus, H[OT{] is approximately 35% dissociated when dissolved in
[Comim][NTf>] under the conditions used.

In our companion study®®, we proposed that proton reduction from weak acids can
proceed via two pathways. One pathway is a CE process, where proton reduction via the

classical Volmer-Tafel reactions (see Egs. 5 and 6) is preceded by an acid dissociation step:

HA=H" + A~ K, kgissocr Kassoc (11)
H* + e~ = H* E(H*/H"), kPP, (12)
H*+H* = H, Kaim, Kdim (13)

where Kaissoc is the dissociation rate constant, Kassoc is the association rate constant, k2°° is the
apparent standard heterogeneous electron-transfer rate constant and a is the charge transfer
coefficient. Considering only the CE pathway (Egs. 11 to 13), we performed simulations
where Kassoc Was set to the diffusion controlled limit and showed that when pK, > 4, weak acid
dissociation (Eq. 11) is too slow on the voltammetric timescale to support the experimentally
observed mass-transport controlled currents. To account for this, an alternative direct
reduction (DR) pathway was considered, where the weak acid undergoes direct discharge at

the platinum electrode, forming surface adsorbed H':

HA+e = H' +A- E (HA/H®), k**P(DR), apg (14)

12
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In the above scheme, Eq. 14 is followed by surface dimerization (Eq. 13). In the simulations,
Eq. 13 was treated as a homogeneous process with arbitrarily defined dimerization
equilibrium constant (Kaim) and dimerization rate constant (kaim) values. Accordingly, the
process shown in Eq. 13 has no physical significance (H" is likely to be a surface confined
species in reality’® 3?) and the following parameters: kPP, Kgim, kaim and Dy+ are not
quantitatively meaningful.'® Nonetheless, considering these two pathways outlined above,
the proton reduction response from ten weak nitrogen acids (protonated amines or
sulfonamides) covering 14 orders of magnitude in acid strength (5.2 < pK, < 19.5) was
successfully simulated.?®

Since H[OT{] has a pKa < 4 in [Comim][NTf>], simulations considering only the CE
pathway (Egs. 11 to 13) were performed; the results are also included in Figure 1. The
simulation parameters (available in Table 2) for Eqs. 12 and 13 were taken (unmodified)

2 1 —
S, Kassoc =

from our companion study.?® In all simulations, it was taken that Dy~ = 107'° cm
5 x 108 M! s7! (diffusion controlled, as justified in a previous publication*?), Kgim = 10%, kdim
=10'" M 57!, uncompensated resistance (R,) = 0 Q and double layer capacitance (Ca)) = 0 F.
There is excellent agreement between the simulated and experimental data when only the CE
mechanism is considered. Clearly, Kgissoc (6.6 % 10° s71) is large enough under these conditions
to attain diffusion control at scan rates up to at least 250 mV s™'. As was highlighted in a
previous publication®®, the main discrepancy between the experimental and simulated data is
in the hydrogen underpotential deposition (UPD) region, prior to the main (solution based)

reduction process.” The pK, value derived from the simulations, 1.9, is in excellent agreement

with the value determined directly from the cyclic voltammogram using Eq. 9.
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80

60 -

| (MA)
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Figure 1. Comparison of the simulated (o) and experimental (—) cyclic voltammograms
showing the proton reduction process obtained from 52.6 mM H[OTf] in [Comim][NTf;] at a
1.6 mm dia. Pt macrodisk electrode with scan rates of 50, 100 and 250 mV s~'. Simulation

parameters are available in Table 2.
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Table 2. Parameters extracted from the comparison of experimental cyclic voltammetric data
for the proton reduction process from H[OT{] in [Comim][NTf>] and simulated data, based on

the CE mechanism described by Egs. 11 to 13.

Parameter Value
Ka 1.33x 1072
E° (H*/H,) —0.026 V
E° (HA/H,) ~0.137V
kPP 0.022 cm/s
o 0.5
Dy+ 31x107 cm?s!
Dyjotr) = Diore- 24%x107 cm? s
Dy, 22x10°% cm? s
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Proton reduction from sulfonic acids (RSOsH) in [Comim][NTfz]. The proton
reduction process from a range of sulfonic acids (see Table 1) was investigated in
[Comim][NTf:]. Representative cyclic voltammograms obtained from H[OTs] at a platinum
macrodisk electrode in [Comim][NTf;] are shown in Figure 2a. In contrast to HINTf] (see
Figure S1), H[OTf] (see Figure 1) and all of the weak nitrogen acids investigated in our
companion study®®, proton reduction from H[OTs] is split into two processes which are
spaced approximately 0.2 V apart. This was also found to be the case with NSA (see Figure
S2) and MSA (see Figure S3). In order to determine the electron stoichiometry of the two
processes, the forward sweep of the voltammogram shown in Figure 2a (v = 50 mV s7!) was
semiintegrated*> *¢ (see Experimental Section), as shown in Figure 2b. There is an inflection
point on the M—FE curve at —0.32 V vs. F¢/Fc¢, which is midway between zero current and the
mass-transport limited semiintegrated current plateau (ML), indicating an electron
stoichiometry of 1:1. In other words, for every proton (from HA) which is reduced, half an
electron is taken in each process. The same was found for NSA and MSA.

