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Abstract

Hydrogen Electrochemistry in Room Temperature lonic Liquids
A Thesis submitted for the Degree of DPhil in Chemistry by Yao Meng

St. Edmund hall college, Michaelmas Term, 2012

This thesis primarily focuses on the electrochemical properties of the H, / H* redox couple, at
various metallic electrodes in room temperature ionic liquids. Initially, a comprehensive
overview of room temperature ionic liquids (RTILs) compared to conventional organic
solvents is presented which identifies their favourable properties and applications, followed
by a second chapter describing the basic theory of electrochemistry. A third chapter presents
the general experimental reagents, instruments and measurements used in this thesis. The

results presented in this thesis are summarized in six further chapters and shown as follows.

(1) Hydrogenolysis: hydrogen loaded palladium electrodes by electrolysis of H[NTf,] in a
RTIL [Comim][NTf].

(2) Palladium nanoparticle-modified carbon nanotubes for electrochemical hydrogenolysis in
RTILs.

(3) Electrochemistry of hydrogen in the RTIL [Comim][NTf,]: dissolved hydrogen ‘lubricates’
diffusional transport.

(4) The hydrogen evolution reaction in a room temperature ionic liquid: mechanism and
electrocatalyst trends.

(5) The formal potentials and electrode kinetics of the proton/hydrogen couple in various
room temperature ionic liquids.

(6) The electroreduction of benzoic acid: voltammetric observation of adsorbed hydrogen at a

Platinum microelectrode in room temperature ionic liquids.
The first two studies show electrochemically formed adsorbed H atoms at a metallic Pt or Pd
surface can be used for clean, efficient, safe electrochemical hydrogenolysis of organic

compounds in RTIL media. The next study shows the physicochemical changes of RTIL



properties, arising from dissolved hydrogen gas. The last three studies looked at the
electrochemical properties of H, / H' redox couple at various metallic electrodes over a range
of RTILs vs a stable Ag / Ag” reference couple, using H[NTf,] and benzoic acid as proton
sources. The kinetic and thermodynamic mechanisms of some reactions or processes are the
same in RTILs as in conventional organic or aqueous solvents, but other remarkably different
behaviours are presented. Most importantly significant constants are seen for platinum, gold

and molybdenum electrodes in term of the mechanism of proton reduction to form hydrogen.
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Glossary

Table 1 List of symbols used throughout this thesis

Symbol Definition
n dynamic viscosity or overpotential
p density
K conductivity
v scan rate
chemical activity coefficent
u potential
al/p heterogeneous charge transfer coefficient
T dimensionless time parameter
) work function
A area
[Albuik bulk concentration of species A
C homogeneous chemical reaction step
Co concentration of species O at the electrode surface
Cr concentration of species R at the electrode surface
C capacitance
Cal double layer capacitance
C concentration
dC/ox concentration gradient
dClaot Variation in concentration with time
D diffusion coefficient
D. hypothetical diffusion coefficient at infinite temperature
e electronic charge
electron
E heterogeneous electron transfer step
E? formal potential
EY standard potential of half-cell
dE/dt differetial of potential versus time
Ea/Ea activation energy



diffusional activation energy

initial potential

inversion potential

peak potential

half peak potential

peak-to-peak potential

half wave ptential

binding energy of the electron
measured Kinetic energy of the electron
Faraday constant

Gibbs energy

standard Gibbs energy

enthalpy

current

peak current

current density

diffusive flux

Boltzmann constant

henry’s law constant

standard heterogeneous rate constant
forward rate constant

backward rate constant

equilibrium constant

molecular weight

number of electrons

number of electron transfer before the rate determining step
species prone to undergoing a reduction
gas partial pressure

electricity

species prone to undergoing a oxidation
radius

radius of electrode

entropy

absolute temperature

absolute temperature where the conductivity extrapolates to zero

Xi



dt
At/ dt

V/v
dx?
OX
dx

time

small time

time interval

internal energy

mobility

volume

small area

distance

width

the magnitude of its charge

Xii



Table 2 List of abbreviations used throughout this thesis

Abbreviation

Full name

aqg.
ADI
BBD
BZA
Co/Co"
CVv
CRT
CNTs
DSSCs
DMF
EW
Fc/Fc*
fcc
GC
GC-MS
HER
HA
hr
IHP
IL
MeCN
min
RTIL
TBAP
THF
TMPD
RHE
SEM
SHE
SCE
rds
OHP

aqueous solubtion

alternating direct implicit method
boron doped diamond

benzoic acid

cobaltocene / cobaltocenium hexafluorophosphate
cyclic voltammetry

cathode ray tube

carbon nanotubes

dye-sensitized solar cells
dimethylformamide
electrochemical window
ferrocene / ferrocenium
face-centered cubic

glassy carbon

gas chromatography—mass spectrometry
hydrogen evolution reation
proton solvated by solvent anion
hour

Inner Helmoholtz Layer

ionic liquid

acetonitrile

minute

room temperature ionic liquid
tetrabutylammonium perchlorate
tetrahydrofuran
N,N,N’,N’-tetramethyl p-phenylenediamine
reversible hydrogen electrode
scanning electron microscope
standard hydrogen electrode
saturated calomel electrode

rate determining step

Outer Helmoholtz Layer

Xiii



OPD H or Hopp
PC
UPD H or Hypp
UV light
WE
XPS

over-potential deposition of hydrogen atom
personal computer

under-potential deposition of hydrogen atom
ultraviolet light

working electrode

X-Ray photoelectron spectroscopy

Xiv



Table 3 List of Units used throughout this thesis

Unit Definition
cP centipoise
K Kelvin
g gram
m meter
cm centimeter

mm millimeter
pum micrometer
nm nanometer
\ Volt
kv kilo Volt
eV electron Volt
mS mill Siemens
A ampere
nA nano-ampere
M Molar mass

mM millimolar

S second

atm atmospheric pressure
C coulombic
wt weight

ppm parts per million
A &ngstrém
pF microfarad
Q Ohm
Hz Hertz
\W Watt
mL milliliter
ul microliter
kJ kilo Joule
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Chapter 1 Room Temperature lonic Liquids

Room Temperature lonic Liquids (RTILs) exist in the liquid state at room temperature, and
are composed entirely of cations and anions. They have several characteristic properties, such
as low volatility, high thermal stability, wide electrochemical potential windows and intrinsic
conductivity. RTILs are the subject of intensive investigation relating to various fields such

as gas sensors, synthesis and catalysis, electrodeposition, batteries, solar cells and so on.

This chapter focuses on the physical, chemical and electrochemical properties of RTILs, as
well as some industrial applications compared with the traditional molecular solvents, such as

acetonitrile or acetone.

1.1 The development of RTILs

The term room temperature ionic liquid is used to describe one kind of material which
consists solely of ions and exists in the liquid form at normal temperature and pressure®
where the comparable molten salts are solid state, such as NaCl, KCI. Therefore, RTIL
characteristically possess high lattice enthalpies and relatively weak Coulombic interactions
to significantly decrease the relative melting point. In comparison, the melting point of ionic

crystals is commonly higher than 1000 K.

lonic liquids were first found in 1914,% but drew little attention until 1982. lonic liquids were
based on the haloaluminate anion ([AICI4]) were reported in several publications,®> but the
synthesized ionic liquids were highly sensitive to air and moisture and required maintaining
under anhydrous conditions; these are defined as the first generation of ionic liquids. It is well
known that this first generation is not of general applicable use, due to their very high
sensitivity to air and moisture. lonic liquids based on some specific cations and anions, such
as tetrafluorobarate ([BF4]") or more hydrophobic bis(trifluoromethylsulfonyl)imide ([NTf,])

were explored to improve the stability toward water although they still absorbed some
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Figure 1.1 Molecular structures of some commonly used cations and anions employed in
RTILs in this thesis.



moisture. These are the second generation of ionic liquids showing the favourable physical
and chemical properties. Figure 1.1 shows the structures of some commonly used cations and

anions which make up non-haloaluminate RTILs. Their properties are listed in table 1.1.

So called third generation of ionic liquids, or ‘task-specific’ ILs, usually exploits the unique
tunability in refinement of cations and anions in the design of novel structures which enables
particular desired purposes to be realised. Prof. James G. Davis® 'has reviewed a huge
number of possible cations and anions for ‘task-specific’ ILs to accommodate specific
requirements, such as extraction, gas separation, molecular absorption, dissolution of
inorganic salts and special electrolyte. The Henni group® predicted the gas solubility for CO,
as a function of temperature from amongest 73 cations and 37 anions where the anions based
on [EtOHmim] and [choline] gave the highest CO; solubility. Also, imidazolium cations
functionalized with amine groups®were more likely to separate CO, from the gaseous mixture
due to the high CO, solubility. Kimizuka and Nakashima'® ** have simultaneously predicted
and reported an excellent capability of biomass (carbohydrates and protein) dissolution in
[MeOMe-MIM]Br and [MeOEt-MiM]Br, as well as [MeOEt-MiM][BF,]. In general, a
typical approach to the synthesis of ‘task-specific’ ILs is to add functional chains, such as

ethers, alcohol groups or carboxyl groups, to common cations and anions. %3

1.2 Physical and Chemical Properties of RTILS

It is necessary to appreciate the various physical and chemical properties of RTILs before the
consideration of their uses in the design of electrochemical reactions. A huge number of
papers reveal several advantageous properties of RTILs employed in different conditions and
experimental systems, such as high intrinsic conductivity, wide electrochemical window,
high thermal stability, low toxicity and high polarities. The following sections examine each

property in detail.



Table 1.1 The physical and electrochemical parameters for some commonly used RTILs and
conventional molecular solvents, including viscosity (1)), density (p), conductivity (k) at
293K and electrochemical window (EW) at a platinum electrode with a platinum quasi

reference electrode.

lonic Liquids n/cP p/K/gem® k/mSem® EW%/V
[Comim][NTf,] 34" 1.53% 8.8%° 4.3
[Camim][NTH,] 521° 1.44° 3.9 4.8
[Csmim][NTf,] 74" 1.33% - 5.0
[Cdmim][NTf,] 105 1.42% 2.0" 5.2
[Campyrr][NTF,] 89'® 1.40% 2.2%0 5.2
[Ne222][NTF] 1674 1.27% 0.67%° 5.4
[P14.666][NTH] 450% 1.07*° : 5.0
[Csmim][OTH] 90® 1.30% 3.7° 4.9
[Camim][BF] 1128 1.21% 1.7% 4.7
[Csmim][PF¢] 3715 1.37% 1.5 4.7
[Csmim][FAP] 74% 1.56% 1.3% 5.3
[Csmim]CI 7453% 1.05' - 3.2
[Camim]I 1110%° 1.49% - 2.1
Acetonitrile* 0.34%' 0.79% 7.6% 5.0
Dichloromethane* 0.44%" 1.33%7 - 3.5%
N, N-Dimethylformamide* 0.92% 0.94%" 4.0% 4.3%
Dimethylsulfoxide* 1.99% 1.10% 2.7 4.4

* containing 0.1 M TBAP as the supporting electrolyte at 295K

&defined by the voltage range where the measured current is about 1nA, using a 10 pm

diameter Pt working electrode and Pt quasi-reference electrode



1.2.1 Viscosity

Viscosity is an important physical concept that describes a fluid’s inherent resistance to flow.
The viscosity of organic solvents typically range from 0.2 to 10 cP,? whereas the viscosity of
the RTILs are two or three order of magnitude higher, in the range of ca. 20 - 7500 cP*° at
normal temperature and pressure. These viscosity values for some common RTILs and
molecular solvents are shown in the second column of table 1.1. The high viscosity slows
down mass transport of electroactive species, significantly influencing the rate of diffusion
controlled reactions.® Therefore, lowering their viscosity needs to be carefully considered for
each RTIL studied in order to possibly eliminate this unfavourable influence. One way* is to
add a small amount of organic solvents to weaken the Coulombic interactions, yet retain the

favourable properties.

It is well known that Coulombic interactions play an important role in dictating the viscosity
of ionic liquids, as well as van der Waals forces and hydrogen bonding.** * Thus, the
influences on viscosity have widely investigated, mainly focusing on the molecular structure
of cations and anions. Taking [C,mim]* as an example, increasing the length of carbon chain
on the imidazolium cation(n=2,4,8...) will cause the viscosity to increase due to the influence
of VVan der Waals forces; however, the longer the carbon chain is present, the weaker
Coulombic interactions (the major contribution to viscosity) exists. So overall the viscosity
decreases. Also, hydrogen bonds introduced into RTILs results in their increased viscosity,

for example, as in adding a fluoride functional group to an imidazolium carbon chain.*®

It is evident that the nature of anions has a stronger influence on the viscosity than that of
cations.® Therefore, it is not difficult to conclude that RTILs based on [NTf,] anions have
lower viscosity since the negative charge is delocalised over the sulfoxide group. In

comparison, RTILs based on halide anions often give very high viscosity due to the



concentrated charges and the relatively small anion radius. Additionally, hydrogen bonds

need to be considered in some cases, such as H---F, or H---O bonds.3¢ %

Many different methods based on ‘group contributions’ have been used to estimate RTIL

viscosity.®** The Orrick-Erbar® approach is an example, considering the equation below

InL=A+E (1.1)

oM T

where 1 is the fluid’s viscosity, p is the relative density, M is the molecular weight, T is the
absolute temperature and A, B are experimental parameters, which has been obtained by
employing a group contribution technique with a temperature variation proposed by De

Guzman.*

The temperature dependent viscosity of RTILs typically show a 20% change over a 5 K jump
around the ambient temperature.*® The Arrhenius relationship commonly describes a
temperature-dependent parameter, and the effectiveness has been proved by Okoturo and

VanderNoot'® over a study of 23 RTILs at ambient temperatures (283-343 K).

1.2.2 Density

Various estimation methods*®*® have been developed to parameterise the temperature-
dependent density of RTILs. e.g.. the Ye and Shreeve method *® The calculated RTIL’s
densities are over a range of 1 to 1.6 g cm™, the values of which are listed in the third column
of Table 1.1 and are slightly larger than those of organic solvents. The densities of the RTILs
commonly decrease with the bulk increase of cations, such as the imidazolium RTILs.
Change of anions leads to a more obvious density change of the corresponding RTILs due to
the larger molecular density. A approximate trend for the common anions can be summarized
as [BF4] <[OTf] <[NTf,] <[FAP] . Approximately linear relationships are proposed between

the RTIL density and the inverse of the temperature. The volume expansion coefficient is



about ca. 5x10™* K*°* *! significantly lower than that in organic solvents, typically ca. 1x10"

Skt

1.2.3 Conductivity

As solvents in electrochemical experiments, RTIL conductivity is one of most important
parameters, generally depending on the number of charge carriers, and their mobilities. Since
there exists few charge carriers in conventional organic solvents, a supporting electrolyte,
such as tetrabutylammonium perchlorate, TBAP, is required to compensate the relatively low
conductivity in most electrochemical processes. Typically a concentration 100 times larger

than the concentration of the studied solute is needed.

It must be noted that the conductivity of solvent cannot increase infinitely by increasing the
concentration of charge carriers: ionic atmosphere effects limit the conductivity. lonic liquids
never lack charge carriers, but actually do not reach the desired high-conductivity. The reason
mainly comes from two aspects: ion-pairing effect exists in a solvent with an extremely high
concentration of charge carriers, reducing the effective number of charge carriers.** >* Second,
the high viscosity of RTILs (compared to the conventional organic solvents in table 1.1,
second column) limits the actual conductivity due to the effect on ion mobility. In general,

the conductivities of RTILs are seen to be approximately inversely proportional to their

viscosities.

Increased temperature prompts the mobility to increase, resulting in the increase of
conductivity. RTILs with symmetric cations and anions (including any functional group) are

available to be described by the VVogel-Tammann-Fulcher equation:>**®

K =AJTe BT ™ (1.2)

where « is conductivity, A and B are empirical constants obtained from experiments, and Ty

is the temperature where the conductivity extrapolates to zero. The equation is applicable to



the temperature-dependent conductivity of RTILs with a high level of precision.? % °">® The

conductivity is less dependent on anion size. Vila et al. reported that the conductivity of
imidazolium based RTILs slightly decreases as the length of the alkyl chain on the cations

increases.”®

In order to obtain higher conductivity, the syntheses of ‘task specific’ RTILs with specific
functional groups have been reported, which are described by the formula [C,min][F(HF)nx],

(where m=2, 3)>* ®° giving the conductivities ranging from 12 to 110 mS cm™.

1.2.4 Electrochemical Windows

Electrochemical potential window is an effective voltage range of a solvent for an electro-
chemical process on a particular conducting surface, which is decided by the potentials for
anodic and cathodic decompositions of the relevant molecules or ions.?* * In general,
aqueous solutions show a relatively narrow electrochemical window of about 1.5 V. Organic
solvents with relatively concentrated supporting electrolytes show a wider electrochemical
window, e.g. 5.0 V for acetonitrile and 4.4V for dimethylsulfoxide. RTILs are widely

recognized to be in the range of ca. 4.0-5.5V.°

It is well known that electrochemical window of RTIL is dependent on the nature of its
constituent cations and anions. Table 1.1 shows the electrochemical windows for some
common cations and anions at a Pt electrode, as well as some conventional aprotic solvents.
[P14666][FAP] RTIL gives the widest electrochemical window. RTILs based on the imidazo-
lium cation are easiest to be reduced among various cations, due to the reduction of the
proton linked with the carbon ring between the two heteroatoms.™ Indeed, if the electroactive
proton is replaced with a methyl group to form the [C,dmim]" cation, the corresponding
electrochemical window was observed to expand.®” Meanwhile, extended electrochemical
windows are realised by increasing the alkyl chain length on the imidazolium ring, but they

are likely to be narrowed if replaced by some functional groups, such as an alkyl-ether, and



thus bringing about the degradation at a less negative potential.®* Pyridinium,

tetraalkylammonium and tetraalkylphosphonium cations show wide electrochemical windows.

The most stable anion can be assigned to be [FAP]". The RTIL [Ng44.4.4][FAP] shows a very
wide electrochemical potential window of ca. 7.0 V. [NTf,]", [BF4]’, [PFs] and [OTf]
anions show similar contributions for electrochemical windows of the corresponding RTILS,
being of the order 0-300mV voltage difference. In addition, halide anions, such as Cl" and I’

will give narrower electrochemical windows due to their lower oxidation potentials.

It is noted that the measured electrochemical windows of RTILs in the literature slightly
differ from one to another. These differences arise from different definitions of the window,
various degrees and types of impurities, which can alter the electrochemical window, or the
different electrode metals used in their measurements. The influences of impurities are
detailed in section 1.3. The choice of a stable reference electrode or a stable reference couple
does not cause the change of absolute value of electrochemical window, but a stable

reference is necessary to characterize both the cathodic and anodic processes.

In general, a Pt or Ag wire is used as a quasi-reference electrode, but the accuracy of this
cannot be guaranteed due to the inevitable experimental error. The choice of a stable
reference couple gives comparable experimental conditions, and this is of the importance to
all electrochemical processes. Both ferrocene and cobaltocenium hexafluorophosphate are
widely used as the internal probes, ® independent of electrode materials, concentration
gradients and scan rates. However, it has been demonstrated that ferrocene reacts with the
protons and that the cobaltocenium reduction wave can overlap with the voltammetry of
interest.®* Therefore, a stable reference electrode in the RTIL system is developed in this

thesis.



1.2.5 RTILs as solvents

The concept of polarity is very commonly used to describe the dissolving power of molecular
solvents and solutes. A general rule is that a polar solvent is capable of dissolving any polar
solute, rather than a non-polar solute.®® The magnitude of polarity is quantified by the
physical parameter, the dielectric constant. In comparison, RTILs are difficult to be classified
as either polar or non-polar molecules. Moreover diverse features may exist in any one RTIL
structure, showing some particular interactions, such as hydrogen bonding, Coulombic
interactions or electron donating / accepting properties.®® Take RTILs based on imidazolium
as an example, the polarity is mainly determined by the carbon ring, whereas the alkyl chain
shows nonpolar properties. Therefore, most RTILs show an excellent solvating property for
both polar and non-polar solutes.®’ It is noted that high ion concentration does not in itself
mean high polarity.?® In fact, the measured ‘polarity’ values are usually fairly low differing
from one laboratory to another due to different experimental methods and the accuracy of the

experimental processes.

The solubility, solvation capacity of a solvent, depends on its polarity, as well as temperature
and pressure. The solubility represents the maximum concentration of dissolved species in a
particular solvent. Gas solubility in RTILs is widely studied to encourage the development of
gas sensors. Gases, such as carbon dioxide and sulphur dioxide, are exceptionally soluble;®
carbon monoxide with weak polarity is less soluble; and non-polar oxygen and hydrogen

show a small solublity.”® ™

Gas solubility is commonly characterized using the Henry’s law constant in molecular
solvents and most RTILs. It is directly proportional to the gas partial pressure above the

solvent.?® The relationship is described as:

p=kyC (1.3)
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where ky is the temperature-dependent constant (Henry’s law constant), p is the gas partial
pressure and c is the concentration of dissolved gas in the solvent. The temperature-
dependent Henry’s law constant of each gas in a particular RTIL is determined by the van’t
Hoff isochore over a range of temperatures where one of the Henry’s Law constant at a
special temperature and the enthalpy of the reaction is required to be known. The van’t Hoff
isochore?® is written as:

()= -

where ky; is Henry’s law constant at Ty (K), as well as ky, at T,, R is universal gas constant
(8.31 J / mol) and AH is enthalpy of the dissolution. In fact, beside temperature affecting the
Henry’s law constant, other important factors also include the pH of solutions, compound
hydration, the presence of dissolved salts and so on.” It should be noted that Henry’s law is a
limiting condition that only applies for sufficiently dilute solutions where the dissolved gas

does not chemically react with the solvent.

This thesis focuses primarily on dissolved hydrogen in a range of RTILs. The choice of
chronoamperometry is made to allow accurate measurement of gas solubility when the radius
of a microelectrode and diffusion coefficient of dissolved gas are known at a particular
temperature. It is worth mentioning that solubility of some particular gases, such as H, and
CO,,* 3 are comparable between different RTILs solvents, suggesting that these RTILs have

a similar polarity, as proved by Carmichael and Seddon.”

In contrast, there are only a few articles on the solubilities of solids and liquids in RTILs,
which also obey the similar trend to gas solubilities in RTILs. It is found that aliphatic
compounds are sparingly soluble,** but aldehyde compounds are completely miscible in

RTILs.” In addition, it is of importance to characterize the dissolution properties of ferrocene
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and cobaltocenium in RTILs,® which usually act as a stable reference couple, or as standard

intermediates to allow the extraction of parameters in electrochemical processes.

1.2.6 Thermal stability
The thermal stability of a RTIL is an important physical property giving an upper working

temperature when using RTIL at very high temperatures. The strength of the heteroatom-
carbon and heteroatom-hydrogen bonds is thought as the main influence on the stability of
the solvents.* For RTILs, it is believed that thermal stability of RTIL is primarily dependent

on the size of cations and anions, e.g. Cl« [BF4]« [NT£,] < [PFg] .>* "

Purely from the chemical concept, decomposition temperatures of most RTILs in the
literature fall into the range 573-674 K, whilst some thermally stable RTILs survive up to 725
K.% In fact, such upper working temperatures for each RTIL only represent an ambiguous
beginning of the rapid decomposition, but some decomposition also exists when using a
RTIL at relatively low (elevated) temperature. The literature reports that RTILs exposed to
temperatures above ca. 473 K for a long time will inevitably result in decomposition.®* "’
Besides, other factors affecting these decomposition temperatures involve impurities in the
RTIL and the applied experimental methods. This is why the measured decomposition
temperatures of each RTIL in different literature reports differ from each other. Therefore, for
most applications of RTILs, the actual temperatures used are far away from their

decomposition temperatures. The thesis does not refer to such high temperature; rather it

normally lies in the range of 273 K to 323 K.

1.2.7 Environmental friendliness

In earlier studies of RTILs, they were optimistically thought as ‘green’ solvents to replace
traditional molecular solvents in the field of synthesis and catalysis because of their low
volatility, chemical stability and good reproducibility. Moreover, the relatively low toxicity

of RTILs is also suitable for large-scale industrial applications. But with further study in

12



recent years, at least one major problem has been arisen with regard to their electrochemical
degradations and the resulting hazardous products. Therefore, some RTILs are unworthy of
the name of ‘green’ solvent. For example, [BF4]” and [PFg] anions are likely to degrade to
form the hazardous hydrogen fluoride, HF.” Also, the [NO3] anion is proven to decompose
under acidic conditions.”® The choice of an experimental RTIL not only ideally shows an
environmental friendly property, but also guarantees a favourable pathway for the
electrochemical reaction. In addition, it is noted that the hazardous by-products are inevitable

when undergoing the synthesis processes of RTILS.

1.3 Influence of major impurities

Even though exposure to vacuum has been proven to effectively remove most impurities
from RTILs, in air the presence of impurities are inevitable at least at low concentrations, and
can cause undesirable electrochemical properties and interfere with analysis under certain
conditions. Therefore, it is necessary to identify the nature of every major impurity
individually in order to minimize and distinguish these influences in electrochemical

measurements.

1.3.1 Water

To illustrate the effect of impurities, [Comim][NTf,] RTIL was evacuated under vacuum for
four hours, then the non-electroactive nitrogen gas was used to carry purified water through
the RTIL surface before the recording of voltammograms. Figure 1.2 shows the effect of
water in [C4mim][NTf,] on the voltammogram vs the time exposed to water. It shows that the
cathodic potential window is continuously decreased where RTIL is exposed to moist
nitrogen for some time. The decreasing trend probably stops when a saturated-water RTIL
solvent is formed. A similar study of the water effect was performed on both cathodic and

1,80

anodic features in [C4smim][PFg] by Schréder et al.,” and also showed a nearly two fold
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Figure 1.2 My study of water effect in dried [Csmim][NTf,] RTIL at a Pt electrode vs Ag/
Ag" reference couple at 298 K, showing the cathodic features with the increased time
exposed to water flux : 0, 15, 30, 45 and 60 minutes.

increase of the diffusion coefficient of electroactive species in the presence of 5 wt.%.of

water.

It can be inferred that water impurity in RTIL leads to a decreased viscosity, increased
conductivity and a significantly decreased electrochemical window, which are all important

factors when employing RTILs as electrochemical solvents.?® %

In order to show reproducibility, the study of RTIL needs to be carried out under anhydrous
conditions in all electrochemical experiments. It is understood that a small amount of water is
nevertheless inevitable, even if the best vacuum technique is applied for a sufficiently long
time. Therefore, the electrochemical property of the resident water needs to be approximately

negligible, compared with that of the electroactive species. Table 1.2 shows water contents
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Table 1.2: The measured water content of some common RTILS, under the long-term
exposed to air and vacuum dried for 24h at 333 K, using the Karl Fischer titration method.®

lonic liquids

Water content / ppm

(Long-term exposed to air)

Water content / ppm

(Vacuum dried)

[C,mim][NTF,]
[Csmim][NTT,]
[C.dmim][NTf;]
[Campyrr][NTf]
[Ne222][NTT]
[C.mim][OTf]
[Csmim][BF,]
[Camim][PF¢]
[Csmim]l

[Csmim]CI

3,385
491
504
406

1,150

15,227
5,083
2,119

11,349

61,049

105
144
295
133
167
250
119
268
1,050

2,231

over a range of RTILs under the air-equilibrated and vacuum dried conditions, as found using

the Karl Fischer titration method.® It is seen from the table that even the ‘hydrophobic’

RTILs absorb water to some extent under exposure to air, but the water contents can be

significantly decreased after being vacuum dried for 24 hour at 333K. The final content is

mainly dependent on the vacuum technique and the nature of the RTIL.

Some affinity between every RTIL and water is well known under all conditions. Most

‘hydrophobic’ RTILs appear to have a relatively low water contents in contrast to the halide

RTIL being most hydrophilic. RTILs based on [NTf;] anion is a good ‘hydrophobic’

example to show a saturated water content of less than 29%.%% #* Nevertheless, the change of

[C4mim][OTf] RTIL better reflects the real value of the vacuum technique.
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1.3.2 Oxygen

Another important consideration is the interference of dissolved gases (such as oxygen,
nitrogen, carbon dioxide and so on) when using RTILs as solvents in chemical or
electrochemical reactions. Dissolved oxygen is able to interfere with the electrochemical
performance of the hydrogen evolution reaction at different metals. It has been reported that
the oxygen voltammogram generally consists of two reductive waves, being of oxygen to
superoxide, and superoxide to peroxide.?* Therefore, the electrochemical window of any
RTIL is significantly reduced in the present of oxygen. In addition, there is potential that
oxidizing the electrode surface with oxygen could significantly change the original
electrochemical behaviour, seriously deviating from the aim of the study. Therefore, before
the measurement of every electrochemical experiment, it is necessary to degas the RTIL,

using either vacuum techniques or purging with an inert gas, such as nitrogen or argon.