Based on the electron stoichiometry and what is known about oxyacids in aprotic
media*’, including ILs’, we propose that the splitting of the proton reduction wave is caused
by intermolecular hydrogen bonding between H[OTs] and its conjugate base, [OTs]". This is
a well-documented phenomenon*® # known as homoassociation or homoconjugation:

HA + A" = [HA,]" Knomo» knomo (15)

where [HA»] is a stable intermediate species formed by the interaction between an acid, HA
and its conjugate base, A~. Homoassociation between H[OTs] and [OTs] ™ is thought to occur
in the diffusion layer adjacent to the electrode surface during the proton reduction process
(see Scheme 1) in the potential region where the concentration of both species is comparable.
As shown in Figure 1, in the case of H[OTf], homoassociation is not experimentally

observable. Extensive charge delocalization on the conjugate base anion, [OTf]", is expected
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to result in extremely weak [RO—H---"OR] interactions, destabilizing the [HA2]™ species (see

Eq. 15). In addition, unlike H[OTs], which is essentially undissociated in [Comim][NTf2] (see

below), H[OT{] dissociates to a significant extent (pKa = 2.0), making the interaction between

H[OTf] and [OT{] less likely. As a result, the contribution from the homoassociation

reaction between H[OTf] and [OT{]™ to the overall reaction pathway is insignificant.

Scheme 1. Proton reduction from H[OTs] and homoassociation between H[{OTs] and [OTs] .

»n=0

—0  + 124,

o

i i
Hsc@ﬁ—OH + Hsc@ﬁ—o
o) e}

l HsC CHj
N Khomo
R
/707 o7\
g ° ° %

Proton reduction from H[OTs] or any acid which undergoes homoassociation is

expected to proceed via an ECE mechanism, where C is the homoassociation step. We

therefore propose that the two processes observed experimentally are:

2HA + e = ~H, + [HA,]

1
[HA,]™ +e™ 2 o H,y + 247

and the overall process remains unchanged:

2HA + 2e™ = H, + 2A™

E° (HA/[HA,]™)

E® ([HA,]™/H,)

E° (HA/H,)

(16)

‘)

(18)

EY(HA/[HA2]"), EY([HA:]/Hz), EY(HA/H) and Knomo are related as follows:

/ / RT
E® (HA/Hp) — E” (HA/[HAz]") = ——~In(Khomo)

(19)
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, , ~ RT
E® (HA/H;) — E® ([HA,]~/H,) = ?ln(Khomo) (20)
E% (HA/[HA,]7) + E® ([HA,]~ /Hy)

2

EY (HA/H,) = (21)

The reaction mechanism shown in Eqs. 16 and 17 accounts for the 1:1 electron stoichiometry
observed experimentally. Additionally, adding [OTs]™ to a H[OTs]/[Comim][NTf;] mixture
should drive the equilibrium shown in Eq. 15 (or Scheme 1) to the right, forming (H[OTs]2)"
at the expense of H[OTs]. This was observed experimentally, as is shown in Figure 3. The
proton reduction wave was also found to shift towards negative potentials at increasing
[OTs], consistent with the proposed mechanism.

Simulations (also shown in Figure 3) were performed by combining the reactions
described by Egs. 13 to 15 (i.e., the DR pathway). The simulation parameters are available in
Table 3. There is excellent agreement between the simulated and experimental data using the
proposed homoassociation mechanism. H[OTs] is only 0.4% dissociated under the conditions
investigated. The mechanism outlined by Egs. 13 to 15 also accounts for the scan rate
dependence of the proton reduction process from H[OTs], as is shown in Figure S4. Again,
the main discrepancy between the experimental and simulated data is in the hydrogen UPD
region.'® It should be noted that simulations have not been performed for any of the other
oxyacids investigated in this work (see Table 1) because soluble conjugate base salts (i.e.,
[Comim][A]) are not readily available.

The driving force for anionic homoassociation (i.€., Khomo) is intermolecular hydrogen
bonding, as shown in Scheme 1. This phenomenon is apparent in the present case because
[Comim][NTH;] is a relatively poor hydrogen bond donating/accepting solvent compared to

1% Anionic homoassociation is

conventional polar solvents, such as water or methano
suppressed in the presence of hydrogen bonding solvents because solvent-solute hydrogen

bonds form in preference to solute-solute. This can be easily demonstrated experimentally by
18
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adding ~5% (v/v) propylene glycol to [Comim][NTf:], as is shown in Figure 4a.
Alternatively, the hydrogen bond donating/accepting ability can be enhanced by varying the
constituent cation/anion of the IL. This has been demonstrated in Figure 4b, where the proton
reduction process from H[OTs] in triethylammonium bis(trifluoromethanesulfonyl)imide
([NH,2,2.2][NTH2]) is shown. [Nu2.22][NTf>] is a protic ionic liquid, formed through the transfer
of a proton from a Bronsted acid (i.e., HINTf]) to a Bronsted base (i.e., [N222]).>"
Although the anion ([NTf2]") is still a poor hydrogen bond acceptor, the cation is a good
hydrogen bond donor through its [N-H]" functionality. Interestingly, the proton reduction
process from H[OTs] occurs at less negative potentials when [Ni2.22]" is the cation (Emia =
—0.138 V vs. Fc/Fc*) compared to [Comim]" (Emia = —0.310 V vs. F¢/Fc™). Since the position
of the ‘solvated” proton reduction wave (i.e., H/H, process) is cation independent**, H[OTs]
must be approximately 10° times stronger in [Nu222][NTf,] compared to [Comim][NTf].