1.3.3 Halides

Halide impurities are introduced during the synthesis methods used in the production of most
RTILs, and cannot be efficiently removed using the common vacuum techniques. However,
most commercial available RTILs are pure. Several methods exist to quantify the halide in

RTILs, such as chronomatography,® capillary electrophoresis® and electrochemistry.®’

In terms of the properties of RTILs based on halide anions, it is well known that the halide
anion is much easier to be oxidized than most common anions which make up the non-
haloluminate RTILs. Therefore, a decreased electrochemical window is displayed. This
inference was shown by Seddon et al. in RTILs based on imidazolium cations, also showing

the effect of an increased viscosity.®

It is noteworthy that some unpredictable reactions can be induced by a small amount of

halide impurities left over in RTILs. For example, Aldous et al. reported the electrochemical
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Figure 1.3 the voltammogram for the reduction of ca. 5mM HAUCI, in [Cymim][NTf;] on a
BDD electrode vs a platinum quasi reference at 100 mV s*.2°

studies of gold and chloride obtained on a boron doped diamond (BBD) electrode in
[Csmim][NTH;,]. (see figure 1.3) A gold stripping wave or electrodissolution of bulk gold was
observed, induced by the presence of Cl3  and CI', forming Au(l) and Au(ll1) species. On the
reverse sweep, the reductive waves at ca. -0.9V and -1.7V (vs Pt reference) correspond to the
reduction of Au(l11) to Au(l), and Au(l) to Au(0), respectively.®® A similar electrochemical
behavior was found for a pure RTIL on a gold electrode due to a small amount of chloride
impurity attached to the gold surface.® In addition, trace amounts of halide impurities in
RTILs cause a certain inhibition or deactivation of some catalytic reactions on the transition
metals, such as hydrogenolysis and hydrogenation, greatly reducing the yield of the desired

synthesis.*

1.3.4 Coloured RTILs

The formation of color (typically yellow or orange) frequently appears when using RTILS. It

is attributed to either the colored impurities left over from colored starting materials, or side
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reactions induced by excessive heat during the synthesis, or potential degradation of species
when the RTIL is exposed to air or sunshine.*” However, it is widely reported that highly
pure RTILs should be colorless, based on a large number of experimental results and reports,
It is advised to avoid using colored RTILs due to the potential changes of the electrochemical
properties during the electrochemical reactions. Adsorbents, such as activated charcoal, have
been proposed to remove the color impurities in order to use high quality RTIL in various

studies.¥ %

1.4 Applications of RTILs

The physical, chemical and electrochemical properties of RTILs, discussed above, reflect
many unique advantages allowing the replacement or improvement of many traditional
solvents, such as in catalysis, synthesis, biosensors, electrodeposition and electrochemical
devices such as solar cells, fuel cells, lithium ion batteries and supercapacitors. The scopes
for RTIL commercial applications are extensively recognized. Some favourable applications

are introduced in the following sections.

1.4.1 Synthesis and Catalysis

The label of ‘green’ solvents for RTILs was commonly found in early research papers due to
their low volatility and high (chemical and electrochemical) stability. However, it is evident
that some RTILs probably undergo degradations to produce toxic materials and these can

cause side reactions.”® But a large number of RTIL papers have been published to exemplify

favourable properties as solvents on synthesis and catalysis.3% % 94-%

Room temperature is merely required to achieve high selectivity and outcome of a Diels-
Alder reaction when using an imidazolium-based RTIL rather than the low temperatures
(such as ca.195 K, high experimental cost), being commonly used in molecular solvents to
get the same goal.”” The Rh-catalyzed hydrogenation of cyclohexene ¢ was successfully

investigated in [Bmim][SbF¢] by using a biphasic reaction system. Since a five times
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difference of solubility is present for cyclohexadiene to cyclohexene, it was found that 98%
selectivity of the latter was obtained at 96% conversion, and the hydrogenation rate was five
times faster than the comparable rate in acetone. All the ionic liquids used showed a

favourable recycling property accompanied with negligible loss of the Rh catalyst.*®

In order to simplify the product separation and obtain a high outcome rate, a biphasic reaction
is proposed for applications in which the starting material including catalyst and the product
are separately isolated in different phases. The possibility of adjusting the solubility
properties of the reactants and products by selecting different cation / anion combinations
prompts the biphasic reaction to be systematically optimized, such as to realise the selectivity
of reaction path, or the purification of products. Another important consideration is the

possibility of RTIL recycling to reduce long-term cost.* 1%

Besides the techniques discussed above, RTIL studies of synthesis and catalysis have been
extended to the biochemical field, in which enzyme catalysis is widely recognized as one of
most important branches. In general, traditional enzyme catalysis is performed in aqueous /
buffered solution accompanied with many additional requirements to overcome the inherent
harsh conditions, such as the undesirably low solubility of hydrophobic biomass, enzymes,
and deactivated processes of enzymes. Therefore, many additional biocatalytic processes are

proposed to improve solubility properties and retain the enzyme activity.

As a favourable alternative to traditional molecular solvents, ionic liquids show many
noticeable advantages on enzyme-catalyzed reactions, as reported in a large number of

101-107 I H : 108 -
papers. van Rantwijk and Sheldon gave a comprehensive overview. " First of all,
RTILs have the ability to stabilize enzymes with high activity, strongly affecting the catalytic
route and the product yield. However, some enzymes are weakly soluble or insoluble in most

RTILs. Adding a small amount of water promotes the enzyme solubility in RTIL and helps to

retain their bioactivity. For example, cytochrome dissolved in RTIL with 20 wt % water
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maintains its stability and activity for six months, as opposed to 1 week in a buffered aqueous
solution.’®® Another important advantage is that a higher possibility for biotransformation
reactions of highly polar species exists in RTIL. This is due to their high polarity property to
overcome the extremely low solubility of highly polar species, such as amino acids, in
traditional molecular solvents, and to shift the equilibrium of catalyzed synthesis, such as
those involving polysaccharides. Meanwhile, a high selectivity of the catalyzed route and the
recycling property are successfully retained when extending the RTIL solvent to the

biochemical field.!*

Despite all the advantages mentioned above, the disadvantages of using RTIL replacing
traditional solvents have also to be taken into account. It was reported that RTILs can
potentially alter reaction rates, catalytic activity and form by-products in many synthesises.
An extensive explanation of the reactivity of RTILs was given by Chowdhury et al. in the
context of the research directions for the RTIL applications in any synthetic and catalytic
areas. " Similarly, RTILs need be carefully selected as solvents for biocatalytic processes.
For example, [NTf,]", [BF4]" and [PFs] anions are beneficial to retain the activity of the lipase
enzyme, whereas it is deactivated when employing CI', [OTf]" and [NO3] anions.*? It should

be noted that it is quite difficult to extract non-volatile products from RTILs.

1.4.2 Electrochemical storage devices

The short lifetime, arising from the low stability and conductivity of solvent, is a limiting
factor in obtaining high performance electrochemical storage based on traditional molecular
solvents, such as aqueous, gel or polymer electrolytes. Due to their favorable properties, such
as high conductivity, wide electrochemical windows, high thermal stability and low volatility,
it is reported that RTIL appear to be an attractive alternative electrolytes for many high

performance electrochemical storage devices, such as fuel cells,*** *** dye-sensitized solar
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cells,*™ lithium ion batteries,**® supercapacitors,™*’ channel field effect transistors'*® and

light-emitting electrochemical cells.'*®

For the dye-sensitized solar cells (DSSCs), capture of a photon by the organic dye causes an
electronic transition to an excited state. This unstable state releases the excess energy in the
form of electron donation to a conductive substrate, such as TiO,, and the oxidised dye is
reduced by a charge carrier within the electrolyte, typically the I" / I3” redox couple. The
complete circuit is realised with the migration of electrons and ionic charge carriers. It is well
known that the durability of the DSSCs is improved when using RTIL as the electrolyte, but
the mass transport has been highlighted as a limiting factor for high performance. Kawano
and Wanatabe reported that RTILs resulted in fast charge transport.*?° Bai et al. used
mixtures of IL cations and anions to reduce the viscosity and thus improve the charge
transport.*** “Task specific’ ILs represent a path to lower viscosity, with substantial
improvements in durability: Notably, it is unnecessary to sacrifice the most favorable

properties to simply lower the RTIL viscosity.

As a good alternative to traditional fuel cell electrolytes, ionic liquids can behave as proton
conductors, typically those formed through the reaction of a strong acid with a base. The
overall efficiency of a fuel cell is strongly dependent on the properties of the cation / anion
combinations, for example, a 67% efficiency is seen, using [Casmim][BF,4] as a supporting
electrolyte for commercially available alkaline fuel cells with air and hydrogen at
atmospheric pressure, as opposed to only a 28% efficiency in [Csmim][PF¢] at normal
temperature and pressure.*? That is because the performance of the fuel cell might degrade in
the present of impurities, such as water or halide anions. Another challenge is that of the

relatively high operating temperature of fuel cells, typically over 373 K. There is slow loss
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Table 1.3 Solubility of various gases in RTILs and water (298K and latm. pressure)

Solvent H, / mM 0,/ mM H,S / mM SO,/ mM
[Comim][NTF,] 4.2'% 10.8'° 530" 230"
[Csmim][BF.] 5.2'% 3.7% - 1,600'%
[C.mim][PFq] 5.1'% 3.6'% 230" 250'%

H,0 0.8"%° 16 &74131 1,470'%

& tested at 313K

of RTIL electrolytes due to the small amount of volatile neutral acid and base produced by

reversion of proton transfer. To avoid this, very strong acids or bases are recommended.*?* 124

1.4.3 Gas sensors
The lifetime of gas sensors, which employ traditional electrolytes, typically H,SO,4 / H,O

mixtures cannot survive harsh conditions, such as drastic temperatures, extreme dry or humid
conditions, where the electrolytes are quickly dried out, and even show slow loss under
normal temperatures and pressures. Due to their ability to maintain physically and chemically
unchanged over a wide temperature range, and to give high intrinsic conductivities and wide
potential windows, RTILs have been used to replace conventional solvents for use in stable

and robust electrochemical gas sensors. The electrochemical properties of gases, such as

125,133 126, 129, 134 127,137

hydrogen, oxygen, ammonia,™* carbon dioxide,"*® hydrogen sulfide and
sulfur dioxide,*?® have been extensively studied in various common RTILs for the

development of electrochemical gas sensors. Meanwhile, gas solubilities (table 1.3) in

RTILs have been provided by the use of electrochemical methods. A clear trend shows that
non-polar gases, such as hydrogen and oxygen have relatively lower solubility than that of
polar gases, such as hydrogen sulfide and sulfur dioxide, and the polar gases are much more

soluble in RTILs, compared to other solvents. It is also important to mention that the gas
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solubilities are strongly dependent on the nature of RTIL anion.® It is necessary to take this

into account when choosing a RTIL for use in an electrochemical gas sensor.

Besides their overall favourable properties, some less attractive symptoms need be taken into
consideration when choosing a RTIL as an electrolyte, such as their high viscosity slowing

down mass transport, and their high sensitivity to moisture.

1.4.4 Biofuels

It is well known that a huge amount of non-food biomasses (such as corn stalks and softwood)
in the form of lignocelluose are produced every year, and such biomasses are widely
recognized as an important and potential of biofuel source to cope with the energy crisis.
Biofuel represents a potentially sustainable, carbon-neutral transportation fuel source, such as

ethanol, butanol or biodiesel.

Lignocellulose consists of the carbohydrate polymers cellulose, hemicellulose and phenolic
polymer lignin in the form of a very sturdy matrix-network including covalent and hydrogen
bonds. In conventional solvents, the lignocellulose is impossible or difficult to break down
into the components used as the starting materials for biofuel production, under mild
conditions. Fortunately, it has been found that many anions, such as carboxylates and halide,
which make up ionic liquids, behave as a favourable hydrogen-bond acceptors, and such
RTILs are available to dissolve the ‘insoluble’ cellulose and lignocellulose by destroying
their sturdy networks of intramolecular hydrogen bonds.**® *** Meanwhile, when adding
water into a suitable RTIL, these dissolved cellulose-anion bonds can break down-to a
structurally disrupted form, which may facilitate the biomass catalysis with a particular
enzyme, for example, the production of ethanol from the fermentable sugars.* It is also
important to note that natural biopolymers, such as silk, can be dissolved into RTILs, and this

can be beneficial for their functional modification processes.'**
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1.4.5 Electrodeposition

It is well known that the attractive electrochemical windows of the RTILs are generally much
wider than those of conventional solvents, allowing a wider range for metal or semiconductor
electrodepositions which are normally deposited out of the potential range of conventional
solvents, and a morphology control to generate high quality deposition due to the absence of
the hydrogen evolution process, which occurs in water.**> However, in addition to viscosity
and conductivity concerns, impurities such as water, halides and organic compound have
proved to be the major drawbacks when employing RTILs as electrodeposition media. Glove
box or the vacuum techniques are used to minimize this negative effect. Several papers,
reviews and handbooks has been published to show the studies of electrodeposition of a range
of metals including gold, zinc, tin, palladium, copper and aluminium, semiconductors

involving silicon and germanium, and aluminium alloys in various RTILs.'#? 14314

1.5 The aims of this thesis

The experiments reported in this thesis have three main parts. The aim of the first part is the
investigation of fast hydrogenation and hydrogenolysis of organic compounds in RTILs on a
palladium microelectrode, as well as palladium nanoparticle-modified carbon nanotubes
under mild conditions, using the high active adsorbed hydrogen atoms which arise from the
reduction of H” in RTILs. This is demonstrated both voltammetrically, and by the isolation,
identification and quantification of the hydrogenolysis products obtained in the IL
environment. Palladium nanoparticle-modified carbon nanotubes also showed a high surface
area which is highly active for electrochemical hydrogenolysis, and which is fully
characterised. The second part provides new insights into the solvation of H; in
[Comim][NTf,] RTIL, as well as the corresponding changes that result in the structure of the
ionic liquid itself. The significant influence of H, gas on the diffusion coefficient of dissolved

protons and ferrocene, as well as its influence on the viscosity of the RTIL is quantified. The
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third part has the most important position in this thesis and reports the investigation of the
H*/H, redox couple at various electrocatalytic metals (platinum, gold, molybdenum, nickel
and titanium) over a range of RTILs vs Ag / Ag” reference electrode. The latter was newly
developed as part of the research. Both the mechanism and kinetics of the process were
quantitatively investigated, and compared and contrasted with the existing literature of
hydrogen evolution reaction at various transition metals available for aqueous systems. The
influence of the interaction between protons and anions are shown, and changes in both
kinetic and thermodynamic parameters are seen. Finally, a quantitative investigation of the
hydrogen evolution reaction arising from the weakly acidic benzoic acid (rather than strongly
acidic H[NTf;])as the proton source was carried out at a Pt electrode over a range of RTILs,
giving the voltammetic characteristics of benzoic acid to be seen, as well as adsorption

/desorption processes of hydrogen atoms.
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Chapter 2 Fundamentals of Electrochemistry

2.1 Electrochemistry

Electrochemistry is a branch of chemistry and takes place at an interface between an electron
conductor (such as metal, semiconductor and alloy) and an ionic conductor (electrolyte). It is
driven and controlled by an external power (applied potential) to achieve electron transfer

and drive a reaction associated with oxidation or reduction.

Generally speaking, in the late 18" century, the discovery of animal electricity was believed
to be the birth of electrochemistry by establishing a link between chemical reaction and
animal electricity. Soon after, the English chemist William Nicholson and Johann Wilhelm
Ritter succeeded in decomposing water into hydrogen and oxygen by electrolysis and the
process of electroplating was discovered. In 1832, Michael Faraday developed two important
laws of electrochemistry which are the theoretical basic of quantitative study. In the late 19"
century, the German chemist Walther Hermann Nernst developed the theory of electromotive
force and produced the most important relationship between the concentration of
electroactive species and electrode potential, known as the Nernst equation. In 1923, the
Bransted-Lowry acid-base theory was published promoting the development of
electrochemical theory and the experimental method. After 1940, a series of novel techniques,
such as transient techniques, surface studies and nano-technology, have been introduced to
solve the mechanism of many rapid and complicated electrochemical reactions, and

corresponding technologies have been carried out in the industry. * 2

It is necessary to divide the electrochemical processes into three main distinct categories. The
first one relates to equilibrium processes. The current densities for oxidation and reduction
are the same which induce the no net current passing through the external circuit and the
corresponding potential is given by the Nernst equation. Therefore, such measurements can

yield a wealth of thermodynamic information involving Gibbs energy, entropy changes,
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enthalpy changes, equilibrium constant and pHs of solution. The second relates to processes
under kinetic control and occur when the applied potential falls into a small range near the
equillbrium potential. The current density as a function of applied potential under this
condition is depicted by the famous Butler-Volmer equation. The third relates to mass
transport controlled processes which are strongly influenced by the size of electrode and the

nature of solvent and diffusion coefficient.

The oxidation of ferrocene® is thought as a simplest electrochemical process, only involving a
mass transport of a reactant to the electrode surface, heterogeneous electron transfer without
any adsorbed process and a mass transport of the product to the bulk solution. In other
processes a series of complex reactions, such as adsorption, desorption, crystallization,
electrotrodeposition, protonation, parallel paths or branching mechanism, accompany the
electrochemical reaction. The magnitude of current density is controlled by the step in which

the reaction has the slowest rate, the rate determining step.

This thesis is concerned with all the individual types of processes. The rest of this chapter
provides an introduction to the fundamental electrochemical principles, concepts and

methods. A more detailed description is given in several Electrochemistry textbooks.*®

2.2 The solid / liquid interface

The solid / liquid interface is of the heart of electrochemistry study. It is well known that two
types of current responses are present when potential is applied to the interface between an
electrode and an electrolyte. It is necessary to reveal their derivation and the relationship to

the potential.
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2.2.1 Faradaic and NonFaradaic current

The measurement current consists of two types of current responses at the interfacial region.’
One is named as the ‘Faradaic current’, and arises from electron transfer between the
electrode and electroactive species in the electrolyte when oxidation or reduction occurs. It is
known that the amount of reaction associated with the flowing current is proportional to the
amount of charge passed, the Faraday’s law. The magnitude of Faradaic current is mainly
dependence on the kinetic constant (heterogeneous electron transfer at the interface),
diffusion coefficient of interest (mass transport) and the rate of any homogeneous chemical
reaction or heterogeneous electrochemical reaction which might exist before or after the main
electrochemical process. These factors are the important and fundamental structures of

electrochemical analysis, which are elaborated as required in the whole thesis.

The relatively low currents are observed in the voltammogram where no Faradaic current
occur. This current response is caused by any adsorption / desorption processes and the
structure change of the double layer, termed as the nonFaradaic current. Charge transfer
occurs across the interface, this type of charging current is behaves as a capacitor as a

function of applied potential.

dE
ic = AC— = ACv 21)

where A is the area of electrode, C is the double layer capacitance, % is differetial of

potential versus time and v is scan rate.

Both faradaic and nonFaradaic current contribute to the total current density all
electrochemical reactions. In general, only the faradaic response is an experimental aim as a
function of electroactive species. Accordingly, minimizing the nonFaradaic response is a
common requirement and achieved by using the supporting electrolyte in the solution. Indeed,
two situations which occur in the thesis cannot neglect the influence of nonFaradaic current.
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One is an extremely low concentration of interest in the absence of any excess supporting
electrolyte and the other is at high scan rates, where the charging current can be larger than

the Faradaic current caused by the oxidation or reduction of interest.

2.2.2 The description of the electrical double layer

According to the discussion of NonFaradaic current, the behaviour of electrode / electrolyte
interface is analogous to that of a capacitor. When potential is applied to the electrode, a
donor or acceptor of electrons is present at the electrode. An electrical field gradient will arise
across the interface and it leads to the charge separation and rearrangement of ions in the
vicinity of the solution in an effort to maintain the electroneutrality. As a result, the region
where ions of opposite charge are attracted to the direction of electrode surface and the others

are repelled toward the bulk solution is named the electrical double layer.

Various models have been proposed to depict the real and complicated structure of the double
layer. A simple model acting as the behaviour of a parallel plate capacitor was proposed first
by Helmholtz'® where two rigid planar layers are established at each side of electrode /
electrolyte interface in the presence of equal quantities of electrical charge and the opposite
charge. A more realistic model was established by Gouy** and Chapman'?, which proposed
that the approximate exponential distribution of opposite ions is governed by the magnitude
of electrical field at any space and time with the ions treated as the simple points, and known
as the diffuse layer. However, this model did not provide a good explanation for the
accumulation of the innermost ions toward the electrode surface. Stern® then developed a
novel model on the basis of the two earlier models. The model was comprised of two parts:
one is a rigid layer with opposite charges, similar to the Helmholtz model, but it did not

require the equal quantity of electrical charge. The rest of opposite charge was assigned to the
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Figure 2.1 the scheme of an electrical double layer, (Gouy-Chapman-Stern model**)
1. IHP, Inner Helmoholtz Layer
2. OHP, Outer Helmoholtz Layer
3. Diffuse Layer
4. Bulk solution
5. Solvated ions
6. Speculiar adsorptive ions

7. Solvent molecule

second part, the diffuse layer, which is following the approximate exponential distribution.
Additionally, the ions were treated as the spheres with a realistic volume in order to reflect

steric effects on the electrode surface.



Figure 2.1shows a comprehensive model to distinguish the behaviour of different adsorbed
species. The inner rigid layer can be divided into two distinct layers, known as the inner
Helmholtz plane (IHP) and the outer Helmholtz plane (OHP), respectively. The IHP consists
of the ‘naked’ adsorbed ions, the locus of which occupies the nearest space at a distance X;.
In contrast, the OHP involves a series of solvated ions with a larger size, the locus of which
lay at a relatively more distant location, forming an OHP. Long range coulumbic force
contributes to the solvated ions and electrode surface, so this interaction is largely
independent of the chemical properties of the solvated ion. The diffuse layer inherits the
characteristics of the previous model, the thickness of which depends on a concentration of
ions (less than 300A, using the concentration greater than 0.02 M). The potential drop is
approximately linear through the IHP and OHP, with an exponential decrease over the range
of diffuse layer. In these models, the interfacial region is still regarded as a homogeneous
charge distribution with a stable three-dimensional structure, which is strongly affected by
the electrode itself.™> A non-local electrostatic approach has been used to describe the double

layer to give a more accurate diffuse boundary rather than a sharp boundary.*®*’

In addition, the model shows a capacitance unlike real capacitor and is a function of the

applied potential, typically* in the range of 10 to 40uF / cm?.

2.3 Mass transport

Electron transfer at the interface and mass transport of new electroactive species to the
reactive surface are the main factors to the electrochemical dynamics. In this part, the thesis
focuses on mass transport only, focusing on mass transport controlled reactions. Mass
transport represents the movement of material in the solution, causing the replenishment of
the reactant and the release of the product on the reactive surface. Three modes have been

taken into account accompanied with mathematical models, arising from the chemical,
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electrical, and physical difference from one location to another, known as diffusion,

migration and convection, respectively.

2.3.1 Diffusion

The reduction or oxidation of interest leads to a low reactant concentration near the electrode
surface, forming concentration gradients of reactant and product, which force the materials to
move from the high concentration to low concentration. Therefore, these movements under
the influence of the concentration gradient are defined as diffusion. This mode of mass
transport has been described by Fick’s first law,® revealing the relationship between the
diffusive flux and concentration, as well as the direction of flux under the assumption of

steady state. Consider the case of a linear dimension x:

9Co(x, t) 2.2)

]d(x’t) :D ax

where Jq is the diffusive flux, measuring the amount of interest which passes through the

aCo(x.t)

small area (dx?) at the small time (dt). o

is the concentration gradient of interest and

negative sign of equation implies that the diffusive flux tend to the inverse direction of
concentration increase at the axis of x. D is the diffusion coefficient of interest and it
represents the rate of diffusing species along the opposite concentration gradient in the

specific electrolyte, the value of which is given by

_(60)° (2.3)

D
ot

where OX is a distance at which an assumption of unit moves and ot is the time interval for
the movement. In practice, it is useful to explore the influence of diffusion coefficient in term
of hydrodynamic theory. It is necessary to consider the Stokes-Einstein relationship™® that
for a simple diffusing species, There is expected to be a linear relationship between the

diffusion coefficient of solute (D) and the inverse of solvent viscosity.
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kT (2.4)
D =
6nma

where kg is the Boltzmann constant, T is the temperature and o is the hydrodynamic radius of

the diffusing species.

Actually, the temperature is one of most important variable for the whole electrochemical
field. The influence of the temperature on a diffusion coefficient cannot be ignored and a

simple mathematic model has been given by the Arrhenius relationship®:

—E
D = Dy,exp (Tf) (2.5)

where D. is a hypothetical diffusion coefficient at infinite temperature, R is the universal gas
constant and E, p is the diffusional activation energy of the electroactive species.

The Fick’s second law, the second-order differential equation, shows the variation of

concentration at any time and space.

dCy(x, 1)

9t DoVZCo(x, t) (2.6)

The equation has been written for a three-dimensional system. It can be simplified for a one

dimensional system or transformed into various coordinate systems:

Table 2.1 Fick’s law under different coordinate systems

geometry Variable v?

linear X 0%/0x?

cubic X, Y,z 0%/0x? + 0%/0y? + 0%/0z*
spherical r 0%/or? + (2/r)(9/0r)
cylindrical r 0%/or? + (1/r)(9/ar)
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In order to analyze the behaviour of diffusion, differential equations have been established
under each the coordinate system, but they require initial conditions and boundary conditions

to give suitable solutions.

2.3.2 Convection

Convection is the movement of species due to the mechanical movement, which can be
divided into two categories: one is natural convection, caused by thermal or density
fluctuation. The other one is forced convection, which arises from external forces, such as gas
bubbling, stirring and motion of the electrode. In general, the magnitude of forced convection
is several order greater than that of natural convection, so natural convection can be
negligible in the presence of forced convection. The controllability of forced convection is
useful to provide reliability and reproducibility in the experimental environment and increase
the transport rate of interest. Regular convections, such as stirring and motion of the
electrode,® have been extensively investigated by the researchers accompanied by the
appropriate mathematic model, but the influence of convection is absence, using suitable

experimental design to eliminate the seed

2.3.3 Migration

Migration is the movement of a charged species under the influence of an electrical field.” In
the present of an electrical field, all charged species will possess a part of contribution for the
migratory flux. For any species i, the migratory component of flux, J; can be described by a

mathematic expression®:

_.,..99 (2.7)
Ji = wic; e

where u; is the mobility of ion i, ¢; is the concentration of species i, and @ is the applied
electrode potential. The mobility is the limiting migration velocity of the charged species

under the unit strength of electric field, which is given by the Einstein relationship:*
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_ lzile (2.8)
é6nnr

U;

where z; is the magnitude of its charge, e is the electronic charge, r is the radius of the
charged species i and n is the viscosity of the electrolyte. The total current in bulk solution is

the sum of every fraction which is contributed by every charged species.

The fraction of migration as a function of potential is unpredictable or has a very complicated
expression for the most electrochemical measurements, causing complication of electro-
chemical analysis. A useful and convenient method is used to overcome this uncontrolled
factor where a large excess chemically and electrochemically inert electrolyte is introduced
into the solution as the supporting electrolyte. In experimental application, the concentration
of the supporting electrolyte should be at least 30 times greater than that of interest. The
application of excess electrolyte in the solution can be considered from several aspects. First,
the existence of excess electrolyte at the interfacial region leads to the compression of double
layer in a small range where the electric field is mainly distributed and stable during
electrolysis, facilitating electron transfer due to the quantum tunnelling mechanism. Secondly,
the increase of conductivity in the presence of the supporting electrolyte results in the
decrease of Ohmic drop, which can share a part of potential drop and distort the ideal
potential-current relationship of electrochemical process. Thirdly, the presence of the activity
coefficient in Nernst equation is undesirable. The excess of supporting electrolyte provides an
excellent experimental environment to fix the activity coefficient of electroactive species,

correcting the Nernst relationship at the interfacial region.
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2.4 The introduction of electrochemical thermodynamics

2.4.1 Reversibility

Electrochemical thermodynamics show the behaviour of a system at equilibrium and the

concept of reversibility is an essential and important factor to analyze real process.
(a) Chemical reversibility

Generally speaking, a spontaneous reaction can take place when the two electrodes of the
electrochemical cell are shorted together. If an output of energy source, such as the battery, is
added to this external circuit in order to reverse the trend of the previous reaction and back
out the cell voltage, and the evolution of the reaction is strictly and merely reversed without

any new reaction, this cell is named chemically reversibility.
(b) Thermodynamic reversibility

Thermodynamic reversibility is an ideal process where a reaction can reverse its direction due
to an infinitesimal perturbation acting as a driving force, while the reversible path requires
maintaining a continuous series of the equilibrium states. Hence the state must be always at
equilibrium. According to the definition, this condition cannot occur due to the limited

reaction rates and hysteresis effects in any real electrochemical system.

It is noted that chemical reversibility is a necessary condition for thermodynamic reversibility

rather than sufficient condition in the electrochemical system.
(c) Practical reversibility

Practical reversibility is an approximation to strict thermodynamic reversibility, as
considering the finite rate. Hence, this approximation applies to any desired accuracy the
experiment requires. Under these circumstances, the system has passed through a series of

quasi-reversible states, arising from relatively high rate of reaction. It depends on the time
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scale of measurements, the change rate of the electrochemical system with respect to the

perturbation and the speed for rebuilding up the equilibrium state.

The Nernst equation® behaves as an efficient method to judge whether a process appears
reversible or not, providing a relationship between electrode potential and the concentration

of interests for a specific electrochemical process.

_ 0 (Co)(Yo) (2.9)
E= B oo

where, E° is standard potential of half-cell, Co and Cg are the concentration of oxidized and
reduced anticipants, and yo and yr is the corresponding chemical activity for the relevant
species. The Nernst equation is one of most fundamental and important expression for the
modern electrochemical analysis, which reveals a series of linkages among the
thermodynamic behaviour (more detailed will be introduced in Section 2.4.2). In simple
terms, if the electrochemical cell obeys the Nernst equation, the electrode process can be

called as reversible.
It is noteworthy that the reversibility condition does not apply for a particular redox couple. A

given redox system can show the reversibility or not for different conditions.