The reason for this is discussed in further detail below.
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Figure 2. (a) Cyclic voltammograms showing the proton reduction process obtained from
41.6 mM H[OTs] in [Comim][NTf2] at a 1.6 mm dia. Pt macrodisk electrode with scan rates
of 50, 100, 250 and 500 mV s'. (b) M—E curve obtained by semiintegrating the /-E data

(v=50mV s™") shown in (a).
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Figure 3. Comparison of the simulated (o) and experimental (—) cyclic voltammograms

showing the proton reduction process obtained from: (a) 41.6 mM H[OTs], (b) 41.6 mM

H[OTs] + 44.0 mM [Comim][OTs] and (c) 41.2 mM H[OTs] + 86.1 mM [Comim][OTs]; in

[Comim][NTf;] at a 1.6 mm dia. Pt macrodisk electrode with a scan rate of 50 mV s™.

Simulation parameters are available in Table 3.
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Table 3. Data extracted from the comparison of experimental cyclic voltammetric data for
the proton reduction process from H[OTs] in [Comim][NTf;] and simulated data, based on the

DR mechanism described by Egs. 13 to 15.

Parameter Value
Ka 6.0 x 1077
E° (HA/H,) —0.394V
kPP (DR) 0.09 cm/s
Opr 0.4
Khomo 950
Knomo 5x108 M s7!
Dyots) = Diots)- 2.6%x 107 cm?s!
D wjots],)- 1.85x 107 cm? s
Dy, 22x10% cm?s™!
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Figure 4. Cyclic voltammograms showing the proton reduction process obtained from: (a)
39.4 mM H[OTs] in [Comim][NTf2] + 5.2 vol% propylene glycol and (b) 42.0 mM H[OTs] in
[Nh2,22][NTE2]; at a 1.6 mm dia. Pt macrodisk electrode with scan rates of 50, 100, 250 and

500 mV s

23

286



Chapter 5: Results and Discussion

Proton reduction from carboxylic acids (RCOOH) in [Comim][NTfz]. The next
group of oxyacids investigated were the carboxylic acids; representative cyclic
voltammograms obtained from DCAA and MA (see Table 1) at a platinum macrodisk
electrode in [Comim][NTf2] are shown in Figure 5a and b, respectively. All of the carboxylic
acids underwent anionic (carboxylate) homoassociation, evidenced by the characteristic split
proton reduction response (see Figures S5 to S7). Compared to the sulfonic acids (see above),
the monoprotic carboxylic acids gave rise to significantly broader proton reduction responses,
as is evident in Figure Sa. In all cases, AE, for the first process (shown in Eq. 16) is small
compared to the second process (shown in Eq. 17), indicating that the former process is more
kinetically facile than the latter. This is especially evident for oHBA (Figure S6) and GA
(Figure S7). Changing the IL anion from [NTf:]" to dicyanamide ([N(CN):]"), a relatively
good hydrogen bond acceptor>?, was found to suppress anionic homoassociation, as is shown
in Figure S8 for GA. The dicarboxylic acid MA also underwent anionic homoassociation
(first deprotonation shown in Figure 5b) in [Comim][NTf3] but the intermolecular interaction
is weak, evidenced by the small potential gap between the two processes. This is not
surprising since MA is capable of forming an intramolecular hydrogen bond>*, which would
be expected to stabilize the monoanion in a similar way to intermolecular hydrogen bonding

(i.e., anionic homoassociation).
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Figure 5. Cyclic voltammograms showing the proton reduction process obtained from: (a)
39.4 mM DCAA and (b) 56.4 mM MA; in [Comim][NTf;] at a 1.6 mm dia. Pt macrodisk

electrode with scan rates of 100, 250 and 500 mV s .
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Proton reduction from phenols (ROH) in [Comim][NTf2]. The last oxyacid
investigated in this work was pentachlorophenol; cyclic voltammograms obtained at a
platinum macrodisk electrode in [Comim][NTfz] are shown in Figure 6. In stark contrast to
the sulfonic and carboxylic acids, PCP gives rise to an uncomplicated, one-electron, quasi-
reversible proton reduction process which is comparable to that obtained from neutral
sulfonamide acids of similar strength, as shown in our companion study.?® From this, it is
evident that Knomo for PCP must be negligibly small. A similar observation was made by

Chmurzynski et. al®

when investigating the acid dissociation and anionic homoassociation
equilibria of substituted phenols in dimethyl sulfoxide. The suppression of Khomo is likely due
to steric crowding around acidic phenol group on the phenyl ring in the 2,6-positions. In
order to test this hypothesis, the proton reduction response from a less substituted arenol,
2,3,4-trichlorophenol (TCP) was investigated, as shown in Figure S9. As expected, TCP
underwent anionic homoassociation as evidenced by the characteristic split proton reduction
response. It should be noted that due to complications arising from solvent breakdown, the
proton reduction process from TCP was characterized in [Csmpyr][NTf2], which has a
considerably larger electrochemical window than [Comim][NTf;], particularly in the negative

potential region.”> We anticipate that changing the cation from [Comim]" to [Campyr]” would

not significantly influence Khomo, so similar results would be expected in [Comim][NTf].
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Figure 6. Cyclic voltammograms showing the proton reduction process obtained from
33.1 mM PCP in [Comim][NTf;] at a 1.6 mm dia. Pt macrodisk electrode with scan rates of

50, 100, 250 and 500 mV s .
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Calculating pKa and Knomo of oxyacids in [Comim][NTfz]. Despite the
complications from anionic homoassociation, the overall proton reduction process (shown in
Eq. 18) remains the same. Consequently, pKa can still be calculated using Eq. 9 from
Ei2(HA/H2), which is located mid-way between Ei»(HA/[HA2]") and Ein([HA2]/H>).
However, because E*(HA/[HA2]") and E”([HA2]/H,) vary by less than 0.2 V, there is
significant overlap between the two processes shown Egs. 16 and 17, making it very difficult
to estimate Ein(HA/[HA2]") and Eix([HA2]/Hz) directly from the cyclic voltammogram.

)57 is able to

Fortunately, the differential response of derivative cyclic voltammetry (DCV
resolve the two processes, as is shown for H{OTs] in Figure S10. pK, values calculated using
Eq. 9 from the Ei2 values estimated with DCV are summarized in Table 4. In our companion
study?®, pK, values calculated using the DCV technique were in excellent agreement with
those derived either directly with CV or with CV plus numerical simulation. For details on
how the derivative currents were calculated, see the Experimental Section.

Khomo can also be estimated from the voltammogram using Eqs. 19 or 20 if
EY(HA/H,) and EY(HA/[HA:]") or E”([HA,]/H) are known. E”(HA/H>) can be calculated
as follows?®:

4. /Dy, Da-
\Y DHA

and from the Nernst expression for Eq. 16, the following relationship can be derived using

E® (HA/Hy) = Ey,(HA/H,) — —ln( ) —ln[HA] (22)

the diffusion layer method!”-2%:

81,DH2D[HA2

3
DHA

/ RT
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Both of these derivations assume mass transport to the electrode surface is governed solely by
semi-infinite planar diffusion and HA is the only species initially present in solution.

Subtracting Eq. 23 from Eq. 22 and combining with Eq. 19, gives:

2.303RT

RT  (Dya.-\ RT
10810 (Knoma) = A2 + 7 In (=522 4 22 n(2IHAR) (24)

where AEi» = Ein(HA/H2) — Ein(HA/[HA2]"). Unfortunately, Dy- cannot be calculated
easily using electrochemical methods and Djya,)- can only be estimated from a mixture of
HA and A". Nonetheless, as shown above for H[OTs] (see Table 3), Dy~ and Dya,}- should
be comparable (Djors),)~/Plotsi- = 0.7), so this term is negligible compared to the
concentration term when working at millimolar concentrations. Knomo values estimated using
Eq. 24, assuming Dya,j-/Da- = 0.7 are also included in Table 4. In addition, cyclic
voltammograms obtained from the full spectrum of oxyacids investigated in the work are
shown in Figure 7. The values of pKa and Khomo for H[OTs], calculated using Eqs. 9 and 24
respectively, are in excellent agreement with the values determined using numerical
simulation (see Table 3). Additionally, the Khomo values shown in Table 4 are comparable to
the values previously calculated by Cheng et. al’ for a range of substituted benzoic acids in
[C4mim][NTH2] (2.7 < log Knomo < 3.7).

Where available, pK, data in acetonitrile (AN) also have been included in Table 4. In
addition, pK, (IL) has been plotted against pKa (AN) in Figure 8a. There is a good correlation
between pKa (IL) and pKa (AN) for the neutral HA species; in [Comim][NTf2] and AN, acid
strength increases in the order: H[OTf] > H[OTs] > MSA > DBSA > TCAA > SACC >
DCAA > oHBA > PCP. DBSA and SACC are the respective neutral sulfonamide acids
di(benzenesulfonyl)amide and saccharin taken from our companion study.’® In all cases

except H[OT{] (the outlier in Figure 8a), the pK. of HA is 1 to 2 units higher in
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[Comim][NTf:] than AN. Although the dielectric constant of AN (38.0%%) is higher than that
of [Comim][NTf>] (11.5%°), favoring ionization of neutral acids (see Eq. 1) in the former
solvent, AN is a weaker Lewis acid than [Comim]* (Gutmann acceptor numbers are 27.4 for
[Comim][NT£]*3, and 18.9 for AN®), allowing for stronger stabilization of A~ in the latter
solvent. Additionally, both solvents are similarly protophobic, with Gutmann donor numbers
of 14.1 and 11.2 for AN®® and [Comim][NT£]*>* respectively. In reality, it is difficult to pin
down the exact cause(s) of the observed pKa (IL) < pKa (AN) trend, as the following factors
may also influence the pKa of HA: solvent polarity, electrostatic interactions and specific

interactions, such as hydrogen bonding.*

Table 4. Summary of the pKa (IL), Knomo (IL), pKa (AN) and pKa (aq) values for the range

oxyacids investigated in this work.

Acid pKa (IL)? Khomo (I1L)?2 pKa (AN) pKa (aqg)'®
H[OTI] 2.0 ¢ 0.7% d
NSA 5.9 2.8 - -
H[OTs] 6.2 3.0 8.5% -2.1¢
MSA 7.4 33 9.97% —-1.6°
TCAA 11.0 3.2 12.4% 0.51
DCAA 13.6 3.6 15.816 1.48
MA 13.9° f - 3.6
oHBA 15.3 33 16.7% 2.97
PCP 16.8° c 18.021 4.5
GA 17.8 3.5 - 4.65