2.4.2 Gibbs energy

Gibbs energy is an important thermodynamic parameter relating to the system at constant
temperature and pressure, the change in which is the maximum non-expansion work can be

measured from a closed system. The thermodynamic definition of Gibbs energy is:*
G=H-TS=U+pV-TS (2.10)

where U is the internal energy, p is the pressure of system, V is the volume of

electrochemical cell, T is the temperature, S is the entropy and H is the enthalpy. The change
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of Gibbs free energy (AG) is useful to thermodynamic analysis under fixed temperature and
pressure. It is noticed if the calculated AGy (AGo= Ginai- Ginitiat) IS @ Negative value, the
electrochemical cell behaves to release the Gibbs energy, resulting in a spontaneous reaction.
In contrast for a positive value of AG’, the system needs to absorb the energy from the
external source, such as a battery in an external circuit. Thus two inferences appear in: one is
when AG? equal to zero, the system remain at equilibrium (Neither the forward nor the
backward reaction can dominate), another is that the minimum of Gibbs energy is a necessary
and sufficient condition for any equilibrium closed system in relation to the lowest point of
potential curve. These analyses reveal a linkage between AG and equilibrium constant (K),
which is formulated by

AG = AG® — RTInK (2.11)

where AG’ is the standard Gibbs energy. In an electrochemical system, the maximum value
of AG can be realized as the total energy contribution in a completely reversible system when
the system (electrode potential) changes from one state to another, equalling to the work

exchanged in the external circuit. The Gibbs energy is given by
AG® = —nFE° (2.12)

where n is the amount of electrons transfer versus per reacted atom or molecule, and F is the
Faraday constant, related to the electrical quantity of charge on a mole of electrons. E° is
called the standard emf of the cell reaction. Therefore, the equation of AG vs K is another

specific form of Nernst equation, and K has been given a specific chemical form.

2.4.3 Electrochemical potential

The electrochemical potential is a thermodynamic measure combined with the concept of
inherent energy for every electrochemical process. The redox couple on a electrode metal can

be governed by two aspects: first, the energy state of anticipants (molecule or ion) in any

44



location (electrode metal or solution) depends on the chemical environment, such as
adsorption, solvation. Secondly, energy of charge species arises from the potential at the
corresponding space. In general for electrochemical measurements, it is very difficult to
obtain an accurate value of any single component, but combining the contribution of the two
components and makes them possible to be formulated in term of thermodynamic theory.

Butler and Guggenheim®® % have developed the following mathematic form of

electrochemical potential, ;,a , and referred these two aspects of concept:
U =’ +7,F¢” (2.13)

The component . is termed as chemical potential, which is related to the chemical

environment of interest.

. ,0G

M = (E)T,P,nj:i (2.14)

The other part can be assigned to the electrical environment at any location.

Simplifying the form of electrochemical potential for some special substance is helpful to the

application of this concept.

1. For uncharged species: ;:Z = u’

2. For equilibrium of species i between phases @ and p: 2, = 4.

3. For any substance, the chemical potential consist of the standard chemical potential

and the activity of species i in a phase. u, = u + RTIn K

The most important application of the electrochemical potential is to establish the Nernst
equation for any equilibrium process. The method can be found in any electrochemical

textbook.* "8
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2.4.4 Formal potential

Dealing with the activity coefficient in the Nernst equation is usually very complicated and
inconvenient for the electrochemical analysis of a half cell process. Actually, since the ionic
strength strongly affects the magnitude of the activity coefficient, it is noted that the standard
potential cannot remain constant when the redox couple is used in different solutions or the
same electrochemical process arises from different donated species. (e.g. the reduction of H”

from HCI, HNTf,, H,SOy).

In order to sidestep the complicate competitive equilibra, the formal potential, E{, has been
proposed when the ratio of yo / yg IS Unit or the concentration of other species are given,

incorporating the standard potential and all of activity coefficients.

RT  (Co)(Yo) RT (Co (2.15)
E= E0+ l ((CR)()/R)) B+ pin (cR)
where
E? = E° + i—;ln ()’:") (2.16)

2.5 Electrode kinetics

Thermodynamics merely focuses on the state of equilibrium, but has nothing to discuss the
mechanism of establish or re-establish equilibrium. The purpose of this section is to develop
the theory and mathematic expressions which can quantitatively study the behaviour of
electrode Kkinetics as a function of parameters such as concentration, temperature and
electrode potential. Considering a simple one-electron process (reduction) is convenient to
analyze the kinetic behaviour, and the species, O, is reduced to R where k; and ky, represent

the forward and backward kinetic constant.

K«
O+e 2R (2.17)
Kp
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2.5.1 The Butler Volmer theory
Figure 2.2 displays the typical configuration of Gibbs energy during the reduction process.

The electron transfer needs to rise from one minimum, surmount an energy barrier, known as
the activation energy, Ex, and fall into another minimum along the reaction coordinate. The

exponential function is proposed to express the possibility of surmounting the energy barrier
with respect to the Arrhenius Law.*

K= Ae AT (2.18)

where A is a constant, relating to the frequency factor. In order to connect the thermodynamic
behaviour with activation energy, transition state theory facilitates a linkage to Gibbs energy,
AG*,
—AG*
k=Be /Rt (2.19)

It is well known that Gibbs energy is an electrode potential dependent factor, thus the

equation can be expanded for both forward and backward process:

i aF(E-E°)
£ = oeXp(—T) (2.20)
B (1-a)F(E-E?)
K, = ko exp( T ) (2.21)
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Figure 2.2 the configuration of Gibbs energy during a reduction



where kg is the standard Kinetic constant, Ef0 is the formal potential of redox couple and a is

the transfer coefficient.

The most widely accepted expression for the kinetic behaviour was proposed by Butler and

Volmer?.

A-a)F(E-ED), o aFE-ED 2.22)

RT RT

i = FAK,[C{ exp(

A critical condition need be mentioned here: AG* is not governed directly by the electrode
potential. Actually, AG® reflects the intersection of the configuration in figure 2.2 in relation
to the reactant and product energy. If the electrode potential is changed, the electrical
potential well of species O will ascend or descend along the vertical direction, the change of
AG? reflects the shift of the potential dependent intersection, but the magnitude of the shift
could be very small with respect to the perturbation of electrode potential. A potential
independent transfer coefficient (a) is used to reflect the contribution of such change rather

than chemical energy.

2.5.2 Transfer coefficient

The transfer coefficient, a, is a parameter to describe the geometric detail of the potential
dependent energy barrier. Consider the intersection relationship of the potential curves which
arise from the species O and R. In a simple way, the curve can be approximated as linear at
the small intersection region, as shown in figure 2.3. Hence, the value of o is formulated by

the angle of 6 and ®:

tan @

a=— (2.23)
tan ¢+ tan

The value of transfer coefficient falls into the range of 0 to 1. If a is close to zero, the

transition state matchs with the potential dependent behaviour of species O, otherwise it is

48



A

Standard Gibbs energy

O+ne

~ |

Reaction coordinate

Figure 2.3. Relationship of the transfer coefficient to the angle of intersection of
potential dependent Gibbs energy curve

close to the behaviour of species R when a is 1. Thus the transfer coefficient reflects the
sensitivity of the transition state to the change of electrode potential at the interface of metal /
solution. In other word, it reveals the trend of activation energy as a function of the electrode
potential.

Tafel equation is a relatively successful model of electrode kinetic and gives the linkage of

current to overpotential.:*

i i aR 2 24)
Ini=lIniy + 77"

The equation shows how to measure a value experimentally, from the slope of plot of the
logarithm of current versus potential. It is well known that the Tafel equation is a special case

of Butler-VVolmer equation where the overpotential is far away from the formal potential of
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redox couple. Hence, for example, the current component arises from one reduction process,

the oxidation is vanishingly small.

2.6 Multiple processes

In the discussion of a simple one electron transfer process so far it has been assumed that the
product of electrochemical reaction is chemically stable (inert). But the generated species
from a real electrochemical reaction usually possess a high chemical activity. Therefore,
further reaction might appear on the timescale of voltammetry, forming a more complex
mechanism of electrolysis. It is necessary to illustrate the common mechanisms of
electrochemical system and the corresponding voltammetric responses. A notation proposed
by Testa and Reinmuth? has been adopted to describe the steps of an electrolysis mechanism:
an electrochemical step (heterogeneous electron transfer) at the electrode is termed as an ‘E’
step and a chemical reaction (homogeneous chemical reaction) in the solution is denoted as a
‘C’ step. In this section, illustrated reactions are introduced briefly. In particular, the CE, EC

and ECE mechanismes.

2.6.1 CE mechanism

The starting species needs to undergo a homogeneous chemical reaction in the solution to

form the species B as below.

A—“—>B(aq) c
before electron transfer
B(aq)+e  —=—»C(aq) E

23,24

Typical C processes are the dissociation of metal complexs, the dehydration of carbonyl

25, 26 27,28

compounds or the dissociation of acids / bases, which have been widely investigated.

The formation of B of higher electrochemical activity, therefore, can maintain the subsequent
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process at the electrode surface. An example of this type of mechanism is the reduction of

benzoic acid in RTILs. (See chapter 9).

2.6.2 EC mechanism

Analogously if a chemically unstable species B is formed from an E process at the electrode
and it is lost through a homogeneous reaction, the electrode process is termed as an EC

mechanism.?® ® The typical process can be written as

A(aq) e —=—B(aq) E
B(aq) —<—C C

The observed cyclic voltammograms reflect the subsequent chemical step. Figure 2.4 shows
the influence of a chemical step on the observed EC behaviour. The forward voltammetric
sweep arises from the oxidation of species A, which is similar to that seen for the general and
stable reversible voltammogram. However, the backward wave, corresponding to the
reduction of B to A, has been differentiated by the kinetics rate of chemical step, k. or the

stability of species B in the solution. For the situation where k..is very slow, a stable

EC mechanism: different C step

Current / mA

Potential / V

Figure 2.4. shows the influence of chemical step on the observed EC behaviour

51



reversible voltammogram is detected due to no significant depletion of species B. This is
equivalent to a single E process. In comparison, fast k. leads to the fading of the backward

peak. Therefore, the faster the chemical kinetic rate is, the smaller the backward wave is seen

In addition, any analysis of an EC mechanism must account for the potential scan rate, and

the relative heights of the backward wave can be used to estimate the kinetic rate of C step. If
the potential scan rate is increased; the time for species B to decay and diffuse away from the
electrode surface is decreased, leading to a more reversible voltammogram. An example of an

EC mechanism is the oxidation of 1,4-aminophenol in acidic aqueous solution.®
H
8]
o]

2.6.3 ECE mechanism

The ECE mechanism is an extension of the EC process:

A(aq) e —=—B(aq) E1
B(ag) —<—C(aq) C
C(ag)+e —=—D(aq) E2
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The initial E and C steps are identical to the EC mechanism, but the product C(aq) formed by

the C step is electroactive and lead to the subsequent E step to form the stable species D.

It is of interest to consider the potential of the second E step, and explore two distinct cases.
The case where the species C is more difficult to reduce than the species A is signalled by
two separate voltammetric waves.*" On the forward sweep, the peak detected at the more
positive potential corresponds to the reduction of A to B, and the further wave at more
negative potential is governed by the reduction of C to D, the magnitude of which is
dependent on potential scan rate and the kinetic rate constant, kc. It is noted that the height of
second wave is unlikely to exceed that of first wave. The pattern A in figure 2.5 reflects this
case, but other analysis, sepecially seen voltammetric effects, need be taken in account to
differ ECE from the simple EE mechanism, or even EEC mechanism. On the contrary, the
case where the species C is easier to reduce than the species A is recorded by one potential
wave.*? But at the theoretical level, it must be recognised that this single potential wave
actually consists of two overlapping waves associated with two serial electrochemical steps,
(figure 3.5, pattern B). The magnitude of this wave is dependent on both potential scan rate
and homogeneous rate constant, because the current contribution of C to D is decided by the

rate of C formation.

An example of an ECE mechanism is the reduction of 3-bromo benzophenone, RBr in DMF

using a 3mm GC electrode.
R—Br+e” 2 [R—Br|~
[R—Br]” - R +Br~
R +HS—->RH+ S

RH + e~ 2 [RH] ™
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Figure 2.5. Two different voltammetric feature of the ECE mechanism

2.7 Hydrogen evolution reaction on metals

2.7.1 The adsorption of hydrogen atoms®

Generally speaking, physisorption of gaseous H, molecules® is attributed to weak interaction
of the van der Waals’ nature when the H, approaches a metallic surface at very low
temperatures (from 5 to 20 K). In the case of chemisorptions, a stronger interaction appears at
higher temperature and it is known to proceed by two distinct ways: (i) the release of the
enthalpy of adsorption leading to dissociation of H, molecule into atomic H and
instantaneous formation of a chemical bond with substrate; (ii) The dissociation of hydrogen
molecule take places after they surmount an activated barrier, after which is formed the
chemical bond. The same energy derives from the different pathways of chemisorptive
processes and fall into the range, namely Epm-rchem=250-300 kJ mol™, which is not dependent

on the nature of transition state and the geometric structure of surface, as expressed by
EM—Hchem = 0'5DH2 _AHgds(Hchem) (2 (225)

In comparison, electrochemically adsorbed hydrogen reveals two distinct reactive pathways
reflecting the different sites of the substrate. One is the under-potential deposition of H (UPD

H), and another is the over-potential deposition of H (OPD H). The UPD H can be observed
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above the thermodynamic reversible potential of HER on all kinds of surface, on which the

HER can occur but the visual properties of the UPD H are merely seen on some noble metals,

such as Pt, Pd, Rh and Ir.%>" It is noted that the electrochemical behaviour of UPD H can

overlap with the anion adsorption on the corresponding potential range in a voltammogram.

Relatively complete studies of UPD H in the aqueous solution were carried out in the last

century to elaborate that (a) the nature of the M-Hypp and M-Hcem bond, are similar, (b) the

electrolyte and the applied potential have little influence on the nature of UPD H, (c) the

UPD possesses is embedded in the lattice hollow of co-surface, thus it occupies multi-fold

adsorption sites.***?

Take Pt fc (111) and fc(100) surface as example, the literature reports that the UPD H atom is

preferably bound in octahedral / tetrahedral sites. In comparison, the UPD H favours the

octahedral site rather than the tetrahedral site in term of the theoretical calculation of binding

fee (111)

3-fold site, UPD H

Top layer of metallic Atoms

fee (10 0)
r_ﬂ_'x\ll/”_'*-_\ ./"___""\l(.,—"_'--\(/'_“‘-\-. '\,I
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Figure 2.6. Adsorption sites of Hypp and Hopp 0N the fcc(111) and fcc(100) of

platinum surface. *
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energy. On the other hand, for a reduction of H", the OPD H is commonly formed at more
negative potentials of the formal potential of the HER, and it is an intermediate of the HER

and occupies the mono-coordinated (on-top) site.

2.7.2 The absorption of hydrogen atom

Beside the adsorption behaviour of hydrogen atom appears on the surface of electrode metals,

the phenomena that hydrogen can undergo electroabsorption into bulk metals is frequently

observed on a part of electrode metals, such as Pd, Fe, Ti, Zr, Ir and the Pd alloy***® based on

these metals. It is evident that both OPD H and UPD H can undergo interfacial transfer from

the corresponding adsorbed sites to the sub-layer, then diffusing into the bulk metal.

In my thesis, the palladium electrode /nanostructure will engage in the hydrogen evolution

reaction in RTILs. The three possible mechanistic pathways of hydrogen absorption are

summarized based on the existing literatures. Figure 2.7 is the diagram of these mechanisms

w

C
1—
1. top-layer

2. sub-layer
3. bulk metals

Figure 2.7 the configuration of three distinct pathways of hydrogen absorption

into fcc (111) Pd metals.
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at the fcc (111) Pd metal, which reveals the linkage among UPD H, OPD H, Sub-surface H

and Absorbed H.

(a) UPD H occupying the octahedral sites of surface undergoes interfacial transfer to the
subsurface site of Pd lattice, and subsequently diffuses into the interstices of bulk
metals. Becoming Hags(adsorbed H atom).

(b) UPD H remains at the previous adsorbed sites (the octahedral site), but OPD H
occupying the on-top site of Pd surface can move to the surface vacancies (the
tetrahedral site) in the form of self-diffusion, and subsequent undergoes the process of
interfacial transfer and inner diffusion to an interstice of the bulk metal.

(c) OPD H occupying the on-top site of Pd surface is tend to the direct process of
interfacial transfer to the subsurface site rather than the movement to a tetrahedral site,

and following the subsequent diffusion to an interstice of bulk metal.

The mechanism (a) and (b) apply to Pd material which reveals the generation of Hypp and
Horp by subsequent interfacial transfer process with respect to the particular pathways. The
mechanism (c) seem to be unavailable for most cases of absorbed behaviour, but when
certain adsorbates (poisoning species), such as S and H,S,**° occupying the adsorbed sites
of metal surface and acting as site blocking species, will promote directly absorption into the
host of bulk metal (mechanism (c)). Lots of literature is essential to elaborate on this action
caused by the strong chemisorbed species. The competition of adsorbed H and poisoning
species can affect the configuration of Gibbs free energy of H atom, thus to cause the
possible addition driving force to dredge the third pathways for H entry into the host and

restrain the process of interfacial transfer of adsorbed H.

2.7.3 Hydrogen evolution reaction

It is of general interest to explore the hydrogen evolution reaction due to its importance in

fuel cells among other applications. The mechanism of the hydrogen evolution reaction has
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been extensively studied on different electrode metals in aqueous solution, defined as the
behaviour of electrode sensitive. Thus three limiting cases can be identified by the value of

the measured transfer coefficient.

Jerkiewicz® has pointed out that depending on the nature of metallic electrode and the
applied potential, two distinct electroadsorbed species, underpotential deposition of hydrogen
ion (Hupp) and overpotential deposition of hydrogen ion (Hopp), can be formed occupying
different surface sites, whilst the reaction mechanism is concluded more complicated on

some active metal, such as palladium. In general, a reduction is
H+(aCI) + e_(m) + Ms = MH(ads,UPD). (2-26)

H+(aq) + e_(m) + Ms = MH(ads,OPD) (Volmer reaction)' (227)

where MHags upp @and MHags opp are the adsorbed hydrogen ion through under-potential

deposition and over-potential deposition, respectively. Mg is a surface metal atom.

Case A. The first electron transfer is rate determining step, related to the slow reaction rate of

Volmer reaction. This is characterized by transfer coefficient (a) of, or close to, 0.5.

Case B. The second electron transfer is rate determining step, where transfer coefficients of
1.5 are observed. However, Only Hopp, adsorbed hydrogen atom, could be observed during
hydrogen evolution reaction at the interface of RTIL and polycrystalline metal, the

mechanism is thought to be

l
H*(aq) + e~ (m) + MHqqas,0pp) = M + H, ( Heyrovsky pathway) (2.28)

The transition property can be observed on parts of electrode metal, such as La, Ti and Pd,

where it describes the transition of adsorbed hydrogen into absorbed hydrogen. In especial,
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Case C applies to palladium electrode, related to the high rate of transition, where tafel plots

giving o ~ 2 are observed. This is consistent with the following mechanism.

slo
2MH(aqs 0pp) = 2M; + Hy (229)

The Volcano plot? >>*

(see Figure 2.8) is a well-known summary of hydrogen
electrocatalysis, relating to the electrocatalytic ability of certain substrates, by correlating the
current density for the catalysed process with some physical property of the electrocatalytic

system.

The interpretation of the electrochemical volcano plot focuses on the adsorbed species, acting
as an intermediate of hydrogen evolution reaction. Here if the enthalpy of adsorption was
lowin relation to the metals observed on the left side of volcano plot, the intermediate was
weakly adsorbed on the surface and the corresponding surface coverage was very low, thus to
cause the first electron transfer process as rate determining step. As the enthalpy of

adsorption increased, the relatively stronger chemical bond promoted a higher surface
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Figure 2.8: A Volcano plot displaying exchange current density during H»
evolution as a function of the electrocatalysts M-H bond enthalpy % °*>*
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coverage of adsorbed hydrogen atom. However, it must be recognized that too large enthalpy
(on the right side of volcano plot) is replaced as a terrible factor for subsequent process of
hydrogen evolution reaction. Because the species (reactant or product) strongly interacted
with the metal surface might block the adsorbed site and restrain the refreshment of new
Hopu. Thus, the highest exchange current density should be derived from the condition that
the enthalpy of adsorption is high enough to guarantee the high surface coverage of Hopy, Yet
low enough to favour the desorption of products, where Pt is good example for electrocatalyst.
Upon the elaborate demonstration of volcano plot, the electrocatalyst activity of the electrode

metals has been justified for the hydrogen evolution reaction.

2.8 The establishment of electrochemical simulation

Electrochemical simulation is often employed as a versatile analytical tool to excavate a
wealth of theoretical information on thermodynamic and electrode kinetic. It is well known
that The Nernst equation or Butler-Volmer equation can be used to describe the electron
transfer at the interfacial region, so do Fick’s laws for mass transport of electroactive species.
But the problem is that the calculation the computer program provides the dispersion function
rather than continuous function. It is noted that the actual experimental curve is a dispersion
function, consisting of collected points with tiny intervals or steps. Therefore, the constitution
of this program is based on the Implicit Finite Difference method,> using the commercially

software package DigiSim®.

The Implicit Finite Difference method is an approximate method that the continuous space
and time can be replaced by discrete units (points) associated with the corresponding
variables, forming a grid where the time and space are divided into the tiny step At and Ax on
the relative coordinate. Solving the partial differential equation generates a net of
concentration profile, as well as a total of the time-dependent current immediately near the

electrode surface.
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The visible and variable parameters, such as potential scan rate, potential range,
concentration of electroactive species, diffusion coefficient, radius of electrode, kinetic
constant and transfer coefficient, are added into the program as the control panel. The
optimised results can be calculated by minimizing the difference between the experimental

and theoretical results, using the Least Squares Method.

The following reaction is considered through the whole thesis:

H* +e” o H, (2.30)

Specifically, we consider the case of cyclic voltammetry. This technique is simulated by

solving the following mass transport equations:

dc d%c, 1dc, 0J°%c
A _ ., A+_ A+ A (2.31)
ot or?2 " r or 0z2

where A= H", and

dcg 0%cy 1 0dcg 0%cy (2.32)

ot it ar2 ' r or 0z2

where B= H,

In cyclic voltammetry, when t > 0, z = 0 and r < re, the boundary condition are the Butler-

Volmer conditions (eq. 2.33) describing species A and conservation of mass for species B:

o F(E-E) SF (E-EY)
D, 8ZA = kcoCA,o exp[-a Tf]_ k:CB,O exp[?f] (2.33)
oc oc
D,(—=2), =-2D,(—%
A( p= )0 B( p )0 (2.34)

Note that in the above, first order kinetics have been assumed for both A and B; this

corresponds to the best fit of the experimental data as discussed later in this paper. Other

kinetic/mechanistic possibilities were considered, notably those giving a rate law which was
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second order in A, but were found to be incompatible with the experimental data. In the
following it will be shown that the above equations fit the experimental data well for the case
where the first electron transfer to H” is rate-determining. Accordingly the coverage of
adsorbed hydrogen is assumed not to approach significant values due to the rapid discharge
of Hy. Similarly although Mo and Ti electrodes can form oxide films in air, the oxide
coverage was not observed to be significant following immersion in the extremely strong acid

solutions used in the experiments reported.
The remaining boundary conditions are:

t=0,allr all z CA=Ca cg =0

aCA

aCB

t>0,r>r,z2=0 az=0 az=0
02 2
t>0,allr, z— oo La—_p B —
0z 0z
02 2
t>0,r— oo, all z a9 S )|
or or
02 2
t>0,r=0,allz La—p LB
or or

In the cyclic voltammetry experiment, the applied potential, E, varies as a function of time, t,

according to:

E=| vt + EStart - Evertex |+ EVertex (2-34)

where Egqrt and Eyerex are the starting and vertex potentials respectively.

The current at the electrode surface is calculated by

[ = 27thjArdr

(2.35)
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Chapter 3 General experimental reagents, instruments and

measurements used in this thesis.

3.1 Chemical Reagents

All the chemical reagents used throughout this thesis are summarized in Table 3.1, along with
their formulas, the corresponding purities and suppliers. HNTf, was kept under an argon
atmosphere during and after use. Silver epoxy was stored in the fridge and Ag[OTf] was kept
in the dark to avoid decomposition. THF and CH,CI, were dried by purification through two
activated alumina purification columns. All molecule solutions were prepared using purified
water from Vivendi UHQ grade water system with a resistivity of not less than 18.2 MQ cm

(298 K).

Since the mainstream material manufacturing industries provided only a few fabricated
microelectrodes due to the limited demand, such as platinum and glassy carbon electrodes,
most of microelectrodes used in this thesis have been fabricated by the auther. The
corresponding metallic microwires were listed in table 3.2, giving the commercial sources
and specific parameters (purity and diameter). The detail of fabrication procedures and

associated measurements is discussed later (section 3.2).

Table 3.3 lists all the RTILs used through this thesis with a reference to show how they were
synthesized. Several bis(trifluoromethylsulfonyl)imide RTILs were synthesized by the group
of Professor Christopher Hardacre at the School of Chemistry and Chemical Engineering
(QUILL, Queen's University Belfast)! and the rest of the ionic liquids were kindly donated by
Merck KGaA. The RTILs were purified by the colleagues, Dr. Debbie S. Silvester and Dr.
Leigh Aldous, when they are received. The RTILs were selected visually in term of the

colour. A transparent and colourless nature was priority, but a small amount of yellow
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Table 3.1. Chemical reagents use in this thesis, along with their formulas, their purities and

the suppliers.

Name Formula Purities Supplier
Ferrocene Fe(CsHs), /Fc 98% Aldrich
Tetra-n-butylammonium perchlorate TBAP >99 % Aldrich
Acetonitrile MeCN >99.99 % Fisher Sci.
Cobaltocenium hexafluorophosphate Co(CsHs),PFg / Cc™ 98% Acros Org.
Perchloric Acid HCIO4 70% Aldrich
Nitric acid HNO3 70% Aldrich
Palladium (11) Chloride PdCl, >99.9% Aldrich
Sodium borohydride NaBH,4 98% Lancaster
Tetrahydrofuran (CH2),O/ THF >99.9% Aldrich
Dichloromethane CHCl, >99.8% Aldrich
N,N'-Bis(benzyloxycarbonyl)-L-lysine  Z-lys(Z)-OH >98.0 % Aldrich
Hydrogen HNTf, >95 % Fluka
bis(trifluoromethylsulfonyl)imide

Benzoic acid CeHsCOOH/BZA  99.5% BDH
Silver epoxy Aldrich
Silver trifluoromethanesulfonate Ag[OTf] >99.95%  Aldrich
Nitrogen N> 99.99 % BOC gases
Hydrogen H, 99.995 % BOC gases
Argon Ar 99.99 % BOC gases
Oxygen 0, 99.5% BOC gases
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Table 3.2. Purchased electrodes, micro-wires and other conductors. Their characteristics and

commercial sources

Name Supplier Characteristics

Bamboo-like multi-walled NanoLab, diameter 30 + 10 nm, length 5-20 um, purity
carbon nanotubes (CNTYS) USA <95%

Glassy Carbon electrode BASI, USA  diameter 3 mm

Palladium wire Goodfellow  diameter 0.01 mm, purity > 99.9 %
Platinum wire Goodfellow  diameter 0.01 mm, purity > 99.99 %
Gold wire Goodfellow  diameter 0.01 mm, purity > 99.99 %
Molybdenum wire Goodfellow  diameter 0.01 mm, purity > 99.8 %
Nickel wire Goodfellow  diameter 0.1 mm, purity > 99.98 %
Titanium wire Goodfellow  diameter 0.05 mm, purity > 99.8 %
Silver wire Goodfellow  diameter 0.5 mm, purity > 99.99 %

Table 3.3. Room temperature ionic liquids and the corresponding synthesis procedures with

respect to the literature

Chemical Name

Formula

Reference of synthesis

1-Ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide

1-Butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide

1-Butyl-2,3-dimethylimidazolium
bis(trifluoromethylsulfonyl)imide

N-Butyl-N-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide

1-Butyl-3-methylimidazolium
tetrafluoroborate

1-Butyl-3-methylimidazolium
trifluoromethylsulfonate

[Comim][NT;]

[Camim][NT;]

[Cadmim][NT]

[Csmpyrr][NTF]

[Csmim][BF4]

[C4mim][OTH]

Bonhote et al®

Bonhote et al®

Bonhote et al®

MacFarlane et al®

donated by Merck KGaA

donated by Merck KGaA
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was also acceptable. All selected RTILs need a 24 h vacuum to remove volatile impurities
efficiently. Finally, the electrochemical technique (cyclic voltammetry) is used to test the
purification of every RTIL at a Pt electrode. The RTILs in which the excess peak of
voltammograms is not seen over a range of potential window can be assigned as a suitable

solvent for the further experiments.

3.2 Apparatus

3.2.1 The experimental T-cell

A glass T-cell instrument was specially designed to satisfy the requirements of routine
electrochemical experiments using RTILs.* Due to the dissolution of oxygen and water
impurities® ® in RTILs when they have been exposed to air, the function of T-cell design has
been proven effective in removing these species. At the same time, both horizontal arms of
the cell have followed the requirement of the gas passage. The working electrode slots the
bottom of the cell, while the reference electrode and counter electrode slot into the top to
satisfy a three-electrode design, as shown in Figure 3.1. Additionally, high vacuum grease is

used on every connection of T-cell to prohibit the possibility of leakage.

All the electrochemical experiments were performed using a computer-controlled p-Autolab

potentiostat (Eco-Chemie, Netherlands), which was interfaced with a PC using GPES

(version 4.9) software for windows. In most electrochemical experiments, the micro-disk
working electrode was polished on soft lapping pads (Buehler Illinois) with alumina slurry of
size 3 um, 1 um and 0.3 um respectively. Sample of 40-80 pL of RTILs, into which solutes
were dissolved if necessary, were placed into the section of disposable micropipette tip on the
top of working electrode and a platinum wire and a platinum ring are used as the reference
electrode and the counter electrode, respectively. lonic liquid was purged under vacuum for

ca. 120 min in order to remove detrimental residual water and dissolved gases. This system
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Figure 3.1. The designed T-cell used in all the electrochemical experiments
reported in this thesis

has been demonstrated to minimize the electrochemical features (accelerated mass transport
and decrease of the electrochemical windows’) of ionic liquids caused by water or gas
contamination. It is of importance to temperature control all the electrochemical experiments

(accurate to £0.5 K). They were performed in a thermostated box which is also functioned as

a Faraday cage.’

For experiments involving dissolved gases, the voltammetric experiments were first
performed under vacuum and then the vacuum was replaced with a desired constantly

flowing gas, being allowed to equilibrate for at least 40 min as evidenced by stable Faradaic

currents.
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3.2.2 Electrochemical cell and water content

All experiments were performed in a previously reported electrochemical cell, which has
been specially designed to work under ultra-high vacuum or with a constant flow of gas®
under thermostatic conditions.'® Before each experiment ca. 20 pL or 40 uL ionic liquid was
placed under vacuum in the electrochemical cell for ca. 120 min; voltammetric experiments
were then performed under vacuum or after breaking the vacuum with the desired constantly
flowing gas mixture, before being allowed to equilibrate for at least 40 min. The small
volumes of ionic liquid precluded Karl Fischer titration but facilitated removal of dissolved
gases and moisture. This system has been demonstrated to remove electrochemical features
associated with water contamination of ionic liquids such as accelerated diffusion and
decreased electrochemical windows, indicating negligible water content when treated in this

manner.® *

3.2.3 Microelectrodes and Macroelectrodes

Microdisk and macrodisk electrode show two distinct diffusion patterns as illustrated

graphically in Figure 3.2.

The diffusion pattern in figure 3.2 (a) is termed planar diffusion which usually takes place at
the macrodisk. It is seen that the larger two-dimensional scale leads to a higher overall
absolute current and offers ratio of signal to noise. Theoretically, it is useful to simplify the

diffusion at macroelectrode as being of one dimensional form.

Generally speaking, when the scale at any dimension drop to less than ca. 50um, it can be

defined as an ultramicroelectrode where convergent diffusion dominates and planar diffusion

U © Ny g s,
’___‘ L and (b) microdisk electrode
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is negligible at conventional scan rates. Figure 3.2 (b) depicts this three dimensional diffusion,
showing a hemispherical diffusion layer. The smaller the disk, the greater the current density,
the lower additional capacitance and Ohmic drop and the faster mass transport to the

electrode surface.

It is easily found that the determination of the diffusion form can be inferred from a
comparison of the diffusion layer thickness and the radius of disk electrode. The exact
diffusion layer thickness can be described by solving the Fick’s second law of diffusion at the
disk electrode, however, qualitatively it suffices to use the approximate equation of diffusion

distance. The relevant mathematical inequalities’” are given by:

Planar diffusion

V2Dt K 1y (3.1)
Convergent diffusion
V2Dt > 1y (3.2)

where D is the diffusion coefficient of interest, t is the time of the diffusion and rq is the

radius of disk electrode.

3.3 Fabrication of the working microelectrode

During the electrochemical reactions, a working microelectrode acts as a source or acceptor
of electrons for exchange with targets in the interfacial region. It must also be
electrochemically inert over a range the applied potential window. Thus, platinum, palladium,
gold and glassy carbon have commonly been used as electrode materials. Other available
materials in table 3.2 were also used for electrodes. The details of fabrication are given in the

following paragraph.
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A glass tube, cut to ca. 8cm in length, was threaded with an appropriate micro-wire (Pd, Pt,
Au, Ni, Mo and Ti). Silver epoxy was used to seal one side of the glass tube, and the system
was placed under vacuum to remove the active atmosphere molecules. The unsealed side of
the glass tube was carefully placed at the centre of an electrode furnace and gradually heated
to its softening point. The softening process was allowed to proceed until the fusion of glass
and metal wire at 140° C. The electrode was allowed to cool down gradually to room
temperature and polished down on alternating hard and soft lapping pads until the metal

could be observed with a mirror surface under the microscope.

The cyclic voltammetry of 2 mM solution of ferrocene in acetonitrile with 0.1 M TBAP
electrolyte supporting was carried out to size the microelectrode. The precise radius of
microelectrode was calibrated using the chronoamperometric experiments, adopting a value
of 2.3 x 10 cm?s™ for the ferrocene diffusion coefficient at 298 K. (More detail of
measurement is given in section 3.5) The following sizes were measured: 5.25 pm platinum
electrode, 4.7 um palladium electrode, 6.5 um molybdenum electrodes, 4.6 um gold
electrode, 50 pum nickel electrode and 25 pm titanium electrode were used throughout this

thesis.

Additionally, it is well known that Ti metal grows layers of oxide films easily in air and/or in
the presence of moisture at room temperature so it was likely that a thin film of TiO, will be

present on the surface of the Ti microelectrodes.*®

3.4 Fabrication of the micro-Ag/Ag+ Reference Electrode

A micro-Ag/Ag’ Reference Electrode was specially designed for the experiments reported
and consisted of a disposable micropipette tip, into which a 3 A molecular sieve was placed,
and the tip melted to ensure a good seal. The length of the molecular sieve was then reduced
to 2 mm, as otherwise a significant iR drop was present. After soaking in [Comim][NTf,], the

interior IL was removed and replaced with [Comim][NTf;] containing 10 mM silver triflate.
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Into this was immersed an Ag wire (cleaned with dilute HNO3 and copious water), and the
top of the reference electrode was plugged with glass wool, in order to prevent IL loss when
placed under vacuum. For studies involving H; gas the reference electrode was sealed to be
gas tight with black wax due to H,-induced potential shifts. The reference electrode was
tested vs. solutions of Fc in [C,mim][NTf], and the E{’ of Fc was found to be -0.273 + 0.003
V at 298 K. The reference electrode was checked in between every experiment, and if the Ej,
of ferrocene shifted more than 5 mV then the reference electrode was disposed of and a fresh
electrode prepared (typically every 1 — 3 weeks, if stored in the dark). This reference
electrode was employed as it was moderately easier to construct than Huber and Roling’s™
glass capillary-based micro-Ag/Ag” ionic liquid reference electrode, yet sufficiently robust

for the conditions required.

3.5 Voltammetric Measurements

In this thesis, series of measurements have been carried, involving the current response of
working electrodes with a specific potential. In the following, Focus on a simple electrode

process

where both A and B are electroactive species.

3.5.1 Cyclic voltammetry™

Cyclic voltammetry is a very versatile measurement which allows investigation of the
mechanism of electron transfer and mass transport properties of interest in a specific solution.
A three electrode arrangement has been used through this thesis whereby the potential

relative to some reference electrode is scanned at a working electrode while the resulting
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\ Figure 3.3 The potential ramp used in
cyclic voltammetry, showing the
\ trend of applied potential with time

Potential / V

m

time /s

currents flow through a counter (or auxiliary). The applied potential sweeps following the

angle between the two extremes in Figure 3.3.

The working potential is varied linearly from a selected value, E;, at which the electroactive
species does not initially react, to the inversion potential, E,. Then the potential sweeps back
to the initial potential. The potential range usually contains an oxidation or reduction process
of interest. The time of a single ramp is controlled by the scan rate (v), a vital parameter for
this technique. Therefore, cyclic voltammetry can be thought as the current response to the
ramped potential. The output plot shows the relationship between the current and the applied
potential, the profile of which is sensitive to the mass transport and bulk concentration of
electroactive species, as well as the morphology and nature of the electrode. As a result, it is

necessary to elaborate the characteristic voltammetry seen under different conditions.

3.5.1.1 Simple voltammetry at a macroelectrode

The waveshapes in Figure 3.4 displays three typical characteristic voltammetries where
planar diffusion dominates. They are termed as ‘reversible’, ‘quasi-reversible’ and
‘irreversible’ electron transfer processes with the same formal potential, Efo, corresponding to

‘fast’, ‘medium’ and ‘slow’ electrode kinetics respectively.
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Figure 3.4 A comparison of three typical voltammetries associated

with different kinetic processes at macro-electrodes
The shape of the curve for the forward scan of three typical voltammetries is notable. It can
be defined as comprising three observed zones, ascent, vertex and descent. For A-e — B, at
relatively negative potentials, the applied potential is insufficient to induce electron transfer
in relative with no Faradiac current flow. As the sweep goes positively, the trend of the
current is to rise till the vertex accompanied with the oxidation of interest of A to B, the rate
of which is dependent on the electrode kinetics which get faster as the potential increases. At
yet more positive potential, the current passes through a maximum and falls off due to the
limit of mass transport at the electrode. That is to say, the occurrence of vertex can be
assigned to a relatively slow mass transport of interest A to reactive surface in relation with
the rate of electron transfer, causing the exhaustion of A and the accumulation of B near the
surface, in a zone which is termed a diffusion layer. As the potential is swept more positively,

current response falls as A has been depleted and there is an increase of diffusion layer
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Figure 3.5 Simulated diagrams for concentration—distance profiles near the
electrode surface with respective to the various zones of the corresponding
voltammogram shown in Fig. 3.4 (a), the solid lines is related to the
concentration of species A and the dash lines to that of species B

thickness. Such concentration—distance profiles near the electrode surface with respective to
the zones of the corresponding voltammogram are illustrated in figure 3.5, using a reversible
case as example. Simultaneously, the product B will diffuse away or enter the subsequent
chemical / electrochemical reaction, the details are discussed in electrochemical multiple

processes (see Section 2.6).
(a) The reversible case

When the potential is inverted, the accumulated species B starts to be reduced back to A and
also the current response of the cathodic process obeys the balance of electron transfer and

surface concentration of B to give a peak current.
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The peak-to- peak potential separation maintains a value of approximately 57 mV at 298K,
independent of scan rate. The fast electrode kinetics implies that the concentration of A and B
at the electrode surface obey the Nernst equation through the voltammogram.

The peak current of interest can be calibrated in term of the Randles-Sev&ik equation™ *°:

3 1 1
ip = 2.69 X 105n2ZAD2[A] V2 (3.3)

where n is the number of electrons, A is the surface area of microelectrode, D is diffusion
coefficient of interest, [A]puik is the bulk concentration of interest and v is the potential scan

rate.

Additionally, the forward reversible peak can be characterised by means of the fixed voltage
difference between the potential Ep, related to the peak current, and the potential Ep/,, related

to the half peak current at the ascent zone, giving the relationship:
RT
|Ep = Epo| = 2.218— (3.4)

For multi-electron-transfer (reversible) processes, the cyclic voltammogram might consist of
several distinct peaks, but the number of peaks is likely to be less than the number of redox

couples due to overlapping formal potentials for different couples.
For a n-electron reversible transfer

RT

|ES —EX |= 2218 (3.5)
|E —Eps = 2.218% (3.6)

(b) The quasi-reversible case

In this case, the electrode kinetics are not fast enough to maintain a Nernst equilibrium and
this causes the increase of peak-to-peak separation. Eventually, as the kinetics slows the peak
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current is also smaller than that for the fully reversible case and it is not quite proportional to

the square root of scan rate.
(c) Theirreversible case

In this case, the electron transfer requires a higher overpotential and the forward wave is
shifted to much more positive potentials due to the very slow kinetic process. The peak-to-
peak separation further increases with respect to quasi-reversible case, such that the
backward wave cannot be observed owing to the finite potential window of the solution. It is
noteworthy that the voltammogram of the irreversible case is similar to some EC processes

and experiments are required to clarify the mechanism of the reaction.

The peak current also can be described at 298K by

1

1 1
ip = 2.99 X 10°n(a+n,q45)2ADz[A] py V2 (3.7)

where a is the heterogeneous charge transfer coefficient at the rate-determining step and nygs
is the number of electron transfer before the rate determining step. The shift of the peak

potential has been quantified with scan rate:
E, = Ef — (RT/a + n,qsF)[0.78 — In[k° /D] + 0.5In(a + n,qsFv/RT (3.8)

where all the parameters has been defined before.In comparison, the relationship between Ep

and Ep, at the forward scan becomes

RT

Eventually, the concept of reversible or irreversible for any redox couple is a relative rather
than absolute one, since the sweep of the peak reflects the competition between electron

transfer and mass transport. If the scan rate is sufficiently fast, then all reactions will tend to
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be irreversible. Combining together the effect of scan rate and kinetic constant ko, Matsuda

and Ayabe have given a general classification

Reversible:

1
ko >03vZcms?!

Quasi-reversible:

1 1
0.3v2 > ko >2x% 10 %v2cm st

Irreversible:

1
ko <2X 10°v2cms™?!

3.5.1.2 Voltammetry at microelectrodes

In terms of section 3.2.2 and 3.4.1.1, it is well known that the descending zone of a cyclic
voltammogram at a macrodisk arises from the competition between electron transfer and
mass transport of interest, that is to say, the supply of electroactive species is seriously
insufficient. But higher mass transport rates take place at microdisk electrode, thus the rising
current reaches a limiting current plateau, which is named as steady state current, in contrast
to the conventional peak shaped voltammogram. It represents a kind of dynamic balance
between the reaction of the species (electrode transfer) and the replenishment of the species

(mass transport). Typical steady state voltammetry is shown in Figure 3.6.

0.14 4

0124 |
0:06: Figure 3.6 Steady state voltammetry
004 at a microdisk electrode
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In this case, the steady state current, independent of the applied potential, can be calculated

by the equation below:

i = —4nFDcry (3.10)

where F is the Faraday constant, c is the bulk concentration of interest, D is the corresponding
diffusion coefficient and rq is the disk radius. The concentration profile under the steady state
is independence of time. The half wave potential Es, is close to the formal potential of a
reversible couple, but shifts to the positive/negative potential (oxidation / reduction) in the

presence of quasi-reversible or irreversible kinetics.

3.5.2 Chronoamperometry

Chronoamperometry™ is a potential step technique where the current response is recorded
with time under potentiostatic controlled, which is often used to determine the diffusion
coefficient of reactive species. The potential is stepped from a potential, corresponding to
zero faradaic current, to a chosen potential, corresponding to the diffusion controlled zone, as
depicted in Figure 3.7. A large current is initially seen at the working electrode, but the
current will fall steadily with time due to the depletion of the electroactive species. As we
have been discussed planar diffusion and convergent diffusion lead to the transient behaviour
and steady state behaviour in the voltammetric technique, respectively. Therefore, for the
process where planar diffusion dominates, the limiting current tends to zero associated with
the rapid increase of the diffusion layer, but in the present of convergent diffusion, the
limiting current leads to a stable value due to a balance between electron transfer and mass

transport.

The Cottrell equation®’ gives a general solution of the diffusion equation under planar

diffusion ( macrodisk electrode). It is necessary to note the boundary conditions of this
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Figure 3.7 The left graph shows a step potential waveform during the
chronoamperometry. The right graph shows the corresponding current
respond with time at macrodisk and microdisk, obeying Cottrell equation
and Shoup and Szabo expression, respectively

equation: (a) only one species exists initially; (b) the bulk concentration is constant regardless

of the reactive time; (c) the electron transfer process is very rapid relative to mass transport.

1
. nFAD?c
l=—7
22

(3.11)

where n is the number of electron transfer, F is Faraday’s constant, A is electrode surface area,
c is concentration of the initial species and t is reactive time. In theory, the diffusion
coefficient can be calculated by the slope of a linear plot of i versus t 2, but the unknown
concentration can be a barrier to determine the diffusion coefficient of interest. When the
measurement is carried out at microdisk electrode, the current response becomes more
complex, and as such is necessary to be considered in two parts. At the short time, the

Cottrell equation is valid where planar diffusion dominates and the thickness of diffusion
layer is smaller than the scale of microdisk, but at the long time, the current tends to a steady
state value, caused by the convergent diffusion. In this case, the current scales with the square
root of D at the short time, whereas at the long time the current scales with D, as opposed to

Cottrellian decay to zero at macrodisk.
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The current transient at microdisk is given by

I = —4nFDcryf (1) (3.12)
where
4Dt
T=—r (3.13)
Ta

Here, the parameters follow the definition in the Cottrell equation and ryq is the radius of
microdisk. In terms of the consideration of two different zones, Aoki and Osteryoung®® used

two expressions for f(t). At short times when 7 is less than 1.44

f(r)= \/% +%+0.094\/? (3.14)

whereas at longer time when t is longer than 0.82

3
2

1 5
f (r) =1+0.718357 2 +0.056267 2 —0.006467 2 (3.15)

However, these two expressions are only approximate in the intermediate time zone and
insufficient to describe the entire current response. The equation proposed by Shoup and
Szabo on the basis of rigorous simulations was used to successfully model the f(t), which

allows a best-fit of chronoamperometric transient with a maximum error of less than 0.6%.

1 1
f (r)=0.7854+0.8863r 2 +0.2146exp(—0.7823r ?) (3.16)

The equation allows optimizing the fit between the experimental and theoretical data to

obtain the value for D and (nc) given a known value of the electrode radius.

The technique can be extended to embrace two-steps where the potential is stepped from E;
to E,, then back to Ej, and the current decay is recorded for both processes. This is called
double potential step chronoamperometry. In my thesis, this method is used to measure the
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diffusion coefficient and concentration of products formed at microdisk electrodes. The first
decay follows the Shoup and Szabo expression®®, and the second wave can be analyzed by the

work from Klymenko et al.°

3.5.3 Scanning electron microscope (SEM)

SEM is a kind of electron microscope in which a source of high energetic electrons is emitted
and bombards the surface layer of the tested sample. Then the electronic transition of the
tested elements lead to an emission of electrons or photons from or through the surface, a
fraction of which can be collected by an appropriate detector and displayed on a cathode ray
tube (CRT monitor). Since the different materials or substrates have various energy bands
associated with the different energy electrons or photons emitted, this technique can yield
information about the surface features of the sample, the shape and size of particles, and the

corresponding composition analysis in the form of the brightness pattern.

Several parameters can be adjusted to obtain the clear image: (a) the incident angle of
electron beam; (b) the incident angle of CRT monitor; (c) the transmit power on a voltage
between 2 to 50kV; (d) the diameter of electronic beam; (e) the raster’s length to the sample;

(f) the raster’s length to CRT monitor.

Generally speaking, the bombardment of the electronic beam lead to three types of images
with respect to different transmission powers, involving secondary electron images,
backscattered electron images and elemental X-ray maps. As the applied energy of emitted
electron is larger than 50eV throughout this thesis, backscattered electron images are
measured to depict the sharp and size of particles and structures. It is noted that conductivity

of the sample is an essential requirement for SEM technique.
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3.5.4 X-Ray photoelectron spectroscopy (XPS)*
X-Ray Photoelectron Spectroscopy is a surface analysis technique in which a beam of X-ray

is irradiated onto the top of sample (generally producing the top 1 to 10nm) and the kinetic
energy and the number of the escaped electrons are measured by the electron detector to

calculate the binding energy of the photoelectron:

where Ej is the binding energy of the electron, E, is the energy of the applied X-ray photon,
Ex is the measured kinetic energy of the electron and @ is the work function of the
spectrometer. Comparing the binding energy and intensity of a photoelectron peak with a
database can provide information of the element identity, chemical state and the quantity of

an element on the surface.
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Chapter 4 Hydrogenolysis: Hydrogen Loaded Palladium
Electrodes by Electrolysis of H[NTTf,] ina RTIL [Comim][NTf,]

In this chapter, Electrochemical hydrogenolysis is demonstrated in a room temperature ionic
liquid (RTIL) for the first time. Reduction of H[NTf;] at a Pd microelectrode in the RTIL 1-
ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide ([Comim][NTf,]) leads to the
reversible formation of adsorbed and absorbed hydrogen (Pd/H). Hydrogenation of N,N'-
bis(benzyloxycarbonyl)-L-lysine was observed to proceed rapidly, monitored by the

consumption of Pd/H. In addition, the electrolysis of adventitious H,O to form Pd/H is noted.

This work presented in this chapter was carried out with the collaborator of Dr. Leigh Aldous,
and has been published in the Journal of Green Chemistry.*

4.1 Introduction

Hydrogenation and hydrogenolysis reactions have extensive and diverse applications, and
catalytic hydrogenation reactions have been extensively investigated and reviewed in
Room Temperature lonic Liquids (RTILs).** Typically such reactions involve the use of
H, gas in pressurised vessels in conjunction with a suitable catalyst. Alternatively,
transfer-hydrogenation involves the introduction of an additional species that decomposes
to produce hydrogen on contact with the catalyst.

Electrochemical hydrogenation or hydrogenolysis offers a means of in-situ hydrogen
generation (such as via the electrochemical reduction of a labile proton) thus bypassing
both the use of large quantities of potentially explosive H, gas, and the generation of a
stoichiometric equivalent of waste commonly found in transfer-hydrogenation reactions.
Surprisingly, to the best of our knowledge such electrochemical techniques have not been
previously demonstrated in an RTIL.

RTILs are of extensive interest to electrochemists, as all RTILs possess inherent

conductivity, and other properties such as high thermal and chemical stability, extremely
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low vapour pressure, high solubility and tuneable physical properties are widely
available.* Due to these characteristics they can, in principle, be extensively recycled
without producing atmospheric pollution.

Certain RTILs can also dissolve extensive quantities of a wide variety of biomass
materials, which makes them promising solvents for the processing of these renewable
materials.> Hydrogenolysis of cellulose® and biomass derivatives’ in RTILs using H, gas
and Ru catalysts has recently been reported. The electrochemical hydrogenolysis of
biomass compounds® is one possible green, clean and safe route to convert these
macromolecular compounds into useful chemical feedstocks.

As proof-of-concept, the hydrogenolysis of N,N'-bis(benzyloxycarbonyl)-L-lysine was
investigated. By employing a Pd microelectrode, the experiments were carried out under
well defined conditions, and also corresponded to the first investigation of such reactions
at a microelectrode. A labile proton was reduced at the Pd electrode and hydrogenolysis
of N,N'-bis(benzyloxycarbonyl)-L-lysine proceeded rapidly at room temperature,

displaying proof of concept that RTILs can be used for such processes.
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Figure 4.1 Scan rate study (10, 100, 500 and 1000 mV s™) for the reduction and
oxidation of 100 mM H[NTf,] at a 4.7 um radius Pd microelectrode in
[Comim][NTf,], in vacuo. 87



4.2 Results and Discussion

Initially the electrochemistry of a Pd microelectrode was investigated in the presence of a
labile proton source in the IL [Comim][NTf,]. Figure 4.1 displays a scan rate study for scans
recorded in the presence of 100 mM H[NTT;] in [Comim][NTf,]. With the introduction of
H[NTf,] a reduction wave is clearly observed, corresponding to the reduction of H and
concurrent absorption/adsorption of H onto and into the Pd matrix. On the reverse sweep the
oxidation of the absorbed/adsorbed H is observed with release of H* back into solution. The
electrochemistry of H[NTT,] has previously been investigated in [C,mim][NTf,] RTILs at Pt,
Au and GC electrodes,” *° and a diffusion coefficient of 3.2 x 10™ m? s was determined for
H[NTf,] in [Comim][NTf,].° The limiting current displayed in Figure 4.1 corresponds to ca.
50 % of that expected for the known D value. This is partially due to the nature of the
reduction process, where kinetic limitations can also apply due to the gradual saturation of
the palladium lattice, as demonstrated in Figure 4.1 by the broadness of the reduction wave
after the sweep is reversed at ca. -1.1 V. Partial volatilisation (in vacuo) of the H[NTf,] prior
to the experiment is also a possibility, although CVs recorded as a function of time

demonstrated that this contribution was minimal (< 10 %) within the first 8 hours.

The removal of O- and N-benzyl protection groups is frequently performed using Pd/C and
H, gas.** Due to the low solubility of H, this process often takes a number of hours to go to
completion. Mandal and McMurray*? have reported the transfer-hydrogenation of a wide
variety of compounds by the addition of triethylsilane to Pd/C, resulting in the in-situ
generation of molecular hydrogen. This included the rapid quantitative or near quantitative
hydrogenolysis of benzyloxycarbonyl-protected ((Z)-protected) species in 10-50 min. It
should be noted that while this method bypasses the use of Hy, triethylsilane is water-
sensitive, highly flammable, has a flashpoint of 269 K, and generates a stoichiometric

equivalent of waste.
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Reduction of the H[NTT,] at the Pd microelectrode will result in the formation of reactive
Pd/H. If hydrogenolysis occurs on the timescale of the CV, hydrogen will be consumed from
the Pd/H resulting in a corresponding decrease in the size of the oxidation peak on the reverse
scan. Figure 4.2 displays scans recorded for 200 mM H[NTT,] in the presence of various
concentrations of N,N'-bis(benzyloxycarbonyl)-L-lysine (Z-lys(Z)-OH). Solutions of H[NTf;]
and Z-lys(Z)-OH were tested over a number of days and no change in voltammetry was
observed, demonstrating no prior decomposition of the starting material. Slight shifts in the
position of each peak are related to slight changes in the quasi-reference potential. As the
concentration of Z-lys(Z)-OH is increased the limiting current for proton reduction decreased.
This is due to the two ester groups present in Z-lys(Z)-OH, which become protonated in the
presence of H[NTT,] and thus decrease the available concentration of protons. In addition the
oxidation peak on the reverse scan also decreases, though it decreases in size relatively more

rapidly than that of the proton reduction wave.
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Figure 4.2 Scans recorded for various concentrations of Z-lys(Z)-OH (0 to
80 mM) in the presence of 200 MM H[NTT,] in [Comim][NTf,] ata 4.7 um
Pd microelectrode, at 100 mV/s and in vacuo.
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Figure 4.3 Plot of the ratio of oxidation charge to reduction charge
(corresponding to formation and removal of Pd/H) for various
concentrations of Z-lys(Z)-OH (0 to 80 mM) for the CVs shown in Fig. 4.2.

The relative changes in the two peaks were quantified by integration of both processes,
followed by dividing the oxidation charge by the reduction charge in order to obtain the
corresponding ratio. Figure 4.3 plots the change in the ratio with the concentration of Z-
lys(Z)-OH, demonstrating that as the concentration of Z-lys(Z)-OH increases, progressively
less Pd/H is remaining on the reverse scan. This is attributed to the relatively rapid
hydrogenolysis of the Z-lys(Z)-OH, Scheme 4.1 displays the expected hydrogenolysis
reaction. However, the Pd/H is not completely consumed on the time scale of the scan as the
proton is expected to diffuse relatively more rapidly than the bulky Z-lys(Z)-OH molecule,
resulting in relatively more H[NTT;] reaching the electrode than Z-lys(Z)-OH. Figure 4.4
plots a scan rate study for 200 mM H[NTT;,] and 40 mM Z-lys(Z)-OH, the inset plots the
change in ratio in the oxidation and reduction charges, and clearly demonstrates that as the

scan rate increases relatively less Pd/H is consumed, as would be expected.
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Figure 4.4 Scan rate study (10, 25, 100 and 400 mV s*) for 40 mM Z-
lys(Z)-OH and 200 mM HNTf2 in [Comim][NTf,] ata 4.7 um Pd

microelectrode
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By performing this hydrogenolysis at a microelectrode, the electrochemical processes and
chemical reaction occur at a well-defined system, and subsequent simulation of these results
could yield fundamental parameters regarding the chemical reaction occurring at the Pd/H-

RTIL interface.

It should be noted that the experiments were carried out in vacuo. This was necessary as
H,O-contamination of RTILs is rapid, and results in a dramatic reduction of the
electrochemical window due to the facile electrolysis of the H,0.™® The electrolysis of trace
H,0 in RTILs has been demonstrated to proceed smoothly with the production of H, and O,
at the cathode and anode, respectively.™ In this work it was noted that the dissolved H,0
omnipresent in RTIL samples before vacuum drying could be readily reduced to form Pd/H.
Such a system could potentially be employed for green hydrogenation and hydrogenolysis
reactions, with H,O as the hydrogen source, RTIL as the recyclable electrolyte (with unique
solvation capabilities) and O, as the only by-product.