*Determined in this work. "E;» estimated directly from cyclic voltammetry. “Homoassociation not detected
experimentally. “H[OT{] is a superacid in aqueous media. “Reliable literature data not available, pK, (aq) was
estimated using MarvinSketch software. 'Knomo could not be estimated due to the difficulty in resolving the two
processes represented by Eqgs. 16 and 17.
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Where available, pKa, data in water also have been included in Table 4. In addition,
pKa (IL) has been plotted against pKa (aq) in Figure 8b. The order of acidities for the
carboxylic acids is different in [Comim][NTf,] (DCAA > MA > oHBA) and water (DCAA >
oHBA > MA). The ‘enhanced’ acidity of MA in [Comim][NTf;] is thought to be due to
stabilization of the monoanion conjugate base (A”) by intramolecular hydrogen bonding
(previously discussed). Aside from that, there is a good correlation between pK, (IL) and pKa
(aq) for the neutral acids, increasing in the order HHOT{] > H[OTs] > MSA > TCAA > SACC
> DCAA > oHBA > PCP > GA. The pK. of each of the neutral acids is orders of magnitude
higher in [Comim][NTf2] compared to water. This is not surprising, since water has a high
dielectric constant (80.1), Gutmann donor number (18.0 kcal mol™!) and Gutmann acceptor
number (54.8), meaning it can solvate (stabilize) H" and A~ to a greater extent than
[Comim][NTf;]. In addition, it is well known that water is able to form strong hydrogen
bonds with oxyanions (i.e., sulfonates and carboxylates), further promoting ionization via Eq.
1.8 A similar effect was achieved by changing from [Comim][NTf:] to the protic IL,
[Nu2,22][NTH2]. As previously eluded too, the pK. of H[OTs] is 3.3 in [Nup222][NTf2]
compared to 6.2 in [Comim][NTf;] due to the stabilization of [OTs] through hydrogen
bonding with [Nr2.22]" (which also suppresses Khomo). Hydrogen bonding is most effective
when the charge on the anion (i.e., A7) is highly localized, which is why the difference
between pKa(IL) and pKa(aq) increases with decreasing acid strength (see Table 4).

The intrinsic acidity of a compound is represented in its gas phase acidity. If a
solution phase acidity scale correlates linearly with the corresponding gas phase data, it is
said to be an intrinsic acidity scale as it reflects the intrinsic order of ionization. A solution
phase pKa scale will be non-intrinsic if the solvent preferentially stabilizes (solvates) or
destabilizes the acid (i.e., BH" or HA) or its conjugate base (i.e., B or A7), which will skew

the dissociation (ionization) equilibrium (see Eq. 1) relative to the gas phase. Unfortunately,
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there is insufficient gas phase acidity data available on the acids investigated in this study and
the companion study®® to make a judgment on whether the pK, scale in [Comim][NTf,] is
intrinsic. The aqueous pKa scale is well known to correlate poorly with gas phase data (i.e., is
non-intrinsic) due to prejudicial solvation of the water molecule towards different ions. For
example, as discussed above, in water the acidities of neutral oxyacids (HA) are ‘enhanced’
relative to the protonated amines (BH") through the stabilization of oxyanions (A~) by
hydrogen bonding. In addition, due to its high dielectric constant, water favors the
dissociation of neutral HA (two ions are produced upon dissociation) over cationic BH" (no
net increase in the number of charged species upon dissociation).

From Figure 8b, it is evident that the acids can be divided into two groups; cationic
and neutral. There is good correlation between pK, (aq) and pK, (IL) within the groups (i.e.,
cationic VS. cationic or neutral vS. neutral), but not between the groups (i.e., cationic Vs.
neutral). As previously discussed, [Comim][NTf:] is made up of ions with strongly
delocalized (diffuse) charge densities and is therefore a poor hydrogen bond donor/acceptor
(or Lewis acid/base) relative to water. As a result, [Comim][NTf;] is not expected to interact
strongly and thus preferentially ‘solvate’ the monocharged ions (BH' or A") versus the
neutral molecules (B or HA). For this reason, the trends seen in Figure 8b are not surprising,
as the ‘enhanced’ acidity of the neutral acids (HA) in water makes them appear to be
‘weaker’ relative to the cationic acids (BH") in the absence of strong solute-solvent hydrogen
bonding interactions, as is the case in [Comim][NTf,]. Finally, we anticipate that the pKa (IL)
scale would correlate more closely with the pKa (aq) scale in a protic IL composed of a
hydrogen bond donating cation (i.e., [R<Hua-xN]") with a hydrogen bond accepting anion (i.e.,

[CH3COO] or [HaPO4]7).63 64
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Figure 7. Concentration-normalized cyclic voltammograms showing the proton reduction
process obtained from (top to bottom) 49.8 mM H[NTf], 52.6 mM H[OTT], 47.6 mM NSA,
41.6 mM H[OTs], 50.4 mM MSA, 48.3 mM TCAA, 39.4 mM DCAA, 56.4 mM MA, 81.7
mM oHBA, 33.1 mM PCP and 55.5 mM GA in [Comim][NTf;] at a 1.6 mm dia. Pt
macrodisk electrode with a scan rate of 100 mV s™'. The arrows indicate zero current for each

of the voltammograms.
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Figure 8. (2) Plot of pKi (AN) vs. pKa (IL) for a range of neutral acids (structures available in
Table 1 of the main text). (b) Plot of pKa (aq) vs. pKa (IL) for a range of nitrogen (triangles)
and oxygen (squares) acids. Regression lines for the uncharged (red symbols) and charged
(blue symbols) acids have been included to guide the reader’s eye. H{OTf] not considered
when calculating the regression line in (a). Abbreviations are as follows: SACC = saccharin,
DBSA = di(benzenesulfonyl)imide, dCIPyr = 2.,4-dichloropyridine, oPD = o-
phenylenediamine, CIPyr = 2-chloropyridine, An = aniline, Pyr = pyridine, Melm = N-

methylimidazole and MePyrd = N-methylpyrrolidine.
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Conclusions

The thermodynamics, kinetics and mechanisms for the proton reduction (hydrogen
evolution) reaction at a platinum electrode have been investigated in [Comim][NTf:] using a
range of oxyacids (phenols, carboxylic acids or sulfonic acids) as the proton source. H{OT(],
a well known superacid in aqueous media, was found to behave as a weak acid in
[Comim][NTf;]. Numerical simulations revealed that proton reduction from H[OTT] is likely
to be a CE process, where hydrogen evolution via the classical Volmer-Tafel route is
preceded by an acid dissociation (ionization) step. The proton reduction process from
sulfonic (excluding H[OT{]) and carboxylic acids was found to occur in two steps (electron
stoichiometry = 1:1), consistent with the formation of a stable intermediate species through
homo hydrogen bonding (homoassociation) between the acid and its conjugate anion base.
Simulations confirmed that the experimental voltammetric response is consistent with an
ECE mechanism. Homoassociation was able to be suppressed by changing the constituent
cation/anion of the IL or by mixing the IL with a hydrogen bonding solvent, such as
propylene glycol. Finally, we have estimated the pKa. and Knomo values of ten oxyacids
covering sixteen orders of magnitude in acid strength (2.0 < pK, (IL) < 17.8) from E2 and D
values derived using voltammetric methods. Comparison of the pKa (IL) data with that from
conventional solvents, such as acetonitrile and water has given us an insight into how the
nature of the solvent (i.e., dielectric properties, Lewis acidity/basicity, hydrogen
donating/accepting ability etc.) can influence the strength of an acid (pKa), which, as we have
shown, has a strong bearing on the thermodynamics, kinetics and mechanism of the proton

reduction process.
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Figure S1. Comparison of the simulated (o) and experimental (—) cyclic voltammograms
showing the proton reduction process obtained from 49.8 mM H[NTf;] in [Comim][NTf] at a
1.6 mm dia. Pt macrodisk electrode with scan rates of 100, 250 and 500 mV s !. Simulation

parameters are available in Table 2 of the main text.

S2

309



Chapter 5: Results and Discussion

30 -

10 -

50 mV s-1

| (MA)

-20 -

500 mV s1
-40 T T T T

-0.9 -0.6 0.3 0 0.3
E (V) vs. Fc/Fc*

Figure S2. Cyclic voltammograms showing the proton reduction process obtained from 47.6
mM NSA in [Comim][NTf:] at a 1.6 mm dia. Pt macrodisk electrode with scan rates of 50,

100, 250 and 500 mV s .
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Figure S3. Cyclic voltammograms showing the proton reduction process obtained from 50.4
mM MSA in [Comim][NTf,] at a 1.6 mm dia. Pt macrodisk electrode with scan rates of 50,

100, 250 and 500 mV s .
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Figure S4. Comparison of the simulated (0) and experimental (—) cyclic voltammograms
showing the proton reduction process obtained from 41.6 mM H[OTs] in [Comim][NTf;] at a
1.6 mm dia. Pt macrodisk electrode with scan rates of 50, 100 and 250 mV s™'. Simulation

parameters are available in Table 3 of the main text.
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Figure SS. Cyclic voltammograms showing the proton reduction process obtained from

48.3 mM TCAA in [Comim][NTf;] at a 1.6 mm dia. Pt macrodisk electrode with scan rates of

50, 100, 250 and 500 mV s .
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Figure S6. Cyclic voltammograms showing the proton reduction process obtained from
81.7 mM oHBA in [Comim][NTf] at a 1.6 mm dia. Pt macrodisk electrode with scan rates of

100, 250 and 500 mV s .
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Figure S7. Cyclic voltammograms showing the proton reduction process obtained from
55.5 mM GA in [Comim][NTf:] at a 1.6 mm dia. Pt macrodisk electrode with scan rates of

50, 100, 250 and 500 mV s .
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Figure S8. Cyclic voltammograms showing the proton reduction process obtained from
46.8 mM GA in [Comim][N(CN).] at a 1.6 mm dia. Pt macrodisk electrode with scan rates of

25, 50, 100 and 250 mV s
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Figure S9. Cyclic voltammograms showing the proton reduction process obtained from
41.9 mM 2,3,4-trichlorophenol in [C4mpyr][NTf2] at a 1.6 mm dia. Pt macrodisk electrode

with scan rates of 50 and 100 mV s\,
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Figure S10. Derivative cyclic voltammogram showing the proton reduction process obtained
from 41.6 mM H[OTs] in [Comim][NTf:] at a 1.6 mm dia. Pt macrodisk electrode with a scan

rate of 100 mV s .
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6. Conclusions and Future Work

Room temperature ionic liquids have received considerable attention over the past
two decades as promising replacements for volatile molecular solvents in a range of
applications. They are intrinsic ionic conductors and have been successfully employed as
non-flammable/non-reactive electrolyte media in a range of electrochemical devices. As the
use of these novel electrolytes continues to expand, the limits to our knowledge on
fundamental processes such as mass-transport; reaction kinetics and thermodynamics; and
(electro)chemical reaction mechanisms in this type of medium has become apparent. To this
end, the work presented here endeavoured to compare and contrast the electrode reaction
and mass-transport mechanisms associated with suitable ‘model” redox systems in ionic
liquid and conventional molecular-solvent media.