4.3 Conclusions

By demonstrating the rapid hydrogenolysis, proof-of-concept has been achieved
indicating that Room Temperature lonic Liquids can be used for electrochemical
hydrogenolysis. Hydrogenolysis of N,N'-bis(benzyloxycarbonyl)-L-lysine (Z-lys(Z)-OH)
was achieved by the electrochemical reduction of a labile proton, at a Pd microelectrode,
and the hydrogenolysis monitored by the change in ratio of oxidation charge to reduction
charge for various concentrations, Z-lys(Z)-OH. The extension of this system to

hydrogenation reactions should present no great problems.
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Chapter 5 Palladium nanoparticle-modified carbon nanotubes for

electrochemical hydrogenolysis in RTILs

The electrochemical hydrogenolysis of benzyl and carboxybenzyl protecting groups is
described. Optimisation of a synthetic protocol afforded well-defined palladium (Pd)
nanoparticles on the surface of multiwall carbon nanotubes (CNTs). The high surface area
composite was investigated, and differences observed in the voltammetry for the same
composite in aqueous and ionic liquid systems are discussed. When used to reduce acidic
protons in the ionic liquid (IL) 1-Ethy-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([Comim][NTf,]) reactive palladium hydride was formed
efficiently, and which rapidly performed hydrogenolysis. The compounds 1-(3-
(benzyloxy)propyl)-4-methoxybenzene, benzyl octyl carbonate, N,N -
bis(benzyloxycarbonyl)-L-lysine and N-benzyl-L-prolinol were investigated. Extended
electrolysis of bis(trifluoromethylsulfonyl)imide (H[NTf,]) in [Comim][NTf,] containing
alcohol groups protected with benzyl and carboxybenzyl groups afforded the alcohol product

in high yield. Hydrogenolysis of the similarly protected amine groups is also reported.

Dr. Leigh Aldous, Ben S. Pilgrim and Prof. Timothy J. Donohoe have assisted this work
presented in this chapter. The X-ray photoelectron spectroscopy experiments were performed
by Dr. Leigh Aldous in the Compton Group and NMR spectroscopy was carried out by Ben S.
Pilgrim in Chemistry Research Laboratory, University of Oxford. This work has been

published in New Journal of Chemistry.*

5.1 Introduction

lonic liquids (ILs) are salts with melting points below 373K, and are typically liquid at room
temperature.? Their extremely low volatility® facilitates their recycle and minimises volatile
organic pollution, the wide electrochemical windows available present numerous

electrosynthetic opportunities, and their unique ability to solvate and stabilise certain
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compounds opens new possibilities.* Large increases in reactivity and selectivity have been

highlighted when moving to IL systems, as well as reactions unique to IL media.’

Nanoparticles possess large surface areas, in many cases enhancing their utility by several
orders of magnitude above that of its bulk material (e.g. gram per gram).® This is of particular
interest when using precious metals. Carbon substrates are attractive support materials, and in
the case of carbon nanotubes (CNTs) numerous particles can be adhered securely to the
surface of electrodes, acting as both support and molecular wire to provide large, active

surface areas.’

Protecting groups are of paramount importance in organic chemistry, particularly in natural
product synthesis, where sensitive moieties in polyfunctional organic molecules need to be
carried through a synthetic sequence.® Benzyl groups have found widespread use in this
respect for the protection of both alcohols and amines. Their utility stems from their
orthogonality to many other protecting groups due to their relative stability to both acidic and
basic conditions whilst being readily cleaved under hydrogenolytic conditions.
Carboxybenzyl groups can also be cleaved by hydrogenolysis and are frequently used for
amine protection. They can often be both introduced and removed under milder conditions

than those required for a benzyl group, making them more suitable for sensitive substrates.

Palladium (Pd) is widely used as a catalyst for hydrogenation and hydrogenolysis reactions,
adsorbing H, onto its surface to form reactive palladium hydride (denoted Pd/H).° This has
been used for a variety of purposes, including the removal of protecting groups.’
Hydrogenolysis reactions can be hindered by both substrate and hydrogen insolubility. The
solubility of Hy in ILs is similar to that found in aqueous systems, e.g. sub-millimolar levels
at atmospheric temperature and pressure,'® and there are safety implications concerning the
use of large quantities of hydrogen gas, so new conditions for the removal of these groups are

highly desirable.
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The first electrochemical hydrogenolysis reaction using Pd in an IL was reported in the
previous chapter, removing carboxybenzyl-protecting groups from N,N"-
bis(benzyloxycarbonyl)-L-lysine.** Although electrochemical hydrogenolysis by passed the
use of H, gas, the technique described utilised a Pd microelectrode and as such was
unsuitable for the extended conversion of material, some hydrogen being lost into the body of

the electrode.™

In this chapter, we report the synthesis of Pd-nanoparticle decorated CNTSs, in order to
provide a high surface area, highly active material for electrochemical hydrogenolysis. This
material has been fully characterised, and successfully utilised in an IL in order to perform
the electrochemical cleavage of both benzyl and carboxybenzyl groups. This has been
demonstrated both voltammetrically, and by the isolation, identification and quantification of

the hydrogenolysis products obtained in the IL environment.

5.2 Experimental

5.2.1 Ultrasonic modification of the CNT
The CNTs were sonicated in conc. HCIO, and HNO; (3:7 v/v) for 7 h to oxidize their

surfaces, before being centrifuged and washed until the eluent was pH 7. A suitable quantity
of PdCI; and 0.1 g CNT were added to 80 mL acetonitrile, sonicated for 1 h, and then NaBH,
added to the mixture. The reaction was allowed to proceed for 1 h under sonication at 338 K.
Finally, the products were centrifuged, washed with deionised water several times, isolated
and dried under vacuum for 24 h prior to use.

5.2.2 Modification of the GC electrode with CNTs

1 mg of CNTs were suspended in 1 mL of chloroform and the mixture sonicated until the
CNT were uniformly suspended. 10 uL of the suspension was then carefully placed onto the

polished surface of the GC electrode in order to form a droplet, and allowed to air dry.
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5.2.3 Synthesis of the various organic compounds investigated
N,N -bis(benzyloxycarbonyl)-L-lysine, N-benzyl-L-prolinol and octan-1-ol were used as

supplied from Aldrich. All other organic compounds were synthesised and characterised in
house, as detailed in the appendix to this chapter.

5.2.4 Measurements

Images of the samples were obtained by field emission scanning electron microscopy
(FESEM, FEI SIRION). Sonication was carried out using a D-78224 Singen/Htw sonicator
(50/60 Hz, 80 W, UK). Centrifugation was carried out using a Centrifuge 5702 (Eppendorf,
UK). pH measurement was made using a pH213 pH meter (Hanna instrument, UK) calibrated
using reference pH buffer solutions of pH 4.01 £+ 0.01 and pH 7.01 + 0.01 (Hanna instrument,
UK). GC-MS samples were run on an Agilent 6890 Series GC System (Micromass GCT).
Compounds were detected under conditions of Positive Chemical lonisation (CI*) and
calibration was via the lock mass of amyl acetate. Column conditions used were: initial oven
temperature 353 K; temperature ramp 293 K min™*; final oven temperature 553 K. X-ray
photoelectron spectroscopy (XPS) was performed on SAF VG 2 at the Chemical Research
Laboratory, Department of Chemistry, University of Oxford, UK, using X-radiation from the
Al Ka band. All XPS experiments were recorded using an analyzer energy of 50 eV for
survey scans and 20 eV for detailed scans. The base pressure in the analysis chamber was
maintained at not more than 1.0 x 10°® mbar. The Pd-modified CNT were directly mounted
onto double sided carbon adhesive tape (SPI supplies, PA, USA), attached onto a stainless
steel stub and then placed in the ultra-high vacuum analysis chamber of the spectrometer.
Analysis of the resulting spectra was performed using XPS Peak 4.1. The reported atomic
composition values for each sample were corrected with the atomic sensitivity factors, and

assignment of the peaks made according to an online database.™
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Flash column chromatography was carried out on silica gel (60 A, 0.033-0.070 mm, BDH)
using Still’s method, with head pressure provided by bellows. Reactions and columns were
monitored by thin layer chromatography analysis on Merck DC-Keisegel 60 Fzs4 0.2 mm
precoated plates. Spots were visualised by UV light (Amax = 254 nm) and/or staining with
basic potassium permanganate solution or acidic vanillin solution as deemed appropriate for

the compound.

5.3. Results and Discussion

5.3.1 Synthesis of Pd-decorated CNTs
Decoration of the CNT surface with Pd nanoparticles was performed using a chemical

reduction technique. Briefly, the CNT were sonicated in a 3:7 v/v mixture of concentrated
HCIO,4 and concentrated HNO3 for 7 h. Oxidation in this media is known to introduce a
variety of oxygen functional groups to carbon surfaces, and in particular significantly
increase the quantity of RCOOH groups.™ It also results in cutting of CNTs, producing

shorter CNT with a corresponding increase in the number edge sites and defects.'* The
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Figure 5.1 CVs (100 mV s™) recorded in 0.25 M H,S0, for a GC
electrode, as well as that electrode after being dropcast with CNT

modified with three different concentrations of PdCl, o3



various oxygen-containing functional groups are believed to interact with metal complexes in

solution, ™ 1°

and defect sites are expected to provide key sites for the nucleation of
nanoparticles, prior modification of the CNT therefore ensuring numerous, well-adhered
nanoparticles on the CNT surface. Palladium dichloride was introduced to a suspension of
CNT in acetonitrile, sonicated for 1 h, reduced with NaBH, at 338 K and sonicated for a
further hour. The Pd-modified CNT were centrifuged, isolated and washed thoroughly with
water before characterisation.

5.3.2 Characterisation of the Pd-decorated CNTSs

Three ratios of Pd:CNT were investigated, and the resulting Pd-modified CNT characterised
by voltammetry, Scanning Electron Microscopy (SEM) and X-ray Photoelectron

Spectroscopy (XPS). The three ratios were 1.5 x10 mol, 1.5 x10° mol and 1.5 x10™ mol

PdCI; per g of CNT. Reduction of the Pd(11) species was afforded as described above.

Electrochemical proton reduction at Pd is known to first form a surface adsorbed hydrogen
atom (denoted Pd/H), which can then diffuse into the Pd matrix. At higher overpotentials
further reduction of protons results in their combination on the Pd surface and formation of
H,.'" Figure 5.1 displays the scans recorded for a GC electrode in 0.25 M H,SO,, as well as
scans for the GC electrode modified by dropcasting the three Pd-modified CNT samples onto

the GC surface.

The potential corresponding to proton reduction (resulting in both adsorbed hydrogen at the
Pd surface and absorbed hydrogen in the Pd bulk)® shifted cathodically as the quantity of Pd
used in the synthesis decreased, consistent with the active quantity of Pd(0) decreasing.
Under certain conditions a distinct voltammetric peak corresponding to the formation of only
surface adsorbed hydrogen can be observed. For example, this feature can be discerned as a
distinct peak (prior to bulk proton reduction) for 10 monolayers of Pd deposited on Au(111),

but on 50 um thick Pd foil the bulk reduction of protons dominates and only one reduction
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feature can be observed.”® Nanostructured Pd microdisks’® and Pd nanoparticles
electrodeposited on boron-doped diamond® have also allowed the distinct observation of this
feature. In Figure 5.1, the Pd-modified CNT prepared using the middle quantity of Pd (1.5
x10"° mol PdCl, per g of CNT) displayed a small reduction feature at -0.285 V prior to the
more significant reduction of protons from ca. -0.3 V onwards, indicating that that sample
contained a high surface area and/or limited volume particles of Pd, both features consistent

with a CNT modified with well-defined nanoparticles.

On the reverse scan the hydrogen adsorbed/absorbed into the Pd matrix is oxidised to
regenerate protons in solution. Again, the Pd-modified CNT prepared using the middle
quantity of Pd displayed the most well-defined voltammetry. The samples prepared using
both more and less PdCl, displayed broader oxidation features, consistent with extremely

heterogeneous Pd deposits.

The three Pd-modified CNT samples were also analysed by SEM. The sample utilising the
highest ratio of Pd to CNT displayed several metallic features over a range of geometries and
sizes (> 1 um, not shown) consistent with the poorly defined voltammetery displayed in
Figure 5.1. In the sample prepared using the lowest amount of Pd, no distinct metallic

features could be observed on the CNT surfaces.

The sample utilising 1.5 x10 mol PdCl, per g CNT (medium quantity) displayed numerous
small, spherical, metallic features on the CNT surfaces, all consistently less than 100 nm in
diameter (Figure 5.2), demonstrating that Pd nanoparticles had successfully been formed. The
presence of Pd (and absence of other metals) was demonstrated by X-ray Photoelectron
Spectroscopy (Figure 5.3), which gave a molecular composition of ca. 94.1 % C, 5.5 % O
and 0.5 % Pd. As such the CNT modified with the medium quantity of Pd was used

throughout the remainder of this charpter.
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5kV, 155mm — 900 nm —

Figure 5.2 Characteristic SEM images recorded for (top) CNT
oxidised by sonicating in 3:7 v/v HCIO, : HNO3, and (b) oxidised
CNT after modification with Pd nanoparticles
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Figure 5.3 XPS spectra recorded for Pd-decorated CNT, displaying
a survey scan and (inset) detailed scan over the Pd region
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Figure 5.4 Scan recorded for 3 mm GC electrode modified by
dropcasting Pd-decorated CNT, in N,-degassed water-saturated
[Comim][NTHf,], and (inset) after the addition of 40 mM H[NTf,] and in
vacuo. Both scans recorded at 100 mV s™ and 298 K
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5.3.3 CV for Pd-decorated CNTs in an ionic liquid
The reduction of bis(trifluoromethylsulfonyl)imide, H[NTf,], has previously been reported in

1-alkyl-3-methylimidazolium  bis(trifluoromethylsulfonyl)imide ([C,mim][NTf,]) ionic
liquids at GC, Au, Pt and Pd electrodes.™" ® #* At Pd microelectrodes the reduction of the
proton to form palladium hydride, followed by oxidation of the palladium hydride on the
reverse sweep has been observed.'’ Reduction of water present in water-saturated

[Comim][NTf,] was also observed to form palladium hydride.™

Figure 5.4 displays the CV recorded in N,-degassed, water-saturated [C,mim][NTf;] for Pd-
decorated CNTs dropcast onto a GC surface. Water present in ILs is known to typically
undergo more facile oxidation and reduction than that of the IL itself.?? The reduction of
water can be observed at ca. -1.5 V (vs. Pt wire quasi-reference), with the corresponding

oxidation of palladium hydride at ca. -0.5 V.

To the solution H[NTf,] was added (40 mM), and the sample then placed under vacuum for
ca. 30 min and investigated. After the addition of the acid a reduction peak was observed at
ca. -0.1 V and oxidation peaks at ca. +0.3 V vs. Pt wire quasi-reference (inset in Figure 5.4).
The shift in the oxidation features likely corresponds to a shift in the quasi-reference potential
upon addition of the protons, rather than a shift in the thermodynamics of proton
insertion/release from the Pd matrix. The electrochemical reduction and oxidation of the
acidic proton at Pd is significantly more reversible, and reduction occurs at significantly more
anodic potentials than those observed for water reduction, as would be expected due to the

added difficulty of breaking the H-OH bond prior to Pd/H formation from H,0.

A potential of -1 V (vs. Pt wire) was applied for 60 s in order to reduce H[NTf,], and a
potential of +0.75 V then applied for 60 s in order to oxidise the resulting Pd/H. Comparison
of the reduction and oxidation charge indicated a Qreq:Qox ratio of 0.91. The slight difference

is attributed to protons that diffused into the Pd particles and were not released on the time
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scale of the experiment. No indication of extensive H, bubble formation at a saturated Pd/H-
electrolyte interface was therefore indicated. The absence of H, formation in a range of
aprotic solvents has previously been noted, although in the IL this lack of H, formation (on
the time scale of the experiment) can also be attributed to the fact that the diffusion
coefficient, D, of the proton in [Comim][NTf;] and the D of hydrogen inside the Pd matrix are
of the same order of magnitude. The D value of H[NTf,] in [Comim][NTf,] has previously
been found to be 3.2 x 10 m?s™ (ca. 293 K);** the D value of hydrogen inside Pd is
influenced by numerous factors (matrix defects, strain, phase, concentration, etc.) but is
generally found in the range of 1 to 7 x 10 m? s* (293-298 K).** The D value of

dissociated protons in aqueous systems has been reported as 8.2 x 10° m?s™ (293 K).*°

The oxidation of Pd/H in Figure 5.4 consists of approximately three overlapping oxidation
processes (e.g. at -0.59, -0.41 and -0.27 V vs. Pt wire for the water-saturated IL in Figure 5.4).
Similar features have been reported for nanostructured Pd, and different surface sites, place
exchange mechanisms (requiring rearrangement of surface layers) or the direct oxidation of
the more difficult to oxidise subsurface layers at higher overpotentials were all reported as
possible causes.’® The slow reorganisation of bulky IL cations and anions®* would likely
influence place exchange mechanisms, while faster diffusion of hydrogen inside Pd than in
the IL would lead to enhanced oxidation of subsurface layers, if occurring. Both explanations
could explain these multiple features being more distinct in the IL (Figure 5.4) than in

aqueous H,SO,4 (Figure 5.1).

5.3.4 Electrochemical hydrogenolysis of Z-lys(Z)-OH on the voltammetric

timescale
To evaluate the ability of the Pd-decorated CNTs to perform rapid electrochemical

hydrogenolysis, the behaviour of the system was investigated on the voltammetric timescale

in the presence of N,N-bis(benzyloxycarbonyl)-L-lysine (Z-Lys(Z)-OH). Voltammetry at a
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Pd microelectrode has previously indicated that in [Comim][NTf,], the reduction of H[NTf;]
to form Pd/H results in hydrogenolysis of the carboxybenzyl-protecting groups, as
demonstrated by scan rate and concentration studies.** Figure 5.5 displays a scan rate study
recorded for 40 mM H[NTf;] in [Comim][NTf,] at a GC electrode modified with Pd-
decorated CNT, in the presence of 15 mM Z-Lys(Z)-OH. The reduction of H[NTf;] and
oxidation of the resulting Pd/H are clearly observed, with the multiple oxidation features (at
ca. -0.435 and +0.15 V vs. Pt wire) previously observed in Figure 5.4 more well resolved.
The adsorption of crystal violet at Pd previously been demonstrated to alter proton
insertion/release kinetics,*® and in this case it likely corresponds to the adsorption of Z-

Lys(Z)-OH or its hydrogenolysis product at the Pd nanoparticles surface.
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Figure 5.5 Scan rate study recorded in vacuo and at 298 K for a 3 mm
GC electrode modified by dropcasting Pd-decorated CNT, in
[Comim][NTf;] containing 40 mM H[NTf;] and 15 mM Z-lys(Z)-OH.
The ratio of the oxidation charge (Qox) to the reduction charge (Qreq)
is also displayed.
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The 400 mV s scan in Figure 5.5 took ca. 12 s to be completed; the 10 mV s™ scan took ca.
500 s. The ratio of oxidation charge to reduction charge for the four scan rates is displayed in
the Figure, and these values clearly demonstrate that at slower scans less Pd/H is oxidised on
the reverse scan, due to its consumption in the hydrogenolysis of Z-Lys(Z)-OH on the time

scale of the scan.

5.3.5 Bulk electrolysis for the electrochemical hydrogenolysis of various

protecting groups
In order to conclusively demonstrate the ability of Pd-decorated CNT to achieve the

hydrogenolysis of organic compounds in ILs, extended hydrogenolysis was performed and
the resulting products analysed. Samples (all 200 mM) containing either a benzyl-protected
alcohol (1), a benzyl-protected amine (2) or a carboxybenzyl-protected (Z-protected) alcohol
(3) were dissolved in [Comim][NTf,] containing 250 mM H[NTf,]. The structures of the
species employed are displayed in Table 5.1. The IL sample (0.1 or 0.3 mL) was deposited on

top of a 3 mm GC electrode modified by dropcasting 1.5 pug of Pd-decorated CNT, and a Pt

Table 5.1: Details of extended hydrogenolysis reactions (performed at -1.75 V, 298 K,
passing 95-100 % of theoretical charge)

Isolated

Entry Starting Material Isolated product Yield

o) OH
1 /@M /\© /©M 1%
H5CO HsCO

[n
2 4 b n/al n/al
Ho”

O
3 /\/\/\/\O)J\O/\© /\/\/\/\OH 85 %2

T Only trace starting material isolated from the IL; converted material believed to remain in the IL phase

2 Some benzyl octyl ether observed in the crude; see text for details
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quasi-reference wire and Pt coil counter electrode immersed in the IL. Potentiostatic
electrolysis was performed at -1.75 V (vs. Pt wire) until the charge passed was equivalent to
95-100 % of the theoretical charge required for the complete conversion of the starting
material, assuming a 1 electron process. The 0.1 mL samples were run initially in order to
confirm the products by TLC and GC-MS (CI") analysis, with the 0.3 mL samples run
subsequently in order to isolate the products by flash column chromatography and allow

characterisation by NMR.

Electrolysis of 1 was found to afford the alcohol as the anticipated hydrolysis product, as
confirmed by NMR and GC-MS m/z trace (NMR displayed in the Appendix 5.5). Although
electrolysis of 2 appeared to proceed smoothly, the resulting amine could not be extracted
from the IL solution. Treatment with aqueous solutions of Na,CO3 or acetonitrile solutions of
NMe,OH in order to neutralise the anticipated protonated amine followed by extraction was
found to isolate only small quantities of the starting material. Therefore it is likely that
hydrogenolysis of 2 occurred, but resulted in a product that was difficult to isolate from IL.
Due to the difficulty in isolating this amine product from the IL, the extended hydrogenolysis

of Z-Lys(Z)-OH was not attempted as the results were expected to be similar.

Electrolysis of 3 was found to afford the expected hydrogenolysis product, octan-1-ol, in 85 %
yield. A trace impurity was also observed in the GC-MS of the crude sample. The m/z trace
of this impurity was consistent with that of benzyl octyl ether, and separate synthesis of this
compound followed by GC-MS showed it had an identical retention time and m/z trace to the
impurity. The impurity was not present in sufficient amounts to be detectable after flash
column chromatography. Mixtures of H[NTf,] and 3 in [Comim][NTf,] were not observed to
exhibit any degradation, even after a period of days. However, a mixture of H[NTf,] and
equimolar quantities of 3 and octan-1-ol in [Comim][NTf,] demonstrated (by GC-MS of the

crude sample) the presence of 3, octan-1-ol and benzyl octyl ether after being left to stand for
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Scheme 5.1: Suspected mechanism for the formation of benzyl octyl ether side product

24 hr. It can therefore be inferred that protonation of the carbonyl group in 3 (Scheme 5.1) in
[Comim][NTf,] facilitates attack by octan-1-ol, releasing CO,, catalytically regenerating
octan-1-ol and a proton and yielding benzyl octyl ether. It is likely that the trace benzyl octyl
ether found after hydrogenolysis of 3 stemmed from residual starting material reacting in a ca.
24 hr gap between cease of electrolysis and GC-MS analysis. Extended electrolysis would
clearly result in the full removal of the benzyl octyl ether to yield the pure product, as the
structurally similar benzyl ether protected compound 1 underwent successful
hydrogenolysisunder similar conditions. Alternatively, the use of weaker acids or even H,O
(as demonstrated in Figure 5.4) could be used to form reactive Pd/H in the absence of
strongly acidic protons.

5.4. Conclusions

The decoration of carbon nanotubes with Pd nanoparticles has been demonstrated and the
composite characterised. When dropcast on an inert glassy carbon electrode, the resulting Pd-
modified substrate can be used for the efficient reduction of protons to Pd/H in an IL. No
hydrogen gas evolution was demonstrated over short periods, due to the comparable diffusion

coefficients of the proton in the IL media and the hydrogen atom in the Pd matrix.
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Electrochemically formed Pd/H was demonstrated voltammetrically to perform
hydrogenolysis of carboxybenzyl-protected lysine. Although amines containing benzyl- and
carboxybenzyl-protecting groups are believed to have undergone electrolysis, the resulting
products could not easily be isolated from the IL. Extended electrolysis of both
carboxybenzyl-protected and benzyl-protected alcohols afforded the corresponding alcohol
after flash column chromatography. The acidic proton was found to encourage reaction
between benzyl octyl carbonate and octan-1-ol to afford benzyl octyl ether, if not electrolysed
to completion. ILs are known to have unique solvating ability, and proof-of-principle has
now been demonstrated that Pd nanoparticles can be used for clean, efficient, safe

electrochemical hydrogenolysis in IL media.
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5.5 Appendix

5.5.1 Experimental Techniques
'H and *3C NMR spectra were recorded on a Bruker Avance AV400 spectrometer (400 MHz

and 100 MHz respectively) in CDCIs; and referenced to residual solvent peaks or to
tetramethylsilane as an internal standard. Chemical shifts & are quoted in parts per million
(ppm) to the nearest 0.01 for *H and 0.1 for *3C, coupling constants J are quoted in Hz to the
nearest 0.1 and splittings are recorded as singlet (s), doublet (d), triplet (t), quartet (q), quintet

(quin.) and broad (br.). Assignments were based upon DEPT, COSY and HMQC experiments.

THF and CH,CI, were dried by purification through two activated alumina purification
columns. Petrol refers to the petroleum ether fraction that boils in the range 40-60 °C.
Reagents were obtained from Aldrich and were used as supplied. All non-aqueous reactions
were carried out in flame-dried glassware under an atmosphere of argon, unless otherwise

specified.

Flash column chromatography was carried out on silica gel (60 A, 0.033-0.070 mm, BDH)
using Still’s method, with head pressure provided by bellows. The solvent system is quoted in
parentheses. Reactions and columns were monitored by thin layer chromatography analysis
on Merck DC-Keisegel 60 F2s4 0.2 mm precoated plates. Spots were visualised by UV light
(Amax = 254 nm) and/or staining with basic potassium permanganate solution or acidic vanillin
solution as deemed appropriate for the compound.

5.5.2 Experimental Procedures
1-(3-(Benzyloxy)propyl)-4-methoxybenzene reactant 1

A solution of 3-(4-methoxyphenyl)propan-1-ol (347 mg, 2.09 mmol) in THF (21 mL) was
stirred at 273 K. Sodium hydride (60 % dispersion in mineral oil, 125 mg, 3.14 mmol) was
added portionwise and the mixture left to stir for 30 min. Benzyl bromide (428 mg, 2.50
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mmol) and tetrabutylammonium iodide (39 mg, 0.105 mmol) were added and then the
reaction was warmed to room temperature and then stirred at reflux for 18 h. The reaction
was cooled to room temperature and then quenched by dropwise addition of saturated
aqueous NH4ClI (5 mL) and diluted with Et,O (100 mL). The organic layer was washed with
H,0 (2 x 25 mL) and brine (25 mL), dried over Na,SO, filtered, and the solvent removed in
vacuo to give the crude product. Purification by flash column chromatography [SiOg,
petrol/EtOAC, 9:1 to 4:1] furnished benzyl ether 1 (528 mg, 98 %) as an oil.

'H NMR (400 MHz, CDCls) &;: 7.39 (4H, m, 4 x HC(Ar)), 7.33 (1H, m, HC(Ar)), 7.13 (2H,
d, J 8.6, 2 x HC(Ar)), 6.86 (2H, d, J 8.6, 2 x HC(Ar)), 4.54 (2H, s, CH,OR), 3.81 (3H, s,
OCHgs), 3.52 (2H, t, J 6.4, CH,CH,0OR), 2.70 (2H, t, J 8.1, CHy), 1.94 (2H, tt, J 8.1, 6.4,
CH,CH,0R); *C NMR (100 MHz, CDCls) 8¢: 157.8, 138.6, 134.1 (3 x C(Ar)), 129.4, 128.4,
127.7, 127.5, 113.7 (5 x HC(Ar)), 72.9 (CH,0OR), 69.5 (CH,CH,0R), 55.3 (OCH3), 31.6
(CH,), 31.5 (CH,). Data were consistent with those previously reported.*

3-(4-Methoxyphenyl)propan-1-ol product 1

/©/\/\OH
H3;CO

A solution of benzyl ether 1 (17.3 mg, 0.0675 mmol) in ionic liquid (340 pL) was subjected
to hydrogenolysis. The reaction mixture was purified by flash column chromatography [SiO»,
petrol/EtOAcC, 9:1 to 3:1] to furnish alcohol product 1 (8.0 mg, 71 %) as an oil.

'H NMR (400 MHz, CDCls) &y: 7.13 (2H, d, J 8.6, 2 x HC(Ar)), 6.85 (2H, d, J 8.6, 2 x
HC(Ar)), 3.80 (3H, s, OCHj3), 3.66 (2H, t, J 5.8, CH,0OH), 2.66 (2H, t, J 7.3, CHy), 1.87 (2H,
tt, J 7.3, 5.8, CH,CH,0H), 1.30 (1H, br. s, OH); *C NMR (100 MHz, CDCls) &¢: 157.8,
134.0 (2 x C(Ar)), 129.3, 113.8 (2 x HC(AI)), 62.1 (CH,0H), 55.3 (OCHj3), 34.4 (CHy), 31.2
(CH,). Data were consistent with those previously reported.*

Benzyl octyl carbonate reactant 3

O

/\/\/\/\O)ko/\©

Octan-1-ol (261 mg, 2.00 mmol) was added dropwise to a stirred solution of benzyl
chloroformate (409 mg, 2.40 mmol), pyridine (237 mg, 3.00 mmol) and 4-
dimethylaminopyridine (2 mg, 0.02 mmol) in CH,CI, (20 mL) at 273 K. The reaction was
warmed to room temperature and stirred for a further 18 h. The mixture was concentrated in
vacuo to give the crude product which was purified by flash column chromatography [SiOo,
petrol/EtOAC, 24:1 to 9:1] to furnish carbonate 3 (433 mg, 82 %) as an oil.
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'H NMR (400 MHz, CDCls) & 7.41-7.33 (5H, m, 5 x HC(Ar)), 5.17 (2H, s, PhCH,OR)),
4.16 (2H, t, J 6.9, CH,0R), 1.67 (2H, quin, J 7.5, CH,CH,OR), 1.39-1.26 (10H, m, 5 x CH,),
0.89 (3H, t, J 6.9, CH3); **C NMR (100 MHz, CDCls) 8¢: 155.3 (C=0), 135.4 (C(Ar)), 128.6,
128.5, 128.3, (3 x HC(Ar)), 69.4 (PhCH,OR), 68.3 (CH,0R), 31.7, 29.2 (2 x CHy), 29.1
(CH,CH,0R), 28.6, 25.7, 22.6 (3 x CHy), 14.1 (CH3). Data were consistent with those
previously reported.®*

Octan-1-ol product 3

/\/\/\/\OH

A solution of carbonate 3 (31.0 mg, 0.117 mmol) in ionic liquid (620 pulL) was subjected to
hydrogenolysis. The reaction mixture was purified by flash column chromatography [SiO,
petrol/EtOAc, 19:1 to 9:1] to furnish alcohol product 3 (13.0 mg, 85 %) as an oil.

'H NMR (400 MHz, CDCls) &x: 3.59 (2H, g, J 5.4, CH,OH), 1.53 (2H, quin, J 7.0,
CH,CH,OH), 1.33-1.23 (11H, m, 5 x CH,+ OH), 0.86 (3H, t, J 6.8, CHs); *C NMR (100
MHz, CDCls) 8¢: 62.8 (CH,OH), 32.7, 31.8, 29.4, 29.3, 25.7, 22.6 (6 X CH,), 14.0 (CHs).
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5.5.3 Copies of '*H and **C NMR spectra
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Chapter 6 Electrochemistry of Hydrogen in the RTIL
[Comim][NTT,]: Dissolved Hydrogen ‘Lubricates’ Diffusional
Transport

In this chapter, the electrochemical characterization of bis(trifluoromethylsulfonyl)imide
(H[NTTf;]) and ferrocene in the Room Temperature lonic Liquid (RTIL) 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide ([Comim][NTf,]) was undertaken in
the presence of various concentrations of dissolved hydrogen (Hz). Chronoamperometric
measurements in the presence of varying levels of H, were used to determine the diffusion
coefficients of H[NTT,] and ferrocene at 298 K in [Comim][NTf,]. Upon saturation with H, at
298 K these were found to increase from 2.5 (+ 0.1) x 10 m*s* and 4.7 (+ 0.1) x 10" m?s”
1t02.8 (+0.1) x 10 and 5.1 (+ 0.1) x 10 m? s, respectively. It is believed that the
physicochemical changes correspond to the H, occupying the interstices and therefore
resulting in a change in the permittivity of the space between ions of the RTIL, resulting in
diminished Coulombic interactions and a net reduction in the RTIL viscosity. Even more
significant changes were observed at 308 K, despite the saturated dissolved H, concentration
being lower (4.4 mM H; at 298 K, 4.0 mM H, at 308 K). Arrhenius plots of the diffusion
coefficient of ferrocene in the RTIL displayed a decrease in the diffusion activation energy
from 29.5 kJ mol™ in the absence of H, to 20.5 kJ mol™ upon saturation with H,. The
activation energy of diffusion of H, was also determined in an RTIL for the first time (13.7 kJ
mol™), and deviation of the mass transport of the small H, molecule from the Stokes-Einstein
relationship was confirmed. This work presented in this chapter has been published in the

Journal of Physical Chemistry C with the assistance of Dr. Leigh Aldous.
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6.1 Introduction

Room temperature ionic liquids (RTILs) are salts that characteristically possess high lattice
enthalpies and relatively weak Coulombic interactions between bulky unsymmetrical cations
and weakly coordinating inorganic anions, resulting in the liquid state being attained at room
temperature and pressure.”> Their low volatility® facilitates their recycle and minimises
volatile organic pollution, leading to the term ‘green solvents’ in this respect.* Their wide
electrochemical windows and unique ability to solvate and stabilise certain compounds
presents numerous electrosynthetic opportunities.> ® Large increases in reactivity and
selectivity have been highlighted when moving to RTIL systems, as well as reactions unique
to RTIL media.” Their low volatility over a large range of temperatures also makes them
strong potential electrolytes for gas sensors, where traditional solvents in sensors are prone
to dry out or to degrade over time.® RTILs have been successfully utilised as media for

10,11

hydrogenation” ® and hydrogenolysis reactions (see chapters 4 and 5).

Although van der Waals’ forces and hydrogen bonding play a role in dictating the viscosity
of ionic liquids, the most dominant effect is Coulombic interactions.** ** As a result, RTILs
typically possess viscosities which are two or three order of magnitude higher than traditional
molecular solvents, and are typically in the range of ca. 20 - 7500 cP at ambient temperature.®
%15 The high viscosity of RTILs slows down the mass transport properties of electroactive
species, and has a significant influence on the rate of diffusion controlled electrochemical
reactions.® Coulombic interactions (e.g. with charged solutes) can also be significant.®
When studying cyclic voltammetry in RTILs, the high viscosity of the solvent must be taken
into account, as it has significant consequences for interpreting voltammetric behaviour. This
situation can be further complicated as the viscosity of RTILs are also highly influenced by

the presence of other species, such as water and halides, even at low concentrations. > ® ¢ %/
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Barrosse-Antle has reported that dissolved sulphur dioxide, SO,,*® and carbon dioxide, CO,,"
to 1-ethyl-3-methylimidazlium bis(trifluoromethansulfonyl)imide ([Comim][NTf]) results in
a significant change on the voltammetry of the ferrocene/ferrocenium redox couple. In both
cases, the voltammery revealed an increase in the limiting current of the redox couple on
increasing the concentration of dissolved gas; increases in the diffusion coefficients were
quantified by chronoamperometry. These two gases, particularly SO,, decrease the viscosity
of the ionic liquid and increase both rotational and translational diffusion rates in the
solution.’®# Changes in RTIL viscosity after being placed in contact with the gas hydrogen
sulphide, H,S, has also been noted.?? Strong interactions such as ion-pairing between these
solutes and the RTIL (particularly with the RTIL anions) are believed to result in a disruption
of the long-range structure and introduce charge shielding, resulting in a net reduction in

viscosity. >

The Stokes-Einstein equation predicts an inverse relationship between solute diffusion
coefficients and solution viscosity; deviation from this relationship has been found in RTILs
for solutes that are significantly smaller than the ions that compose the RTIL, such as Hy,*

0, %" and SO,.18

A detailed, systematic investigation on the physiochemical influence of dissolved H; on the
RTIL 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, [Comim][NTf,] is
reported in this chapter. The significant influence of H, gas on the diffusion coefficient of
dissolved protons and ferrocene, as well as its influence on the viscosity of the RTIL has been
quantified. This study provides new insights into the solvation of H; in ionic liquids, as well
as the corresponding changes that result in the structure of the ionic liquid itself.
Confirmation of been provided for the non-Stokes Einstein transport behaviour of H in
RTILs, and the activation energy of diffusion of H; has also been quantified in an RTIL for

the first time.
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6.2 Results and Discussion

6.2.1 Electrochemical behaviour of H[NTT,] in [Comim][NTTf,] in the
presence and absence of hydrogen

Figure 6.1 displays the reduction of 100 mM H[NTTf;] at an Au microelectrode (diameter 9.2
pm) in [Comim][NTf,] at a scan rate of 100 mV s™ at 298 K. This voltammetry was recorded
under vacuum, in order to remove the influences of other solutes such as O, CO, and H,0.'*
28 A reduction feature is clearly observed from ca. -1.0 V vs. Pt, corresponding to the
reduction of H[NT,] to form H..? * On the reverse sweep the oxidation of H, was not
observed at any potential in the electrochemical window of the RTIL (as apparent in the inset
in Figure 6.1). At high anodic potentials some evidence of Au oxidation was observed
overlapping with the breakdown of the RTIL, as previously noted at bulk Au electrodes in the
presence of H[NTf,] in [C,mim][NTf,].%*° Au is known to be relatively inactive with respect

to the electro-oxidation of H,.%

0_
<
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< -2-
c
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O -4-
-6

Potential / V vs. Pt wire

Figure 6.1 Cyclic voltammetry for the reduction of ca. 100 mM H[NTf,] on an Au
microelectrode (diameter 9.2 pm) in [C,mim][NTf,] at a scan rate of 100 mV s™ at
298 K, under vacuum (solid line) and after being saturated with H; (---). The inset
is a cyclic voltammogram recorded between -1.6 VV and +1.25 V.
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Chronoamperometric transients were recorded for the reduction of 100 mM H[NTTf] in
[Comim][NTf;] at an Au microelectrode under 298 K. The potential was stepped from 0 V
(no Faradaic current passed) to -1.75 V vs. Pt (diffusion-limited reduction), and the
corresponding transient simulated using the Shoup and Szabo equation.*? *® The diffusion
coefficient of H[NTT,] in [C,mim][NTf,] was calculated to be 2.5 (+ 0.1) x 10™ m?s™, which
is in good agreement with the previous literature value.™ The product of the concentration

and number of electrons passed (nc value) indicated a one electron process, namely

2H[NTf,] +2e~ = H, + Z[NTfZ]_ (6.1)
-5.34
(a) o (b)
< -5.4-\.\\
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.|
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Figure 6.2. (a) Cyclic voltammetry for the reduction of ca. 100 mMH[NTTf,] on a Au
microelectrode (diameter 9.2 pm) in [Comim][NTf,] at a scan rate of 100 mV s at 298
K, in the presence of increasing v/v % H, (0, 20, 40, 60, 80 and 100% H, in an Ar / H,
mixture), (b) plot of the limiting current of reduction wave versusH, proportion, (c)
experimental chronoamperometry (solid) and Shoup-Szabo fitting (symbols) at 0, 40,
and 100% H,, and (d) plot of the diffusion coefficient of H[NTf,] in [Comim][NTf;]
versus H, proportion.
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Solutions containing both acidic protons and hydrogen (H,) are of significant fundamental
interest with regards to the development of hydrogen-based reference scales in RTILs. After
analysing the sample in vacuo, the vacuum was broken with a constant stream of dry
hydrogen (H;) and the gas was flowed for at least 30 min in order to equilibrate the system.
After equilibration a 9.6% increase in the reduction wave of H[NTf;] was noted (dashed line
in Figure 6.1). A minor shift in the reduction potential was also observed, although this is
attributed to a shift in the potential of platinum quasi-reference electrode. The change upon
addition of H, was seen to be reversible, e.g. if the H,-saturated RTIL was put under vacuum,

the limiting current rapidly returned to its original value.

If the experiment was repeated except dry argon (Ar) introduced to the cell instead of H; gas
then no related increase in the reduction wave was observed. Thus the change was
specifically related to the addition of dry H; to the system (and not for example moisture
contamination)?®. Ar gas was also used to dilute the H, in order to better characterize the
effect of the H, gas concentration on the observed voltammetry in RTIL. Figure 6.2(a) shows
cyclic voltammetry for the reduction of ca. 100 mM H[NTT,] on an Au microelectrode
(diameter 9.2 pm) in [Comim][NTf,] at a scan rate of 100 mV s™ at 298 K, in the presence of
increasing volume percentages of H, (0, 20, 40, 60, 80 and 100% v/v H, in a H, / Ar gas

mixture). The limiting current increased with H, concentration, as shown by Figure 6.2(b).

Chronoamperometric transients were measured on the reduction wave in order to obtain the
diffusion coefficient of each species in the presence of varying concentrations of H, in Ar.
The potential was stepped from 0 V to a potential corresponding to the steady state current,
and the current transient was recorded for 2 s. The transients were analysed using the Shoup
and Szabo equation (Figure 6.2(c)),® and it was found that the diffusion coefficient of
H[NTf,] in [Comim][NTf,] increased in a linear manner with the increasing proportion of H,

in the gas flow.(Figure 6.2(d)) The diffusion coefficient of H[NTf,] was found to increase
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from 2.5 (+ 0.1) x 10 m?s™ (RTIL in vacuo) to 2.8 (+ 0.1) x 10 m?s™ (H.-saturated

RTIL), consistent with the observed voltammetry.

The Stokes-Einstein equation highlights the influence of viscosity on the diffusion coefficient
of solutes, which can be applied qualitatively to many RTIL systems.'* The increase in
limiting current and diffusion coefficient suggests the addition of H, caused a physical
change in the RTIL, thus decreasing the viscosity of RTIL. Similar changes upon the
dissolution of other gases, such as CO, and SO,, have been reported in the literature.® %2

In these cases interaction with the anion was dominant, for example SO, dissolved in
[Csmim]Br encouraged formation of short-range [Csmim]Br-SO, ion pairs while disrupting
long range ionic interactions, producing a ‘charge screening’ effect which resulted in a

significant decrease in viscosity.”*

0
9 e

(b)

@o eo :%
© +©

Figure 6.3. Cartoon depicting the relative molecular environments in (a) pure
[Comim][NTHf,] and (b) [Comim][NTf,] saturated with H,. Also shown are the
corresponding equations expressing Coulomb’s Law for the Coulombic
interactions, F, between (a) ionic species, and (b) ionic species separated by H,
molecules.
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Unlike the other gases previously noted, H, is a non-polar, non-ionic molecule and no strong
interactions between H, and either the anion or cation are to be expected. In conventional
RTILs the anion®* is typically observed to be more significant in dictating dissolve gas
saturation values than the cation,® although H, solubility has been observed to vary as a
function of both RTIL anion and cation.™ ** Therefore in the case of H,-saturated
[Comim][NTHf,] it is likely that dissolved H, resides within the holes or interstices of the RTIL,
and the presence of H, can be seen as ‘lubricating’ transport within the RTIL by a change in
permittivity. Figure 6.3 displays a simplified cartoon demonstrating (2) the environment in

the RTIL in vacuo, and (b) after being saturated with H,. Coulombic interactions can be
calculated using Coulomb’s Law, and the relevant equations have been included in the Figure.
The presence of H, molecules are expected to weaken the Coulombic interactions between
adjacent charged species due to the H, molecules higher relative permittivity (&) with respect
to the vacuum permittivity (o), producing a net reduction in RTIL viscosity, as demonstrated

by enhanced mass transport of H[NTT].

6.2.2 The influence of temperature

The electrochemistry of H[NTf,] in the presence of H, was investigated after increasing the
temperature of the system from 298 K to 308 K, using a temperature-controlled Faraday cage
accurate to within + 0.1 K.* The resulting voltammetry is shown in Figure 6.4(a), which
displays the reduction of ca. 100 mM H[NTT;,] on an Au microelectrode (diameter 9.2 um) in
[C,mim][NTf,] at a scan rate of 200 mV s, in the presence of increasing v/v % of H, (0, 25,
50, 75 and 100 % H, in H, / Ar gas mixture). As observed at 298 K, the limiting current

increased as the percentage of H, increased. (Figure 6.4(b))

Potential step measurements were used to calculate the value of the diffusion coefficient of

H[NTf,], as shown in Figure 6.4(c). RTIL viscosity drops rapidly with increasing temperature,
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Figure 6.4. (a) Cyclic voltammetry for the reduction of ca. 100 mMMH[NTf,] on a Au
microelectrode (diameter 9.2 um) in [Comim][NTf,] at a scan rate of 100 mV s™ at 308
K, in the presence of increasing v/v % H, (0, 20, 40, 60, 80 and 100% H, in an Ar/ H;
mixture), (b) plot of the limiting current of reduction wave versusH, proportion, (c)
experimental chronoamperometry (solid) and Shoup-Szabo fitting (symbols) at 0, 50, and
100% H,, and (d) plot of the diffusion coefficient of H[NTTf,] in [Comim][NTf,] versus
H, proportion.
and the diffusion coefficient of H[NTf;] in [Comim][NTf,] correspondingly increased from
2.5 (+0.1) x 10 m?s™? (298 K, under Ar) to 3.3 (+ 0.1) x 10 ' m?s™ (308 K, under Ar). A
linear relationship between the diffusion coefficient and the proportion of H, in Ar was also
found and is shown in Figure 6.4(d). When 100% H, was added to the T-cell, the value
reached to 3.96 (+ 0.1) x 10 * m?s™, an approximately 20 % increase from the original value,
compared to a 12 % increase at 298 K. This highlights that the influence of dissolved H, on
RTIL viscosity is more significant at elevated temperatures, despite the dissolved H,

concentration decreasing with increasing temperature, e.g. the dissolved H, concentration in
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[Comim][NTf,] at 1 bar has been reported as ca. 7.6 mM at 293.4 K and ca. 6.7 mM at 303.4
K.* This result is of particular significance with respect to mass-transport controlled catalytic
hydrogenation reactions, where the elevated pressure and temperature conditions frequently
encountered are likely to result in a significant decrease in viscosity and significant increase
in mass transport of reactants, compared to that expected (i.e. if the physiochemical influence

of dissolved H is not considered).

6.2.3 Voltammetry of Ferrocene in [Comim][NTf,] in the presence of H, at
an Au microelectrode

To support the assumption that a physical change occurs in the RTIL rather than any
chemical interaction with H[NTf,], 30 mM ferrocene was studied in [Comim][NTf;] instead
of H[NTT,]. The corresponding oxidation peak can be seen in Figure 6.5. Saturating the
system with 100 % Ar or 100 % H, resulted in a 0.7 % decrease and 10.2 % increase of

limiting current, respectively. The 10.2 % increase upon H, addition mirrors the 12 %

2.5+ z » Hydrogen

2.0

154 ~.
Vacuum Argon

1.0 1

0.5

Current / nA

0.0+

-0.54 ™
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Potential / V vs. Pt wire

Figure 6.5 Oxidation of 30 mM Ferrocene on an Au microelectrode (diameter
9.2 um) in [C,mim][NTf,] at a scan rate of 100 mV s™ at 298 K under vacuum
(—), in the presence of H; (---) and Ar (....)
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Table 6.1 Solubility of various gases in [Comim][NTf,] and diffusion coefficient of ferrocene
in gas-saturated [Comim][NTf,] at 298 K.

Gas Solubility of gas / mM Dr. / x10" m? s
Vacuum n/a 4.65 (£ 0.1)
Hy 4.43 5.1(0.1)
CO, 90-100 6.0 (£ 0.2)
S0, 230 16 (+ 1.0)

increase in diffusion coefficient of H[NTT,] under the same conditions, highlighting that this
phenomena is generally independent of the diffusing species. Table 6.1 summarizes the
diffusion coefficient of ferrocene in [Comim][NTf,] when equilibrated with various gases at 1
bar, including the saturated dissolved gas concentration. Correlation is observed between the

diffusion coefficient of ferrocene and the concentration of dissolved gas, as could be expected

based upon the assumption that all gases increase the diffusion coefficient of ferrocene by

participating in charge screening within the RTIL.%*

6.2.4. Quantification of the activation energy of diffusion of ferrocene in the
presence of hydrogen

A heated Faraday cage was applied to vary the temperature of the system in order to study
ferrocene in [Comim][NTf;,] between 293 and 321 K. The inset of Figure 6.6(a) displays the
relative change in voltammetry over the range of temperatures. Chronoamperometry was also
recorded as a function of temperature, in order to quantify the diffusion coefficient of
ferrocene (inset of Figure 6.6(b)); this could not be achieved by monitoring the limiting
current obtained from the steady-state waves obtained in the cyclic voltammetry, due to the
volatilisation of ferrocene from the system during the time required for thermal equilibration
of the system (ca. 1 hr). The volatilisation of ferrocene from this RTIL has recently been

described in detail.*”*® Chronoamperometry was used to simultaneously obtain the diffusion
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Figure 6.6. (a) Arrhenius plot obtained by measuring the diffusion coefficient of
ferrocene at a range of temperature (293-321 K) using chronoamperometry in H,-
saturated [Comim][NTf;]. Inset is the corresponding voltammetry of ferrocene under
the same conditions. (b) Arrhenius plot obtained by measuring the diffusion
coefficient of ferrocene at a range of temperature (298-318 K) using
chronoamperometry in [Comim][NTf,] under vacuum. Inset is the corresponding
experimental chronoamperometry (solid) and Shoup-Szabo fitting (symbols) under
the same conditions.
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coefficient, D, and concentration, c, and the resulting Arrhenius plot of In(D) and 1/T is
shown in Figure 6.6(a), corresponding to a diffusion activation energy of ferrocene of 20.5 +
0.6 kJ mol™ in [Co,mim][NTf,] in the presence of H,. Figure 6.6(b) displays a similar plot for
data obtained in vacuo between 298 and 318 K for ferrocene in [Comim][NTf,]. The
corresponding diffusion activation energy of ferrocene was calculated to be 29.5 + 1.0 kJ
mol™, in excellent agreement with the previous literature values of 28.2 + 0.7 kJ mol™ *" and
29.0 + 0.5 kJ mol™ ?* obtained in the same RTIL.

As ferrocene is known to follow the Stokes-Einstein relation in conventional RTILs'* *° th

e
decrease in the activation energy of diffusion for ferrocene upon introduction of H, indicates
a significant decrease in the activation energy of viscosity occurred relative to that of the pure

RTIL (24.9 kJ mol™ %),

6.2.5 Voltammetry of hydrogen on a Pt microelectrode as a function of
temperature

Silvester et al. previously investigated the oxidation of H; at 298 K in ten H,-saturated
RTILs.™ # Chronoamperometry allowed the quantification of the diffusion coefficient of
dissolved H,, and a plot of the diffusion coefficient vs. literature values for the viscosity of
the pure RTILs did not display an obvious linear relationship, i.e. diffusion of H, was
independent of the (pure) solvent viscosity, and therefore deviated from the Stokes-Einstein
equation.’® Fukuta et al. have also reported an electrochemical investigation using three Ho-
saturated RTILs and reported similar observation.*® However, the results presented herein
have demonstrated that the presence of H, dissolved in [Comim][NTf,] changes the viscosity
of the RTIL relative to its viscosity when pure. The diffusion of H, in [Comim][NTf,] was
therefore investigated with reference to a suitable probe molecule (in this case ferrocene) in

H,-saturated [C,mim][NTf,] in order to evaluate the prior preliminary observation of non-

15 40
l. l.

Stokes Einstein transport behaviour of H, by Silvester et al.”™ and Fukuta et a
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The analysis of ferrocene could be conducted in the presence of H; by virtue of the poor
electrocatalytic ability of Au with respect to H, oxidation. Alternatively, platinum (Pt) is an
excellent substrate for the electrocatalytic oxidation of H,.*> % *! However, due to blocking
or adsorptive effects, activation is required in order to obtain reproducible results.* 2% 4
Figure 6.7(a) displays scans recorded for the oxidation of H; in H,-saturated [Comim][NTT;]
at a Pt microelectrode in the temperature range 294 to 308 K. On the forward sweep a poorly
resolved wave was observed before current dropped nearly to zero, corresponding to
adsorptive blocking of the Pt surface followed by Pt oxide formation.** On the reverse sweep
the Pt oxide is reduced, a pristine Pt surface is generated, and a significantly more resolved

15,29, 41
4152

H, oxidative wave was observe The voltammetry at this ‘activated’ Pt surface is now

representative of the dissolved H, concentration.**

Chronoamperometry was performed as a function of temperature using an ‘activated’ Pt

microelectrode (by oxidising for 10 s, as described in detail in references™ 2

) in order to
determine the diffusion coefficient, D, of H, and is shown in Figure 6.7 (b). The obtained
concentration ¢ and D values as a function of temperature are shown in Table 6.2. The ¢ was
found to decrease with temperature, contrary to the observations of Fukuta et al.,*° but in

agreement with the observations of Jacquemin et al.*

as well as the generally observed trends
for other dissolved gases in RTILs.3* * The ¢ of H, in [Comim][NTf,] at 298 K was 4.43 mM,
similar to the literature values (4.2, 5.5, and ca. 7.2%* mM) reported for the same RTIL. An
Arrhenius plot of In(D) vs. 1/T (Figure 6.7(c)) was generated which gave the diffusion
activation energy of H, as 13.7 + 0.3 kJ mol™ in H,-saturated [C,mim][NTf,]. This value is

significantly lower than the activation energy of diffusion for ferrocene (20.5 kJ mol™) under

the same conditions.
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Figure 6.7. (a) Cyclic voltammetry for the oxidation of H; in H,-saturated
[Comim][NTf,] at a Pt microelectrode (radius 5.2 pm) and 100 mV s in the temperature
range 298-318 K, (b) the corresponding experimental chronoamperometry (solid) and
Shoup-Szabo fitting (symbols) under the same conditions, and (c) Arrhenius plot
obtained by measuring the diffusion coefficient of H, by chronoamperometry in the

temperature range 294-308 K.

Table 2 Concentration and diffusion coefficient of dissolved H,

in H,-saturated

[Comim][NTf,], obtained as a function of temperature by chronoamperometry.

Temperature / Concentration of H, / Dy+ /
(+0.1) K (+ 0.05) mM (+0.1) x10* m? s
294.1 4.53 5.5
298.1 4.43 5.9
301.1 4.25 6.2
304.1 4.13 6.6
308.1 3.99 7.0
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Given that ferrocene can be considered a reasonable measure of Stokes-Einstein type
diffusion, the significant difference in activation energies between ferrocene and H, supports
the preliminary claim *° that H, deviates from the Stokes-Einstein relationship in RTILs. The
small size of the dissolved H, molecules results in H, occupying the holes in the RTILs, with
the result that (i) the H, molecule deviates from the Stokes-Einstein equation and experiences
rapid and facile diffusion, and (ii) Coulombic interactions are decreased to some extent,
decreasing viscosity and facilitating diffusion of other solutes. Therefore H, possesses a
diffusion coefficient in RTILs which is a factor of ten faster than conventional solutes (such
as H" and ferrocene), while also accelerating mass transport of other solutes by up to 20 %
under standard conditions (with even more drastic changes anticipated at elevated
temperature and pressures). This must therefore be considered in fundamental
thermodynamic and physiochemical investigations, (electrochemical) gas sensors based upon

RTILs and during kinetic analysis of the many chemical reactions that utilise H; gas.”

6.3 Conclusions
It has been demonstrated that when the RTIL [Comim][NTf;] is saturated with H; there is a

significant decrease in the viscosity of the solution. This results in an increase in the
diffusivity of the solutes H[NTf,] and ferrocene, as characterised by increases in their
diffusion coefficients and a decrease in the activation energy of diffusion (E, for ferrocene =
29.5 + 1.0 kJ mol™ in [C,mim][NTf,] under vacuum, E, = 20.5 + 0.6 kJ mol™ in H,-saturated
[Comim][NTHf,]). This effect is more pronounced at elevated temperatures. The diffusion of
H, was also analysed in detail, with the activation energy of diffusion (E, = 13.7 £ 0.3 kJ
mol™ in H,-saturated [C,mim][NTf,]) being found to be significantly lower than that of the
typical probe molecule ferrocene under the same conditions, hence confirming the non-
Stokes-Einstein behaviour of dissolved H, in RTILs. These observations are attributed to H,

dissolving into the interstices or holes inherent in the RTIL structure, whereby diffusion is
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more facile, and the H, results in reduced Coulombic interactions with a concurrent net

reduction in RTIL viscosity.
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Chapter 7 The Hydrogen Evolution Reaction in a Room
Temperature lonic Liquid: Mechanism and Electrocatalyst

Trends

In this Chapter, the kinetics and mechanism of the proton reduction reaction in the room
temperature ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([Camim] [NTH,]) is studied at gold, molybdenum, nickel, titanium and platinum electrodes.
Significant differences in electrochemical rate constants were observed between the different
metals and with the corresponding processes in aqueous solution. The hydrogen evolution
mechanism was consistent at all five metals in the ionic liquid, in stark contrast to the known
behaviour in aqueous systems. This work has been carried out with the collaboration of Dr.
Leigh Aldous and D.Phil candidate Mr. Stephen R. Belding and has been published in the
Journal of Physical Chemistry Chemistry Physics.* The computer program of cyclic

voltammetry simulation was written by Mr. Belding.

7.1 Introduction

The proton reduction mechanism to form dihydrogen (H* to H,) is of extensive fundamental
importance, and has been the subject of a vast number of studies, predominately in aqueous
solution.>* In electrochemistry the H*/H, redox couple forms the basis of fundamental
reference scales, such as the standard hydrogen electrode (SHE)® and the reversible hydrogen
electrode (RHE).® Generally the proton reduction is site specific whether in enzymes’ or, as
in electrochemistry, on bulk metals such as Fe or Pt,? and the nature of the site determines the
rate of reaction. Accordingly the proton reduction reaction is exquisitely sensitive to the
chemical nature of the electrode in general, and to the exact reaction site (of H-atom
adsorption) in particular. Different metal surfaces therefore show very different levels of

electrocatalysis towards the proton reduction reaction.
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One measurement of the rate of ‘electrocatalysis’ of the hydrogen evolution reaction (HER)
at an electrode surface is the exchange current density (jo),” and which has been observed in
aqueous solutions to cover several orders of magnitude from ‘poor’ electrocatalysts such as
Hg and Pb to ‘good’ electrocatalysts such as Pt.” Another (related) measure which is more
widely employed across electrochemical studies in general is the standard electrochemical
rate constant, k°, a measure of the rate of electron transfer at the formal potential of the redox

couple, E.2

Tafel plots can be used to derive mechanistic information from multistep electrochemical
processes,” and in strongly acidic solution three mechanisms are widespread in the hydrogen
evolution reaction. The VVolmer reaction constitutes the first step (equation (7.1)) followed by

either dimerisation of adsorbed hydrogen atoms by the Tafel reaction (equation (7.2)) or by

the electrochemical Heyrovsky reaction (equation (7.3)).% > 8
H"+e > H, (7.1)
2Hads —> H2 (72)
H,+H +e > H, (7.3)

It has been observed that for certain metals in acidic aqueous solution (i.e. Pt, Au, Mo), M-H
formation by reduction of H" is facile, Hags migration is relatively slow, and subsequently the
Heyrovsky reaction is the primary mechanism for H, discharge. Tafel plots in these systems
yield an observed transfer coefficient, o, of 1.5.2 % ? For other metals (i.e. Ni, Fe, Hg) the

formation of the Hygs is the rate limiting step and o= 0.5 is observed.?®°

Despite its importance, both fundamentally in terms of electrode kinetics and application in
areas such as synthetic hydrogenation and dihydrogen gas sensing, the kinetics of proton

reduction in room temperature ionic liquids are essentially unexplored. lonic liquids are
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composed nearly entirely of ions, possess melting points below 373 K and inherent ionic
conductivity, and have numerous applications with respect to electrochemistry and other
areas,'® although significant fundamental knowledge is still lacking, as exemplified by the

lack of a standard reference scale based upon a hydrogen-based reference electrode.