In Chapter 3, the utility of several voltammetric methods were evaluated for the
purpose of quantifying the parameters (i.e., D, n, and/or C) associated with a range of
electroactive species in ionic liquid media. The application of conventional steady-state
methods in this kind of medium was found to be problematic, due to the difficulty in
approaching a true steady-state under highly viscous conditions. In addition, analysis on the
basis of the relationships outlined by the Randles-Sevcik equation was ruled out, because
the peak currents of dc cyclic voltammograms are sensitive to heterogeneous
kinetics/luncompensated resistance and although numerical simulation is relatively
straightforward and represents a robust method of analysis, on some occasions it was found
to be hampered by mechanistic complexities and/or other uncertainties.

Semiintegral voltammetry, a convolution method specific to conditions under which
mass transport occurs solely by semi-infinite planar diffusion, is a powerful and also robust
electroanalytical method which was applied under highly viscous conditions to quantify the

diffusivity of a range of electroactive species. Unfortunately, the fully-planar diffusion
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requirement of semiintegration limits the use of this technique to conditions where
background charging current is significant, and thus background subtraction was essential
for quantitative work. Fortunately, an extension of this method, known generally as
convolution voltammetry, accommodates radial diffusion, and thus it was shown that the
experimental conditions can be tailored to minimize charging current, avoiding the need to
subtract the background contribution.

Overall, the convolutive techniques discussed in Chapter 3 provide powerful
analytical tools which have great versatility, being applicable under experimental conditions
where the direct use of conventional steady-state and transient voltammetry is severely
limited. Although convolutive techniques have not been widely adopted in the literature,
potential applications of these techniques in the field of electroanalytical chemistry are
diverse. The most obvious avenue for future work in this area could be to apply them for
quantitative analysis with a wide range of electrochemical systems at electrodes with
geometries other than the standard inlaid disk (i.e., spherical, cylindrical etc.).! For example,
recently the semiintegral electroanalysis method has been used to calculate the diffusivity of
metal complexes (dysprosium and niobium) in ionic liquid media.> 3

In Chapter 4, the electrode reaction and mass-transport mechanisms associated with
the I/12 couple was investigated in 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide. Two processes with a relative electron stoichiometry of
2:1 were observed at a platinum electrode, and were assigned to the I"/13~ and I37/12 processes
at lower and higher potentials respectively (confirmed by UV/visible spectroscopy),
comparable to the case in acetonitrile. An analogous mechanism was observed on glassy
carbon and boron-doped diamond electrodes, albeit with significant overpotentials when
compared with the behaviour at platinum. In contrast to platinum or carbon electrodes, two
processes with a relative electron stoichiometry of 1:1 were observed at a gold electrode.

Dissolution of the gold electrode, detected in situ using an electrochemical quartz crystal
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microbalance technique, was found to coincide with the first iodide oxidation process and
the oxidation state of the soluble gold species was found to be (+1) using
coulometry/electrogravimetric analysis. Quantitative treatment of the coulometric data
suggested that iodide oxidation to molecular iodine on gold occurs predominantly via a
diiodoaurate intermediate, and to a lesser extent, via a triiodide intermediate. Diiodoaurate
was further confirmed as the intermediate by investigating the voltammetric response of an
authentic sample of this species at a gold electrode.

The electro-oxidation of iodide on platinum macro- and microdisk electrodes was
simulated using a termolecular charge-transfer mechanism and the apparent stability
constant of triiodide in this media, estimated from experiment-simulation comparisons, was
found to be comparable to that previously reported in acetonitrile. The diffusivity of iodide
was found to be directly proportional to the concentration of triiodide present, showing up
to a =50% enhancement under the conditions investigated. This enhancement in mass
transport could not be explained by a decrease in solution viscosity (i.e., is non-Stokesian),
and was therefore attributed to electron-hopping and/or a Grotthuss-type bond-exchange
reaction between iodide and triiodide.

There is great scope for further work in this area, since only a limited number of
electrode materials were investigated and in only a single class of ionic liquid. A systematic
study on the mass-transport of iodide in ionic liquids made up of various combinations of
anion and cation could give an insight into which physicochemical properties (i.e., viscosity,
Lewis acidity/basicity, etc.) influence the non-Stokesian transport mechanism in this type of
media. In addition, because the stability constant of triiodide is solvent dependent?, it is
expected that changing the constituent anion/cation would strongly influence this parameter,
which can be conveniently measured using cyclic voltammetry. It is also possible that the
iodide-oxidation mechanism may change depending on the nature of the anion and/or cation.

For example, it has been reported that the (+1) oxidation state of iodine is stabilized in the
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presence of chloride (i.e., in chloroaluminate melts®) through the formation of interhalogen
compounds of the type ImCI\™™. Finally, the electrocatalytic performance of a given
electrode material towards the I/13~ process (relevant in the context of dye-sensitized solar
cells) can be assessed in a relatively quick and straightforward manner by characterizing the
electro-oxidation of iodide with cyclic voltammetry. There are many possibilities in this
area, as numerous noble metal-free materials that show good electrocatalytic activity
towards to the I/15~ process have been reported in recent years®, one notable example being
cobalt sulfide.’