Studies have investigated proton reduction in ionic liquids, such as studies of H[NTf,] at
various electrodes.”™™ The oxidation of hydrogen has also been investigated.® ***" The
thermodynamics of proton reduction and hydrogen oxidation have also been recently
investigated in a sub-family of ionic liquids; protic ionic liquids.® However, the kinetics and
mechanism of proton reduction have not received detailed investigation. This is despite ionic
liquids having been demonstrated to accelerate the rate of hydrogen evolution by ammonia
borane dehydrogenation,*® and act as efficient electrolytes for hydrogen evolution via water

electrolysis.* %

In this chapter the proton reduction reaction (or hydrogen evolution reaction) has been
investigated in detail at five different electrocatalytic metals, platinum, gold, molybdenum,
nickel and titanium, in the room temperature ionic liquid [Comim][NTf,]. Careful and
detailed investigation of the H*/H, redox couple at platinum gave a reference potential
of -0.078 + 0.004 V vs. Fc / Fc* (298 K). Using this reference point, quantitative analysis of
proton reduction kinetics is performed in an ionic liquid for the first time. Both mechanism
and kinetics of the process are investigated, and compared and contrasted with the existing

literature available for aqueous systems.

7.2. Results & Discussion

7.2.1 The Ag/Ag™ reference couple in [Comim][NTf,]

In order to quantitatively explore the kinetics and mechanism of the reduction of H[NTT;]

across a range of electrode materials, it was necessary to first develop a stable reference
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electrode. In situ redox probes such as ferrocene®* were found to react with H[NT,], various
other common aprotic reference couples such as TMPD? would likely have undergone
protonation leading to chemical instability in the media of interest, while the cobaltocenium
reduction wave® overlapped with the voltammetric features of interest. A micro-Ag/Ag*
reference electrode was therefore developed that could be incorporated into existing
experimental equipment® designed for rigorously thermostated experiments performed in
vacuo on the pL scale, thus ensuring the removal of adventitious gases and moisture.?®> Huber
and Roling recently described a micro-Ag/Ag* reference electrode for ionic liquid studies,®
while the reference electrode employed in this study was constructed of different material.
The reference electrode consisted of a Ag wire immersed in [Comim][NTf;] containing 10
mM Ag[OTf] and yielded a stable reference potential for > 1 week; the full preparation

details of this reference electrode are included in the Section 3.4.

The Ag/Ag reference electrode was frequently compared with the ferrocene/ferrocenium (Fc /
Fc*) redox couple in [Comim][NTf,]. The Ey, potential was identified by cyclic voltammetry,
and after careful correction®’ to account of the known non-equal diffusion coefficients

between Fc and Fc*™ % the E{° of ferrocene in [Cmim][NTf,] was found to be -0.273 + 0.003

V (vs. Ag/ Ag*, Ag" = 10 mM Ag[OTf]) at 298 K.

7.2.2 Proton reduction in [Comim][NTTf,]

The proton reduction feature has previously been semi-quantitatively investigated in
[Camim][NTH,] (n = 2, 4) ILs at Au,™* Pt,*" 215 pd™® 14 and GC'! electrodes. The present
study seeks to perform a quantitative investigation of the proton reduction feature at five
microelectrodes consisting of metals with varying electrocatalytic ability with respect to the

hydrogen evolution reaction, as previously investigated in depth in aqueous systems.? %8

Figure 7.1 displays the cyclic voltammetry of solutions of H[NTT;] in [Comim][NTf] (in

vacuo, 298 + 0.5 K) at platinum, molybdenum, gold, nickel and titanium microelectrodes
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Figure 7.1 Normalised cyclic voltammograms recorded for H[NTf;] reduction in
[Comim][NTf,] at 400mV s on a range of electrode metals. Experiments were
performed on multiple H[NTT;] concentrations between 12 and 95 mM; full data
available in the appendix 7.4.

recorded at 400 mV s vs. Ag/Ag" reference electrode. The data has been normalised with
respect to the calibrated electrode surface area and the precise experimentally determined
28, 29

H[NTT;] concentration (by chronoamperometry followed by Shoup & Szabo simulation,

as outlined in the section3.5.2).

Pt displayed quasi-reversible voltammetry, with the oxidation of H; clearly observed on the
reverse sweep, while the other metals demonstrated irreversible proton reduction. Figure 7.2
displays overlaid scan rate studies for Pt and Mo to highlight the difference responses, while
the raw data for Ti, Mo, Ni, Pt and Mo over a range of scan rates can be found in the

appendix to this chapter.
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Figure.7.2 Scan rate studies recorded for (left) 95mM H[NTf,] in [Comim][NTf;] ata 13 mm
diameter Mo microelectrode, and (right) 75mM H[NTT;] in [Comim][NTf,] at a 10 mm diameter
Pt microelectrode.
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Figure. 7.3 Data for 95 mM H[NTf;] in [Comim][NTf,] at a 10 mm diameter Mo
microelectrode, displaying (left) experimental chronoamperogram (-) and
simulated data using the Shoup & Szabo equation®® (0), and (right) a mass-
transport corrected Tafel plot,* where individual experimental data points are
represented by O.

Chronoamperometric experiments were performed at all five electrodes and simulated using
the Shoup and Szabo equation.* *>1%28-2% Eigure 7.3(a) displays the chronoamperometric

transients recorded at Mo, as well as the resulting Shoup and Szabo simulated data; the

143



diffusion coefficient of H[NTf,] in [Comim][NTf,] was found to be 2.5 (+ 0.1) x 10 m*s™

12,16

at all five metals, in agreement with the literature, while the diffusion coefficient of H; in

[Comim][NT¥.] has previously been reported to be 5.5 (+ 0.1) x 109 m?s™.*?

Mass-transport corrected Tafel plots® were obtained for all metals, and transfer coefficient ()
values were found to be between 0.2 and 0.5. Figure 7.3(b) displays the mass-transport
corrected Tafel plot obtained at Mo, while the a values for all five metals have been
summarised in Table 7.1. The a < 0.5 values indicate that the first electron transfer is rate
limiting at all five metal surfaces in the IL,% in stark contrast to aqueous solution, where the
observed a values for Au, Mo and Pt are 1.3, 1.5 and 1.5, respectively.? Therefore in aqueous
solution the hydrogen evolution reaction is anticipated to occur at Au, Mo and Pt by the
Heyrovsky reaction, while in the IL the limiting step in H; evolution at all metals is the

Volmer reaction.

The Ej/, values at the five metals are spread over a range in excess of a volt, indicating that
that the electrocatalytic nature of the substrate is highly influential, and also that a solution-
phase dissociation step of H[NTT,] is unlikely to be a limiting factor in comparison. The
adsorption energetics are therefore likely responsible for the observed change in hydrogen
evolution mechanism when moving from strongly acidic agueous solution to strong acidic

ionic liquid solution.

7.2.3 Referencing the Ag / Ag” couple to the H, / H* couple

The voltammetry at all of the metals contains kinetic information. In order to extract this the
quasi-reversible voltammetry of the Ho/H[NTT,] redox couple at Pt was investigated in more
detail so as to quantify the E¢ of this couple in [C,mim][NTf,] and allow determination of the

standard electrochemical rate constant (kc°) on platinum.

144



Current / nA

1

A, O L O O . 5 LA 0 O, 0 [ A, IO,
-1.00-0.75-0.50-0.25 0.00 0.25 -1.00-0.75-0.50-0.25 0.00 0.25

I 1 1

Potential V vs Ag / Ag”

Figure 7.4 Cyclic voltammetry experimental data (-) and optimised of simulated
curve (0) for 75 mM H[NTT;] (left) and 4.55 mM H; hydrogen (right) on a 10 um Pt
electrode in [C,mim][NTf,] at 400 mV s™.The line indicates start potential and
arrows indicate scan direction.

11, 12,15 6,12, 15-17

As the proton reduction and hydrogen oxidation mechanisms in ILs occur at
different potentials and so do not necessarily have a common transition state, the proton
reduction and hydrogen oxidation processes were initially investigated separately and

simulated in order to give kinetic and mechanistic data.

Figure 7.4(a) displays a CV recorded at a Pt microelectrode in [Comim][NTf;] containing 75
mM H[NTT;], while Figure 7.4(b) displays a CV recorded in H,-saturated [Comim][NTf,] (H.
concentration = 4.55 mM). Despite significantly different concentrations, the H[NTT;]
reduction wave in Figure 7.4(a) and hydrogen oxidation wave in Figure 7.4(b) are of a similar
magnitude. In addition the H, oxidation peak in Figure 7.4(a) is relatively small and the H”

reduction peak in Figure 7.4(b) is relatively large. These features relate to the order of
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magnitude difference in the H[NTf,] and H; diffusion coefficients, and emphasises the need

for full simulation in order to accurately pinpoint the E;° value for the couple.

Simulation was performed for the data displayed in Figures 7.4(a) and (b) (as well as a wide
range of scan rates) using the computational model outlined in Section 2.8, in order to obtain
the physical parameters corresponding to the cathodic (equation (7.4)) and anodic (equation

(7.5)) processes.

. . F
j=Kk[H ]exp(—i—T(E—E?,c»

aFE] aFE

=k exp( T )[H+]EXD(—F) (7.4)
- aFE
=k.[H ]eXp(—?)

j= k;’[Hzlexp({;—?E— E°,)

BFE.

=k; exp(—
2 P

)[HAexp(%) (75)

. PFE
=k,[H,]exp(——
alHJexp(T—
The concentration values, diffusion coefficients and o and B values were kept within 5 % of
the values determined by chronoamperometry and Tafel plots, with only k'; and k', varied in

order to obtain the best fit. The best fit simulation data is overlaid in Figure 7.4, and the

obtained physical parameters have been collected in Table 7.2.

A further six experiments were performed in [Comim][NTf,]; three experiments containing a

fixed concentration of H, with three different concentrations of H[NTf,], and three
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Table 7.1 Electrochemical parameters for the hydrogen evolution reaction in
HINTT,])/[Comim][NTf,] at a range of different electrode metals

D(HnTr2) D(H2) Radius a Ef ke’
(cm?s™) (cm?s™) (cm) (V vs. Ag/Agh) (cms™)
Pt 25x10"7 | 55x10° [525%x10"| 05 | -0.338(+0.004) | 1.3x10°

Mo 25x10" | 55x10° | 65x10" | 0.3 | -0.338(+0.004) | 5x10°

Au 25x107 | 55x10° | 46x10" | 0.35 | -0.338 (£0.004) | 1.7 x 10"

Ni 25x107 | 55%x10° | 5x10° | 0.35 | -0.338 (£0.004) | 1.3x10”

Ti 25x107 | 55x10° | 25x10° | 0.2 | -0.338(+0.004) | 2.6x10°

Table 7.2 Parameters used in the cyclic voltammetric simulation for proton reduction and
hydrogen oxidation (Figure 7.4) on Pt in [Comim][NTf;]

Cathodic reaction Anodic reaction
C (mM) 75 9.1
k' (cms™) 4x10° 6.5x10”
a 0.5 -
B - 0.5

12] =i
10{ @ = 0] ®
84 8
< 61
c < 81
~ 44 = 4
] - S
= (2) ....... . o .
© 4] === w=9.1mM, C,;,,=60mM 3 . C,,=4.55mM, C,,_=32mM
— = = C,=9.1mM, C,.=32mM -2 p= —C,=3.35mM,C__ =32mM
-6 1 I - +C,,=9.1mM, C,,,,,=6.2mM 4] - C,=1.3mM, C,,,=32mM
8]
— T — T T T T -6 T T 1 T T T
-10 08 -06 -04 -02 00 0.2 -0 -08 -06 -04 -02 00 0.2
. + R +
Potential V vs Ag/Ag Potential V vs Ag/Ag

Figure. 7.5 Proton reduction and hydrogen oxidation at a Pt microelectode (10 mm
diameter) at 400 mV s, (a) for a range of concentrations of H[NTf,] (60, 32 and 6.2 mM)
in the presence of a fixed concentration of H, (4.55 mM), and (b) for a range of
concentrations of H, (4.55, 3.35 and 1.3 mM) in the presence of a fixed concentration of
H[NTf;] (36 mM). The line indicates start potential and arrows indicate scan direction.



experiments containing a fixed concentration of H[NTT;] with three different concentrations
of H,. The resulting data at one scan rate is displayed in Figure 7.5. The influence of H,
concentration of the viscosity of [Comim][NTf;,] (and therefore H[NTT,] diffusion
coefficient)*? was accounted for throughout. Due to the order of magnitude discrepancy in
diffusion coefficients between H, and HNTT,, H, oxidation resulted in accumulation of
H[NTT,] near the electrode surface (cf. Fig 7.4). Scans were therefore started at -0.6 V and
scanned anodically, as this was found to result in the minimum initial disruption to the

concentration gradient at the surface of the electrode at the starting of the scan.

In these systems the current density, j, close to the formal potential can be expressed by the

Butler-Volmer equation,

j=K[H* ]exp(—ﬁ) K[H, ]exp(ﬁ) (7.6)

where k', k'a o and B (Table 7.2) were obtained from the separate investigations on H[NTf;]
and H, described above, while the various concentrations of H[NTf,] and H, were determined
accurately by chronoamperometry. When j = 0 then E is equal to the equilibrium potential, Ee,

and the E, can be related to the formal potential, E, by the Nernst Equation, (7.7),

E, = B0+ i)
[H, ]

(7.7)

where [H*] and [H,] are already known. Although the kinetics of equation (7.4) were found
to operate within +4mV of E¢, consistency with equation (7.5) would require them to alter at
a potential closer to E. However, from the obtained data six E{ values were calculated from
the six different experiments, and the E{° of the Ho/H[NTf,] redox couple at Pt was found to
be -0.338 + 0.004 V vs. Ag/Ag" (or -0.065 + 0.004 V at 298 K vs. Fc / Fc') in all six

experiments.
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7.2.4 Simulation of the proton reduction features with respect to the Hy/H*
couple

Using the obtained E{° value for the Ho/H" couple, the voltammetry recorded for H[NT,] at
Pt, Au, Ni, Mo and Ti electrodes were simulated using the same program used previously to
simulate the proton reduction feature at Pt. All physical parameters were experimentally
determined and fixed, and only k’ varied in order to obtain a fit. This was successful for all
metals, over a range of scan rates and concentrations, and the resulting simulation is overlaid
with the experimental results in Figure 7.6. It should be noted that concentration studies were
performed at several of the metals, and it was determined that the mechanism presented in the
Theory section was applicable over a wide range of concentrations, highlighting that the
proton reduction process was first order as opposed to alternative mechanisms such as second

order reduction pathways.

o
1

Current density / pAcm™ M
On
o

-100 -

20 15 -10 -05 00 05
Potential V vs H, / H*

Figure 7.6 Normalised voltammetry, comparing the experiment data (—) and
optimised simulation data (o) for H[NTT;] reduction in [Comim][NTf,] at 400
mV s on a range of electrode metals.
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Figure. 7.7 Plot of the k° values obtained in this work for the reduction of H[NTf,] in
[Comim][NTf,] at five electrode materials, in comparison with the jo values for
hydrogen evolution from acidic aqueous solution at the same metals. The jo values
were taken from reference.” The best fit linear plot has been included to guide the
eye.
From the simulation the rate constant of proton reduction (k) was obtained, and it was
instructive to compare this value with the known hydrogen evolution reaction trends in

aqueous systems.”* Figure 7.7 displays a plot of the obtained k° values for the five metals in

[C,mim][NTf,] vs. the exchange current densities, jo, reported for aqueous systems.*

Despite the mechanism for hydrogen evolution from the five metals in [Comim][NTf;]
differing in mechanism from those reported in aqueous systems (as discussed in Section
7.4.2), the electrocatalytic trends follow approximately the same order in both systems. It is
noted that if Pt, Au and Ti are taken as centre-points of a linear trend, then Ni displays
relatively sluggish hydrogen evolution kinetics in [Comim][NTf,], while Mo displays
relatively fast hydrogen evolution kinetics. It is noted that de Souza et al. have previously
highlighted that Mo is more effective for hydrogen evolution by water electrolysis in the

presence of 10 % v/v [C,mim][BF.] than Pt.* Although our results for H[NTf,] in dry
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[Comim][NTf;] highlight Mo is relatively more effective than expected when extrapolated
from classical aqueous solutions, our observations demonstrate Pt to be by far the most active

metal for hydrogen evolution from H[NTf,].

7.3. Conclusions

Electrochemical proton reduction to form dihydrogen has been quantitatively investigated
over a range of different metals in an ionic liquid for the first time. Using H[NTf,] as the
proton source, careful analysis of proton reduction and H, oxidation at platinum in the ionic
liquid [Comim][NTf,] allowed the formal potential of the H*/H, redox couple in this ionic
liquid to be quantified as -0.065 + 0.004 V at 298 K vs. Fc / Fc" (or -0.338 + 0.004 V vs.

Ag/AgH).

Using this formal potential value, the standard electrochemical rate constant for proton
reduction was determined at platinum, gold, molybdenum, titanium and nickel. Comparison
with the known values from aqueous systems indicated approximately similar trends in
electrocatalytic tendencies towards the hydrogen evolution reaction, although nickel and
molybdenum were outliers, with the kinetics at nickel slower than might be expected in the
ionic liquid, while molybdenum was faster, in partial agreement with prior work performed in

water/ionic liquid mixtures.

Interestingly, on moving to the ionic liquid system the hydrogen evolution reaction
mechanism at the metal surfaces were observed to change from those demonstrated by
previous studies in aqueous systems. platinum, gold and molybdenum are known to evolve
hydrogen by the Heyrovsky reaction in acidic aqueous solution, while the VVolmer reaction

was the rate limiting step at all five investigated metals in [Comim][NTf,].
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7.4 Appendix- Simulated voltammograms
The details of voltammetry over a range of H[NTf,] concentration, metals and scan rate

studies (Experiment data (-) and optimization of theoretical curve (0)) vs Ag/Ag” reference
redox couple

7.4.1. H[NTTf,] reduction only on Pt electrode in [Comim][NTTf,]

v=100, 400, 800mV s™ 1v=100 mv s*
B E=-0.335V
E=-0.335V 0p,=2.5e-11 m?s™
D.=2.5e-7 cm?s™ < 4 [p5setom’s?
€ “e,=r5mm
D,=5.5e-6 cm®s™ =, k=te6ms’
GC) r=5.25e-6m
C.=75mM E 3je06
S .31
k’:=4e-4 cm s™ © ]
r=5.25e-4 cm 5
(1:05 T T T T T T T
12 -1.0 08 -06 -04 -02 00 02
Potential V vs Ag/Ag”
v=400 mV s
14E-0335v
04D,=2.5e-11 m’s™
D,=5.5e-10 m’s™
“14c,=75mm
<C .o lk=4e-bms’
E r=5.25¢-6m
= -30=0.6
O -4
5 51
O 4l
-7
-12 -10 -08 -06 -04 -02 00 02 04
Potential V vs Ag / Ag*
2 9=800 mv s*
E=-0.335V

0 JP.=2.5e-11 m’s™
D,=5.5e-10 m’s™
C,=75mM

Current/ nA

-1.2 -1I.O -OI.8 -d.6 -d.4 -OI.2 010 012 Oj4
Potential V vs Ag / Ag”
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7.4.2. Hydrogen oxidation only on Pt electrode in [Comim][NTT;]

Current / nA

Current / nA

v=100, 400, 800mV s*
Ef=-0.335V

E=-0.335V
104D,=2.8e-11m"s™
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5
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r=5.25e-4 cm
B:O.S -1.0
v=400mV s™ -
10 - E'=—0.335V 35

D,=2.8e-11m’s™
D,=5.5e-10m"s™

k.=6.5e-5m s™
r=5.25e-6m

05 00
Potential V vs. Ag/ Ag

-1.0 -0.5

Potential V vs Ag / Ag"

0.0

@@
= s
2 1 my»»»)»)))»))))»))»)))55;')'5557)’)»)))):)»))))»»))))
D,=2.8e-11m"s

D,=5.5e-10m"s™

-0.5 0.0
Potential V vs Ag / Ag”
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7.4.3 H[NTTf,] concentration study on gold in [Comim][NTf;])
(@). 89mM H[NTTf,] on gold in [Comim][NTf,])

Au

Scan rate: 100mV/s
Potential window (V): (-1.45,
0.25)

D (HNTf2): 2.5e-7 cm?s™*
D (H,): 5.5e-6 cm?s™

I au: 4.6e-4 cm

o: 0.35

k°:1.7e-7cms?

C: 89 mM

Ef:-0.338V

Al

Scan rate: 400mV/s
Potential window (V): (-1.45,
0.25)

D (HNTf2): 2.5e-7 cm?s™*
D (H,): 5.5e-6 cm?s™

r au. 4.6e-4 cm

o: 0.35

k% 1.7e-7cm s

C: 89 mM

Ef:-0.338V

Au

Scan rate: 1V/s

Potential window (V): (-1.45,
0.25)

D (HNTf2): 2.5e-7 cm?s™
D (H,): 5.5e-6 cm?s™

r au. 4.6e-4 cm

o: 0.35

k% 1.7e-7cm s

C: 89 mM

Ef:-0.338 V

Current / nA

Current / nA

Current / nA
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(b). 33mM H[NTT,] on gold in [Comim][NTf,])

AU
Scan rate: 100mV/s

Potential window (V): (-1.55, 0.25)

D (HNTf2): 2.5e-7 cm?s™*
D (H,): 5.5e-6 cm?s™

I au: 4.6e-4 cm

o: 0.35

k°:1.7e-7cms?
C:33mM

Ef:-0.338V

Au

Scan rate: 400mV/s
Potential window (V): (-1.55,
0.25)

D (HNTf2): 2.5e-7 cm?s™
D (H,): 5.5e-6 cm?s™

I au: 4.6e-4 cm

o: 0.35

k°:1.7e-7cms?
C:33mM

Ef:-0.338 V

Au

Scan rate: 800mV/s
Potential window (V): (-1.55,
0.25)

D (HNTf2): 2.5e-7 cm?s™
D (H,): 5.5e-6 cm?s™

I au: 4.6e-4 cm

o: 0.35

k% 1.7e-7 cm s
C:33mM

Ef:-0.338 V

Current / nA

Current / nA

Current / nA
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(c). 12mM H[NTTf,] on gold in [Comim][NTf,])

Au

Scan rate: 100mV/s
Potential window (V): (-1.55,
0.25)

D (HNTf2): 2.5e-7 cm?s™*
D (H,): 5.5e-6 cm?s™

I au: 4.6e-4 cm

o: 0.35

k% 1.7e-7 cm s
C:12mM

Ef:-0.338V

Al

Scan rate: 400mV/s
Potential window (V): (-1.55,
0.25)

D (HNTf2): 2.5e-7 cm?s™*
D (H,): 5.5e-6 cm?s™

r au. 4.6e-4 cm

o: 0.35

k°:1.7e-7cms?
C:12mM

Ef:-0.338V

Au

Scan rate: 800mV/s

Potential window (V): (-1.55, 0.25)
D (HNTf2): 2.5e-7 cm?s™

D (H,): 5.5e-6 cm?s™

r au. 4.6e-4 cm

o: 0.35

k°:1.7e-7cms?

C:12mM

Ef: -0.338 V

Current / nA

Current / nA
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7.4.4 H[NTT,] concentration study on molybdenum in [Comim][NTf;])

(@). 95mM H[NTTf,] on molybdenum in [Comim][NTf,])

Mo

Scan rate: 25mV/s

Potential window (V): (-1.2, 1)
D (HNTf2): 2.5e-7 cm?s™*

D (H,): 5.5e-6 cm?s™

I mo: 6.56-4 cm

a: 0.35

k°:5e-6 cms™

C:95mM

Ef:-0.338V

Mo

Scan rate: 100mV/s

Potential window (V): (-1.2, 1)
D (HNTf2): 2.5e-7 cm?s™

D (H,): 5.5e-6 cm?s™

I mo: 6.56-4 cm

a: 0.35

k°: 5e-6 cms™

C:95mM

Ef:-0.338V

Mo

Scan rate: 400mV/s

Potential window (V): (-1.2, 1)
D (HNTf2): 2.5e-7 cm?s™

D (H,): 5.5e-6 cm?s™

I mo: 6.56-4 cm

o: 0.35

k°: 5e-6 cms™

C:95mM

Ef:-0.338V

Mo

Scan rate: 800mV/s

Potential window (V): (-1.2, 1)
D (HNTf2): 2.5e-7 cm?s™

D (H,): 5.5e-6 cm?s™

I mo: 6.56-4 cm

a: 0.35

k°: 5e-6 cm s

C: 95 mM

Ef:-0.338V

Current / nA
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(b) 30mM H[NTf,] on molybdenum in [Comim][NTf,])

Mo

Scan rate: 25mV/s

Potential window (V): (-1.5, 1)
D (HNTf2): 2.5e-7 cm?s™*

D (H,): 5.5e-6 cm?s™

I mo: 6.56-4 cm

a: 0.35

k°: 5e-6 cms™

C:30 mM

Ef:-0.338V

Mo

Scan rate: 100mV/s

Potential window (V): (-1.5, 1)
D (HNTf2): 2.5e-7 cm?s™*

D (H,): 5.5e-6 cm?s™

I mo: 6.56-4 cm

o: 0.35

k°: 5e-6 cm st

C:30 mM

Es: -0.338 V

Mo

Scan rate: 400mV/s

Potential window (V): (-1.5, 1)
D (HNTf2): 2.5e-7 cm?s™

D (H,): 5.5e-6 cm?s™

I mo: 6.56-4 cm

o: 0.35

k°: 5e-6 cms™

C:30 mM

Ef:-0.338V

Mo

Scan rate: 800mV/s

Potential window (V): (-1.2, 1)
D (HNTf2): 2.5e-7 cm?s™

D (H,): 5.5e-6 cm?s™

I mo: 5€-4 cm

o: 0.35

k°:6.5e-6 cm s

C:30 mM

Es -0.338 V

Current / nA
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(c). 19mM H[NTf,] on molybdenum in [Comim][NTf,])

Mo

Scan rate: 25mV/s

Potential window (V): (-1.5, 1)
D (HNTf2): 2.5e-7 cm?s™

D (H,): 5.5e-6 cm?s™

I mo: 6.56-4 cm

a: 0.35

k°: 5e-6 cms™

C:19mM

Ef:-0.338V

Mo

Scan rate: 100mV/s

Potential window (V): (-1.5, 1)
D (HNTf2): 2.5e-7 cm?s™

D (H,): 5.5e-6 cm?s™

I mo: 6.56-4 cm

o: 0.35

k°: 5e-6 cm s™

C:19mM

Ef:-0.338 V

Mo

Scan rate: 400mV/s

Potential window (V): (-1.5, 1)
D (HNTf2): 2.5e-7 cm?s™*

D (H,): 5.5e-6 cm?s™

I mo: 6.56-4 cm

o: 0.35

k°: 5e-6 cm s™

C:19mM

Ef:-0.338V

Mo

Scan rate: 800mV/s

Potential window (V): (-1.5, 1)
D (HNTf2): 2.5e-7 cm?s™

D (H,): 5.5e-6 cm?s™

I mo: 6.56-4 cm

o: 0.35

k°: 5e-6 cm s™

C:19mM

Ef:-0.338 V
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7.4.5. Scan rate study of H[NTT,] reduction on Nickel in [Comim][NTf,])

Ni 101
[ 5]
Scan rate: 100mV/s o]
Potential window (V): (-1.35, - 10
0.5) T 15
D (HNTf2): 2.5¢-7 cm®s™ = 2
D (H.): 5.5e-6 cm?s™ S 30
r ni: 56-3 cm S 351
a: 0.35 © 40
k°:1.3e-7cms? 50
C: 24 mM -551
Er:-0.338 V 4 ds 12 11 10 09 08 07 06 05
Potential V vs H, / H'
20 -
Ni 0
Scan rate: 200mV/s <
Potential window (V): (-1.35, £ 20 -
-0.5) c
D (HNTf2): 2.5e-7 cm’s™ L 0l
D (Hy): 5.5e-6 cm?s™ >
i @)
I nic 5e-3 ¢cm 60-
o: 0.35
k°:1.3e-7cms?
C: 24 mM 801
Er:-0.338 V 14 12 -10 08 06 -04
Potential V vs H, / H'
i 20
| 104
Scan rate: 400mV/s 01
Potential window (V): (-1.35, - < :;8:
0.5) £ 30]
D (HNTf2): 2.5e-7 cm?s™ 2 40
D (Ho): 5.5e-6 cm’s™ £ 50
r nic 56-3 cm 3 o
a: 0.35 -804
k°:1.3e-7cms? -90
C: 24 mM igg
Ef:-0.338V 14 13 -1.2 -11 -10 -09 -0.8 -0.7 -06

Potential V vs H, / H

160



Ni

Scan rate: 600mV/s
Potential window (V): (-1.35,
0.5)

D (HNTf2): 2.5e-7 cm?s™
D (H,): 5.5e-6 cm?s™

I ni- 5e-3cm

o: 0.35

k°:1.3e-7cms?
C:24mM

Ef:-0.338 V

Ni

Scan rate: 800mV/s
Potential window (V): (-1.35,
0.5)

D (HNTf2): 2.5e-7 cm?s™*
D (H,): 5.5e-6 cm?s™

I ni- 5e-3cm

o: 0.35

k°:1.3e-7cms?

C.24 mM

Ef:-0.338V

Current / nA

Current / nA

204
04
=204
-40 1
-60 1
-804
-100

-120

-140

@@}

-1.6

40
20
0-
.20
.40
-60
-80
-100 +
-120 +
-140 ~

-160

14 12 -1.0 -08 -06 -04
Potential V vs H, / H

14 12 1.0 08 06 -04
Potential V vs H, / H

161



7.4.6. Scan rate study of H[NTT,] reduction on Titanium in [Comim][NTf,])
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Chapter 8 The Formal Potentials and Electrode Kinetics of the
Proton / Hydrogen Couple in Various Room Temperature lonic
Liquids

In this chapter, the hydrogen evolution reaction is quantitatively investigated at a Pt electrode
in series of room temperature ionic liquids vs Ag / Ag* redox couple, The measured formal
potentials of the H, / H (HNTf,) redox couple in each RTIL reveals a dependence on the
nature of anion, suggesting significant interaction between proton and anion. This work
presented in this chapter was carried out with the assistance of Dr. Leigh Aldous and has
been published in the Journal of Chemical Communications.* The theoretical models used
including the programs for chronoamperometry and cyclic voltammetry simulation were

reported in chapter 7,2 and were written by D.Phil candidate Mr. Stephen R. Belding.

8.1 Introduction

Room temperature ionic liquids (RTILS) exist in the liquid state near room temperature, and
are composed entirely of cations and anions. They have several characteristic properties, such
as low volatility, high thermal stability, wide electrochemical potential windows and intrinsic
conductivity,® * and RTILs are the subject of intense investigation relating to a vast number
of fields such as gas sensors,” green synthesis and catalysis®, electrodeposition,’ batteries,?

solar cells,® etc.

The high viscosity characteristic of the vast majority of RTILs results in a slowing down the
mass diffusional transport and lowering the conductivity from what could be expected of a
liquid composed entirely of ions. The high viscosity primarily derives from van der Waals
forces and hydrogen bonding” ° and is generally in the range of 30-450 cP at ambient
temperatures.” While many solutes follow the Stokes-Einstein relationship,** namely that

solute diffusivity is proportional to solvent viscosity, weakly-associating solutes which are
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smaller than the RTIL ions can display significant deviation; examples are hydrogen*? and

sulphur dioxide™.

Hydrogen (H2) oxidation and proton reduction are seeming simple processes, but are of
significant fundamental and practical relevance, particularly with regards to applications in
fuel cells, gas sensors, pK, determination and the establishment of a hydrogen reference
electrode of the first kind. Semi-quantitative electrochemical investigations of proton
reduction and hydrogen oxidation in RTILs have previously been reported at Au*, Pt*>8,
Pd"® % and GC™ electrodes, as well as ab initio simulation of proton solvation dynamics.*

Recently, the electrochemical proton reduction mechanism and kinetics were successfully

determined in the RTIL [Comim][NTf,] at Pt, Ti, Ni, Mo and Ni electrodes.?

This chapter builds on the approach in chapter 7 and reports the first quantitative
investigation probing both proton reduction and hydrogen evolution at a Pt electrode in a
range of RTILs, and the observed proton/hydrogen redox couple is interpreted in light of

features such as proton-anion interactions.

8.2 Results and discussions

Figure 8.1 displays cyclic voltammograms recorded at a Pt electrode for hydrogen
bis(trifluoromethylsulfonyl)mide, H[NTT;], dissolved in three RTILSs, [C4mim][NTf,],
[C4mim][OTf] and [Csmim][BF4] vs the Ag/Ag" redox couple used throughout this work.
The details of the Ag/Ag" reference electrode are listed in the previous chapter.? Clear
reduction features can be observed for all three RTILs, relating to H* reduction to H,, with an
oxidation peak corresponding to accumulated H, present on the reverse sweep. A range of
further scan rates, as well as data for the RTILs [Csmpyrr][NTf,] and [C4dmim][NTT,], is
available in the appendix to this chapter. Well-defined, quasi-reversible features were

observed for all RTILs except [Csmim][BF,4], which displayed broad, irreversible features.
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Figure 8.1 Voltammograms for HNTf, reduction at a Pt electrode ( radius 10 um) in
[C4mim][NTf,], [Csmim][OTf] and [C4smim][BF4] vs Ag/ Ag" couple at a range of
scan rate 0.1, 0.4 and 0.8 V s™
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Figure 8.2 Voltammograms for H, oxidation at a Pt electrode ( radius 10 um) in
[C4mim][NTf,], [Csmim][OTf] and [C4mim][BF4] vs Ag/ Ag® couple at a range of scan

rate 0.1, 0.4 and 0.8 V s*

The mass transport-corrected Tafel equation®® was applied and the heterogeneous charge

transfer coefficient, a, was found to be 0.25 in[C,mim][OTf], 0.27 in [Csmim][BF,]

andbetween 0.45-0.55 in the three [NTf,] -based RTILs, which indicates that the first electron

transfer is rate determining step in all of these RTILs. This is in contrast to aqueous solution,

where the a value calculated by Tafel analysis is 1.5 at a Pt surface showing that the second

electron transfer in the formation of H, from 2H" is rate limiting.”® Therefore, the
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electrochemical kinetics and mechanism show significant differences in RTILs from what is

commonly observed in aqueous electrolytes.®

Potential step measurements were carried out in all five RTILs to measure the proton
diffusion coefficient using the Shoup and Szabo expression;** the best fits for simulated data
for all the RTILs are displayed in the SI. The Shoup and Szabo simulated data gave the
diffusion coefficients (D) for the protonic species, which are listed in Table 8.1, as well as the

known viscosities for the RTILs.*

Figure 8.2 displays CVs recorded for the oxidation of H; in Hy-saturated [Csmim][NTT;],
[C4mim][OTf] and [Csmim][BF4].at a Pt electrode vs. Ag/Ag" reference electrode at 298 K.
Voltammograms obtained over a range of scan rates, as well as scans recorded in
[C4dmim][NTT,] and [Csmpyrr][NTT,] are shown in the appendix. Quasi-reversible
voltammetry was observed in [C,mim][OTf] and all three [NTf,]-based RTILs, with
irreversible voltammetry in [Csmim][BF,4]. A reduction peak associated with protons formed

by hydrogen oxidation was observed on the reverse scan in all RTILs.

Chronoamperometric experiments were performed in order to determine both the
concentration (c) and D of H; in the five H,-saturated RTILs. All experimental data and the
best fit results using the Shoup and Szabo expression®* are displayed in the appendix, while

the c and D values are displayed in Table 8.1.

The Stokes-Einstein relationship predicts that for analytes of similar dimensions to the
solvent, a linear relationship is observed between the D of solutes and the inverse of solvent
viscosity, 1. Figure 8.3 displays plots of (a) the D of the proton and (b) D of H, vs. n*. The
linear relationship for the proton indicates that its diffusion is proportional to RTIL viscosity,

and likely diffuses as H[A]x, where A is the RTIL anion and x > 1. The scatter observed for
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Figure 8.3 plot of diffusion coefficient (D) of both (a) HNTT, and (b) H; at 298 K
against the inverse of viscosity (1) of RTIL in table 8.1

H; indicates that that the weakly-associating H, molecule is independent of RTIL viscosity
due to the extremely small solvatodynamic radii of the H, molecules when dissolved in the
RTIL, allowing the H;, to move around the ions, where possible, in preference to displacing
them. This latter observation is in agreement with a similar plot obtained by Silvester et al.*®
and the relatively low activation energy of diffusion of H, observed in [Comim][NTf,].*?

Therefore as 1 increases an increasing discrepancy in D between that of protons and

hydrogen is expected.

Finally, CVs were recorded in the five RTILs containing both H[NTf,] and H,
simultaneously, with the concentration of H[NTf,] fixed and H, varied by varying the partial
pressure of Hy. Figure 8.4 displays scans recorded in [C4smim][NTf;], [Csmim][OTf] and
[Camim][BF,], with data for [Csmpyrr][NTf,] and [C,dmim][NTf] in the appendix 8.4. All
CVs were recorded from the open circuit potential, scanning into the H, reduction feature
first, and the H; reduction feature decreased as the H, partial pressure was decreased. The

potential separation between oxidation and reduction features demonstrated reversible
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Figure 8.4 Concentration study of HNTf; and H, at a Pt electrode (radius 10 pum) in

[C4mim][NTf,], [C.mim][OTf] and [Csmim][BF4] vs Ag/ Ag* couple at 0.1 V s™.

(Experimental data, line; simulated data, scatter.)
voltammetry for RTILs with the [NTf,]" and [OTf] -anions, indicating weak interactions
between the proton and solvating anions. In the case of [Csmim][BF4], irreversible
voltammetry was observed. The hydrolysis of [Csmim][BF.], either in dilute solution® or in
contact with water®® is well-reported. However, the hydrolytic decomposition of [BF4]" in
contact with a proton in an RTIL in the absence of water (as in this study) is less well
investigated. For example, Thomazeau et al. have successfully investigated anhydrous
[Csmim][BF,4] containing H[NTf;], and found this system to possess a more acidic Hammett

function than [Csmim][NTf,] containing H[NT,].?’

Table 8.1 Electrochemical parameters determined for proton reduction and hydrogen
oxidation on Pt over a range of different RTILs at 298 K

(a)

RTILS n at 298K (cP) Dty / x10°  Dgap) / x107° C2)
(cm?s™)® (cm?s)® (mM)

[C,mim][NTf,] 34 25 5.5 4.1

[C,mim][NTF,] 52 18 8.5 3

[Campyrr][NTT,] 89 9.5 3.8 5.9
[C,dmim][NTF,] 105 8.7 6.7 2.85
[Csmim][OTH] 90 9.6 3.6 45
[Csmim][BF,] 112 7 2.2 5.3
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(b)

RTILs o = ke /%107 Ka/ x 107
(Vvs. Ag/Ag")  (cms™) (cms™)
[C,mim][NTT,] 05 -0.338+0.004 4.5 6.5
[Camim][NTH,] 0.55 -0.346+0.004 5.5 6
[Csmpyrr][NTT,] 0.45 -0.35+0.004 4 6
[C,dmim][NTF,] 0.47 -0.352+0.004 2.75 7.55
[Csmim][OT] 0.27 -0.457+0.004 3 7.5
[C.mim][BF.,] 0.25 -0.587+0.004 0.08 0.9

@ D of proton in RTIL containing only HNTF; at a Pt electrode
®) D of H2 in H2-saturated RTIL at a Pt electrode

Next, theoretical models were used to simulate the proton reduction and hydrogen oxidation
steps in all five RTILs separately (i.e. solutions containing only H[NTTf;] or Hy), and the full
theoretical model and simulation results are presented in full in section 2.8. This allowed the
determination of the apparent rate constants (see previous chapter) for electron transfer, k',
and K'¢, while the ¢, D, o and B values were all kept within 5 % of their independently
determined values by chronoamperometry and Tafel plots. These simulations yielded the
equilibrium potential, E. (when current density, j = 0, as described in the appendix), which

was related to the formal potential, E, by the Nernst Equation,

E, =B +Zin <[H+1> (8.1)

[Hz]%
where [H'] and [H,] are already known. The calculated formal potentials are recorded for
each RTIL in Table 8.1. It can be observed that the [NTf,]-based RTILs have a similar
formal potential, equal to ca. -0.34 + 0.01 V vs. Ag/Ag”, indicating that the cations do not
have an obvious influence on the formal potential of the H, / H* couple at a Pt electrode, and
suggesting that a standard reference scale based upon the H, / H* couple could be developed
for most [NTf,] -based RTILs. However, the fundamental role of the anion can also be
observed for the [OTf]" and [BF4] -based ILs, with the formal potential changing by ca. 100

and 220 mV, respectively. The more negative formal potential value indicates easier
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oxidation of the H; in these RTILs, indicative of stronger interactions between the protonic

product and the [OTf] and [BF4] -anions.

Finally, using the obtained formal potential values, the voltammetry of the RTILs containing
both H, and H” in the same solution (see Appendix 8.4) could be simulated in order to obtain
the rate constants for electron transfer, k,° and k.". The best fit simulation data is overlaid in
Figure 8.4, while the measured k,” and k° values are summarised in Table 8.1. It is noted that
the kinetic rate constants are approximately independent of the cation and similar for [OTf]

and [NTf,]-based ILs, but are significantly slower in [Csmim][BF.].

8.3 Conclusions

Proton reduction and hydrogen oxidation has been quantitatively investigated separately to
give their independent kinetic and thermodynamic parameters, as well as mechanism, in
addition to a series of fundamental electrochemical parameters. The measured diffusion
coefficients of proton and hydrogen suggest that protons display Stokes-Einstein-like

transport whereas H, does not.

Using the comprehensive analysis above, the H, / H couple has been quantitatively studied
at a Pt electrode over a range of different RTILs vs. an Ag/ Ag" reference electrode for the
first time. Changes in the formal potential of the H, / H* redox couple is almost entirely
attributable to the anion rather than cation, which demonstrates the influence of the
interaction between proton and anion, and changes both kinetic and thermodynamic

parameters.
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8.4 Appendix- Simulated voltammograms

The details of scan rate study of simulated datas (0) and experimental datas (-) for H[NTT,]

reduction, hydrogen oxidation and hydrogen evolution reaction over a range of RTILs at a Pt

electrode vs Ag/Ag” reference redox couple

8.4.1 Scan rate study of HNTTf, reduction on a range of RTILs
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Comment: The small deviation between theory and experiment likely arises from non-
Faradaic effects.
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8.4.2 Scan rate study of hydrogen oxidation on a range of RTILs
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(3) [Cadmim][NTF,] RTIL
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(5) [Camim][BF4] RTIL
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Comment: The small deviation between theory and experiment likely arises from non-
Faradaic effects.
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8.4.3 Hydrogen evolution reaction containing fixed concentration of HNTT,

and various concentration of hydrogen, A= HNTf,, B= H,
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Chapter 9 The electroreduction of benzoic acid: voltammetric
observation of adsorbed hydrogen at a platinum microelectrode

In room temperature ionic liquids

In this chapter, the electrochemical reduction of benzoic acid in the presence and absence of
hydrogen (H,) has been investigated on a 10 um diameter platinum microelectrode in four
different room temperature ionic liquids (RTILs) versus Ag/ Ag* , namely [Csmim][NTf,],
[Campyrr][NTF,], [Camim][OTf] and [Csmim][BF,]. In all cases, reductive voltammetry is
observed, and is suggested to occur via a CE mechanism in which dissociation of benzoic
acid is followed by electron transfer to H* ultimately forming adsorbed hydrogen.
Furthermore, the adsorbed H atoms formed from the reduction of benzoic acid, could be used
to achieve the rapid hydrogenolysis of the organic compound (bis(benzyloxycarbonyl)-L-
lysine) on the timescale of the voltammetric technique under moderate conditions (298 K).
The work has been carried out with the collaboration of Mr. Sarah Norman and Prof.
Christopher Hardacre who have synthesized the RTIL used in this work. It has been

submitted to Journal of Physical Chemistry Chemistry Physics.

9.1 Introduction

The hydrogen evolution reaction (HER) and the associated H atom adsorption are some of the
most widely studied fundamental electrochemical processes at a vast range of liquid / solid
interfaces with very different behaviours seen at different electrode materials.”* Research on
the HER and H adsorption on metallic surfaces or metallic alloys or modified electrodes®® as

well as H absorption into the metals, such as Pd and Pd alloys'® **

, Is of great interest to
electrochemical surface science, corrosion technology and new energy exploitation fields. For
instance, the understanding of hydrogen-substrate interactions, of charge transfer, as well as
the interactions between adsorbed species is of particular significance to the development of

hydrogen-based fuel cells.****
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Room temperature ionic liquids (RTILs) have become progressively more available for
electrochemical use due to helpful generic properties, such as extremely low saturated vapour
pressures, large potential windows, high chemical and thermal stability, good electrical
conductivity, although they do suffer from high viscosity.** ** They are being widely used as
solvents in many electrochemical experiments.*® " It is of interest to explore the hydrogen

absorption phenomenon in RTIL media, as addressed in this paper.

The dynamic dissociation constant, pKa, of benzoic acid is found to be 9 ~ 10.5 in RTILs,™
comparable to that of HNTH, to be -3.5 ~-5 in RTILs.* The electro-chemical reaction of
20,21

benzoic acid has been reported in different solvents, such as RTILs, acidic media,

dimethylformamide®” and dimethyl sulfoxide,? giving the following generic CE mechanism:

CoHsCOOH 2 C4HsCOO™ + H* (9.1)
_ 1 (9.2)
Ht*+M+e —>H—M—>§H2+M :

where M is the metallic electrode. Electrochemically quasi-reversible or irreversible
behaviour is typically seen in the corresponding voltammograms.?* The diffusion coefficients
of benzoic acid have been measured in RTILs, using potential-step chronoamperometric
transients.?> The dissociation constant of benzoic acid, pK,, has been reported to reveal the

higher acidity of benzoic acid in water solution than in RTILs.?

In the previous chapter we developed a stable Ag / Ag” reference electrode to allow us
measure the formal potential of the H, / H* couple in RTILs.?"?® In the work presented in this
chapter, we explore the electrochemical characteristics of underpotential deposition (UPD) H
for the first time. In particular, the reduction of benzoic acid in the presence and absence of
hydrogen, forming UPD H visible on the voltammetric reverse sweep, is investigated at a Pt
microelectrode in four RTILs under well defined conditions. In addition, to the first
observation of UPD H on Pt in RTIL media, we show the rapid hydrogenolysis of an organic
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compound, displaying proof of concept that the UPD H can be used potentially synthetically

for rapid hydrogenolysis.

9.2. Results and Discussions

9.2.1 The reduction of benzoic acid in RTILS

Typical voltammograms for the reduction of ca. 50mM benzoic acid at a 10 um diameter Pt
microelectrode in [Cymim][NTf;], [Csmpyrr][NTf,], [Csmim][OTf] and [Csmim][BF4] over a
range of scan rates (0.1, 0.4, 0.8, 2, 5, 10 and 20 V s™) vs Ag/ Ag" redox couple are displayed
in figure 9.1, which shows similar overlapping reduction peaks and separated oxidation peaks
over the range of RTILs studied: Peak Potentials: [Csmim][NTf;], -1.37V; [Campyrr][NTf,], -
1.425V; [C4mim][OTf], -1.454V; [Csmim][BF,]), -1.335V for the cathodic sweep;
[Csmim][NTHf,], -0.747V and -0.027V; [Csmpyrr][NTf,], -0.988V and -0.134V;
[C4smim][OTI], -0.754V and -0.189V; [Csmim][BF,], -0.768V and -0.22V for the anodic
sweep. It is believed that the main reduction waves can be assigned to the reduction of

benzoic acid as follows.
CsHsCOOH 2 C4HsCOO™ + H (9.3)

9.4
H* +e™ 2 Hygs > = Hy (94)

The reduction waves at the more negative potential, especially obvious for [C;mim][OTf]
may arise from direct reduction of benzoic acid. It is seen that near steady state voltammetry
appears at the lower scan rate, whereas transient behaviour is seen at high scan rates in all
four RTILs. Figure 9.2 displays plot of peak current of the proton reduction vs square root of

scan rate in [C,mim][NTf,] as a example. It tends to linearity at high scan rates corresponding
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Figure. 9.1 Voltammograms recorded for ca. 50 mM benzoic acid at a 10 um diameter Pt
microelectrode in [CosmIim][NTT,] [Csmpyrr][NTf,], [Csmim][OTf] and [Csmim][BF,4], over
a range of scan rates (0.1, 0.4, 0.8, 2, 5, 10 and 20 V s) at 298K vs Ag/ Ag* redox couple

151 [C,mim]INT]
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e
_'8 51

0

e
(v/Vs)

Figure. 9.2 Plot of peak current of benzoic acid reduction (from Fig.1) against the

square root of the scan rate at a 10 um diameter Pt microelectrode in [Csmim][NTf]
vs Ag/ Ag” redox couple
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Figure. 9.3 Scan rate study recorded for saturated hydrogen at a 10 um diameter Pt
microelectrode in [Csmim][NTf;] [Campyrr][NTT;], [Csmim][OTf] and [Csmim][BF.],
over a range of scan rates (0.1, 0.4, 0.8 VV s™*) vs Ag/ Ag* redox couple

to Randles-Sevcik behaviour, but at lower values shows the characteristics intermediate to
that of pure micro- and macroelectrode behaviour.A separate study was made of the oxidation
of pure H; in the same RTIL media. Figure 9.3 shows a scan rate study at a 10 um diameter
Pt microelectrode recorded for saturated hydrogen in RTILs, vs Ag/ Ag" redox couple.
Quasi-reversible voltammetry was observed for the H, oxidation in [C4mim][NTf,],
[C4mim][OTf] and [Csmpyrr][NTT,] RTILs, with irreversible voltammetry in [Csmim][BF,].
The size of the oxidation waves in RTILs reflect the corresponding magnitude of the H,
solubility, and their anodic potentials are used to assign to the nature of the H,—H" peaks
shown in figure 9.1, these corresponding in all cases to the oxidation waves at more positive

potentials. The oxidation waves at more negative potentials are assigned to

Hoas —e™ = HY 9.5)
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Figure. 9.4 Concentration study of benzoic acid (solid line, ca. 50 mM; dash line

ca. 20 mM) at a 10 um diameter Pt microelectrode in [Csmim][NTf,] at 0.4 Vs™ vs

Ag/ Ag’ redox couple
To confirm this the size of the oxidation wave was measured as a function of the
concentration of benzoic acid. Figure 9.4 shows the data obtained at a 10 um diameter Pt
microelectrode in [Csmim][NTf,] for benzoic acid concentration of 20 and 50mM at 0.4 V s™
vs Ag/ Ag” redox couple. It is seen that although the reduction waves scale with
concentration, the oxidation waves remain constant. The charge under the peak corresponds
t0 3.6 x 10 C cm? or 3.7x 10”° mol cm™ corresponding to a UPD layer of adsorbed
hydrogen atoms.* %3 Note that for the reduction of benzoic acid at Au in RTIL, H(ads) is

not seen as expected,* since H- is not stabilised on Au surface.

9.2.2 The voltammetry of benzoic acid in the presence of H, in RTILs

Figure 9.5 displays scan rate studies obtained for the voltammetry of benzoic acid at a Pt
electrode in H; saturated RTILs, namely [Csmim][NTTf,], [Campyrr][NTf,], [Camim][OTf]
and [C,mim][BF.] over a range of scan rates (0.1, 0.4, 0.8, 2, 5, 10, 20, 30, 40 and 50 V s)

vs Ag/ Ag" redox couple. The hydrogen oxidation occurs near the beginning of the forward
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Figure. 9.5 Scan rate study obtained for the reduction of benzoic acid at a Pt electrode in
H, saturated RTILs, including [Camim][NTf,], [Campyrr][NTf,], [Csmim][OTf] and
[Csmim][BF] over a range of scan rates (0.1, 0.4, 0.8, 2, 5, 10, 20, 30, 40 and 50 V s) at
298K vs Ag/ Ag* redox couple

and the half wave potentials of oxidative wave coincide with reported values®’ from
potentials is assigned to the electrolytically generated protons from H,, which are strongly
solvated by anions. Thus the specific properties of these reductive waves in each RTIL mirror
these reported for H, / H” in the same RTILs, the reduction wave at more negative potential is
that of benzoic acid as discussed above.?® % The exact potential of the second reduction
reflects the interaction of H* with anions in the RTIL and the pre-equilibrium, equation 9.1.
Finally, the identity of reverse oxidative peak is, as discussed above, the UPD H on the
platinum surface. The potential of UPD H oxidation is related to ions of the different RTILs,

which form the double layer on the surface.

H2 -e ot >H .(ads) + H+ (96)
H* —e —= > H* (9.7)
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consistent with a transfer coefficient of f ~0.5. Note that the data in figure 9.5 shows
explicitly the relative ease of oxidation of H(ads) compared to H..

9.2.3 The hydrogenolysis of bis(benzyloxycarbonyl)-L-lysine (Z-lys(Z)-OH),
using adsorbed hydrogen atoms

It is of interest to explore the possible use of the adsorbed hydrogen atoms for hydrogenolysis.
A variety of organic compound have been investigated on Pd microelectrodes and Pd / C
nanostructures in RTILs but the use of Pt electrode is unexplored.**** Z-lys(Z)-OH was
selected as a candidate molecule for the rapid hydrogenolysis. Note that the amine groups in
the chemical structure of Z-lys(Z)-OH, are protonated in the presence of protons and thus
decrease the available concentration of protons. Therefore, the experiment uses ca. 100 mM
benzoic acid and ca. 25 mM Z-lys(Z)-OH to obtain an approximate available concentration of
50mM benzoic acid and 50mM benzoate ions to compare with a solvent of ca. 50mM pure
benzoic acid. Figure 6 displays the decrease in the size of oxidative wave on the reverse scan

at a 10 pm diameter Pt microelectrode in [Csmim][NTf,] at 0.4 Vs™ vs Ag/ Ag* redox couple

Current / nA
0

'4 v T v T T T T T T T T T v T '
25 20 -15 -10 -05 00 05 1.0
Potential V vs Ag / Ag”

Figure.9.6 Voltammograms for the reduction of benzoic acid in the presence
and absence of Z-lys(Z)-OH at a 10 um diameter Pt microelectrode in
[Csmim][NTf,] at 0.4 Vs™ vs Ag/ Ag* redox couple (solid line, ca. 50 mM
benzoic acid; dash line, ca. 100 mM benzoic acid and ca. 25 mM Z-lys(Z)-OH)
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in the presence of Z-lys(Z)-OH. Note that in contrast the reduction waves are comparable in
size. In comparison with tradition hydrogenolysis or hydrogenation,*® which usually require
high temperature, high pressure and long time, as well as high flammable H,. The
electrochemical use of adsorbed H on Pt electrode under moderate conditions would be an

efficient and practical technique.

9.3 Conclusions

The electrochemical reaction of benzoic acid has been investigated at a Pt electrode in four
RTILs in the presence and absence of hydrogen, using a stable reference electrode. The half
wave potential of bulk hydrogen oxidation coincides with the studies of HER with H, / H*
(HNTf,), relating to the measured formal potential of H, / H* redox couple. The
corresponding potentials in each RTIL have been determined for the associated UPD H
oxidation, which is dependent on the nature of the anion in the RTIL. Additionally, the UPD
H have been successfully utilised to achieve a rapid hydrogenolysis for the organic

compound, Z-lys(Z)-OH, at a Pt microelectrode on the timescale of cyclic voltammetry.
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Summary

First, this thesis has looked at the electrochemical behaviour of the H, /H* redox couple, as
well as the voltammetry of adsorbed hydrogen atoms, in room temperature ionic liquids.
Using H[NTT] as the proton source, the results show remarkably different mechanistic
behaviour of the hydrogen evolution reaction as compared to traditional solvents at a range of
different electrode metals, notably Platinum, Gold, Molybdenum, Titanium and Nickel.
Platinum, Gold and Molybdenum are known to evolve hydrogen by the Heyrovsky reaction
in acidic aqueous solution, while the VVolmer reaction is the rate limiting step at all five
investigated metals in [Comim][NTf,]. The values of the formal potentials and the standard
electrochemical rates of H*/H, redox couple have been determined versus a stable Ag / Ag*
reference couple. It has also been shown that the nature of the RTIL anion has a very strong
aspect of the electrode reaction interaction with protons, and this changes both kinetic and

thermodynamic mechanisms.

In other experiments, benzoic acid was used as the proton source and a CE mechanism is
observed on a Pt microelectrode in four RTILs versus Ag / Ag* redox couple in which
dissociation of benzoic acid is followed by electron transfer to H* ultimately forming
adsorbed hydrogen. In addition, the measured diffusion coefficients of proton and hydrogen
suggested that (anion solvated) protons display Stokes-Einstein-like transport whereas H,

does not.

Dissolved hydrogen gas in RTILs was found to result in an increase in the diffusivity of the
solutes H[NTTf,] and ferrocene, as characterised by their diffusion coefficients and a decrease
in the activation energy for diffusion. It was inferred that the H, results in reduced Coulombic

interactions between the ions of the RTIL with a concurrent net reduction in RTIL viscosity.
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Last, electrochemically formed adsorbed hydrogen atoms at a Pt or Pd microelectrode, or on
Pd nanoparticles on the surface of CNTs in RTILs were demonstrated voltammetrically to
perform hydrogenolysis of bis(benzyloxycarbonyl)-L-lysine, as well as react with other
organic compounds. The hydrogenolysis products obtained in the IL environment were
observed both voltammetrically, and isolated, identified and quantified. In particular, Pd
nanoparticles can be used for clean, efficient, safe electrochemical hydrogenolysis in IL

media without the need for H, gas.

196