In Chapter 5, proton transport, hydrogen evolution (at a platinum electrode) and
equilibrium acidity (pKa) was investigated in a broad range of ionic liquids. It was found that
regardless of the nature of the proton source, the hydrogen evolution reaction is very
sensitive to the surface-state of the platinum electrode, requiring preconditioning at oxidative
potentials to achieve a well-defined and reproducible cyclic voltammetric response. In
bis(trifluoromethanesulfonyl)imide ionic liquids, when the conjugate acid of the anion (i.e.,
H[NTf2]) is used as the proton source, it was shown that proton transport obeys the
relationships outlined by the Stokes-Einstein equation (i.e., D « 1/7). Furthermore,
correlation of the proton diffusivity data (derived electrochemically) with
bis(trifluoromethanesulfonyl)imide self-diffusion data (derived with *°F NMR) revealed that
the acid is not dissociated in this environment (i.e., the protons diffuse as H[NTf,]).

The formal potential of the H*/H process (where H* signifies a ‘solvated proton’
released from a strong acid) was found to be sensitive to the anion component of the ionic
liquid and insensitive to the cation component. Proton reduction from a range of weak acids
(i.e., protonated amines, sulfonamides, phenols, sulfonic acids or carboxylic acids) was
found to be a diffusion controlled process that occurs in the potential region negative of the
H*/H2 process (proportional to pKa). When the proton source is a sulfonic acid or carboxylic

acid, proton reduction was found to occur in two steps (electron stoichiometry = 1:1),
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consistent with the formation of a stable intermediate species through homo hydrogen
bonding (homoassociation) between the acid and its conjugate anion base. Computational
simulations, performed by combining the classical Volmer (rate determining step) and Tafel
reactions, revealed that weak acid dissociation is limiting on the voltammetric timescale
when pKa > 4, meaning proton reduction via a CE mechanism cannot account for the
experimentally observed mass-transport limited currents. Under these conditions, proton
reduction must proceed via an alternate pathway, which was proposed to involve the direct
reduction (DR) of the weak acid at the platinum electrode surface.

Finally, a straightforward voltammetric method for calculating pKa values was
devised and the equilibrium acidities (pKa) of twenty weak acids covering eighteen orders
of magnitude in acid strength (2.0 < pKa < 19.5) was quantified in 1-ethyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)imide. Comparison of the pKa (IL) data
with that from conventional solvents, such as acetonitrile and water has provided an insight
into how the nature of the solvent (i.e., dielectric properties, Lewis acidity/basicity, hydrogen
donating/accepting ability etc.) can influence the strength of an acid (pKa), which has a
strong bearing on the thermodynamics, kinetics and mechanism of the proton reduction
process.

Once again, there is great scope for further work in this area, since proton reduction
from only a few classes of acids (i.e., nitrogen and oxygen acids) was carried out almost
exclusively in aprotic ionic liquid media. In terms of proton transport, the ultimate goal
would be to develop an ionic liquid formulation which facilitates anhydrous proton
conduction over a large temperature range. Protic ionic liquids are a clear candidate for this
purpose, since certain combinations of Brgnsted acid/base can produce liquids with water-
like properties (i.e., a 3D hydrogen bonded network).® An alternative approach could be to
dope either aprotic or protic ionic liquids with low-volatility protic molecular solvents such

as polyalcohols to achieve water-like proton-conduction properties. Further studies on the

323



Chapter 6: Conclusions and Future Work

hydrogen evolution reaction mechanism and proton thermodynamics (pKa) could be carried
out with a broader range of weak acids, for example carbon acids®, which are well known to
possess sluggish dissociation kinetics in molecular solvents. Lastly, calculating the pKa of a
model acid species in a series of ionic liquids with a fixed anion and varying cations (aprotic
or protic) could provide a valuable insight into the influence of solvent properties (i.e., Lewis
acidity/basicity, hydrogen bonding, polarity etc.) on equilibrium acidity.

In conclusion, the work presented here has shed light on two fundamental processes
in ionic liquid media: heterogeneous electron transfer (i.e., thermodynamics, kinetics and
mechanisms) and mass-transport (i.e., Stokesian and non-Stokesian). Aprotic ionic liquids
were predominantly investigated in this work, and in many ways they resemble conventional
aprotic molecular solvents such as acetonitrile or propylene carbonate, although some
phenomena are seemingly unique to this type of media, for example the iodide/triiodide
exchange mechanism. In reality however, the properties of an ionic liquid are determined by
its unique combination of cation and anion, and can therefore be ‘tuned’ to an extent to
resemble different classes of molecular solvent.

With the use of ionic liquids in electrochemical devices and a growing range of
processing technologies continuing to expand, it is important that fundamental research such
as that presented here continues to be undertaken by researchers in the field. Aside from the
I7/13~ couple, there are a number of other redox systems which have found application as
mediators in dye-sensitized solar cells that may be suitable for investigating charge- and
mass-transfer phenomena in ionic liquids, including pseudohalides (i.e., SCN~ or SeCN")®
11" metallocenes!? 3 and cobalt complexes (i.e., polypyridyl or ethylenediamine)'* 1°.
Finally, ongoing research on fundamental topics such as interfacial (electrical ‘double-
layer’) structure®®; intermolecular ordering and solvation!’ 8; and Lewis acidity/basicity
(i.e., donor/acceptor numbers)®®; will be invaluable in gaining a comprehensive

understanding of (electro)chemical reactivity?® and mass-transport in ionic liquid media.
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